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2. THE NEED TO ESTABLISH OR VALIDATE DESIGN PARAMETERS AND PRINCIPLES. 

2.1 Blight, G E and Mitchell, M F (1980). The properties of epoxy resin mortars for use 

in nosings to bridge expansion-joints. The Civil Engineer in South Africa, August 

1980, pp 203-21 o. 

2.2 

The paper describes the res.ults of a project undertaken for the South African 

Department of Transport. Mr M F Mitchell appears as co-author as a courtesy to the 

sponsoring body. 

Blight, G E and Barrett, A (1990). Field test of catenary net to protect traffic from 

. mining subsidence. ASCE Journal of Transportation Engineering, vol 116, No. 2, pp 

135-144. 

This project was carried out for a metropolitan transportation authority via a firm of 

consulting engineers. Mr Barrett was the liaison person representing the consultants. 

I carried out all of the investigation and analysis and wrote the paper. 

2.3 Blight, G E (1987). Measurements on a tied-back retaining wall. Proceedings, 

International Conference on Soil-Structure Interactions, Paris, France, pp 513-520. 

2.4 Blight, G E (1987). The concept of the master profile for tailings beaches. 

Proceedings, International Symposium on Prediction and Performance in Geotechnical 

Engineering, Calgary, Canada, pp 361-365. 

2.5 Blight, G E (1987). Lowering of the groundwater table by deep-rooted vegetation -

the geotechnical effects of water table recovery. Proceedings, 9th European 

Conference on Soil Mechanics and Foundation Engineering, Dublin, Ireland, 
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pp 285-288. 

2.6 Blight, G E, Schwartz, K, Weber, Hand Wiid, BL (1992). Preheaving of expansive 

soils by flooding-failures and successes, Proceedings, 7th International Conference on 

Expansive Soils, Dallas, Texas. Paper accepted for publication. 

My co-authors consulted me on each of four case histories described in this review 

paper, thus involving me in the practical research attached to each case. I wrote the 

paper and assess my contribution at 60%. 
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3. DETERIORATION OF REINFORCED EARTH STRUCTURES 

3.1 Blight, G E and Dane, MSW (1989). Deterioration of a wall complex constructed o~ 

reinforced earth. Geotechnique, vol 39, No 1, pp 47-53. 

Discussion and reply: vol 39, No 3, pp 567-570. 

This investigation, carried out over a period of six years, was undertaken for a mining 

house. Mr Dane was the head-office engineer for the mine owning the reinforced 

earth wall complex. He played the very important role of facilitator in the 

investigation. I carried out the investigation and wrote the paper. 

Seeing the content of the paper as a threat to the reputation of their product, the 

Reinforced Earth Company Submitted a vigorous discussion of the paper. For the sake 

of a balanced view, this discussion and my reply have been included. 

3.2 Blight, G E (1987). Effects of collapse settlement of fill on reinforced earth walls. 

Proceedings, 2nd International Conference on Case Histories in Geotechnical 

Engineering, St. Louis, USA, vol 2 pp 929-934. 
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4. EROSION OF THE SLOPES AND SURFACES OF TAILINGS DAMS 

4.1 Blight, G E (1987). Erosion of the slopes of gold tailings dams. Proceedings, ASCE 

Conference on Geotechnical Practice for Waste Disposal, Ann Arbor, USA, pp 294-

305. 

4.2 Blight, G E (1989). Erosion losses from the surfaces of gold-tailings dams. Journal, 

South African Institute of Mining and Metallurgy, vol 89, No 1, pp 28-29. 

4.3 Blight, G E (1991 ). Erosion and anti-erosion measures for abandoned gold tailings 

dams. Proceedings, 1991 National Meeting, American Society of Surface Mining and 

Reclamation, vol 1, pp 323-330. 
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5. GROUNDWATER POLLUTION CAUSED BY SANITARY LANDFILLS 

5.1 Ball J M and Blight, G E (1986). Groundwater pollution downstream of a long 

established sanitary landfill. Proceedings, International Symposium on Environmental 

Geotechnology, Allentown, USA, pp 149-1 5 7. 

This paper is based on work done for the MSc(Engl degree by Mr J M Ball. I planned 

and supervised the work and wrote the paper. 

5.2 Blight, GE, Vorster, Kand Ball, JM (1987). The design of sanitary landfills to reduce 

groundwater pollution. Proceedings, International Conference on Mining and Industrial 

Waste Management, Johannesburg, Vol 1, pp 297-305. 

The paper is based largely on work done towards a PhD degree by Mr Vorster, but 

includes material from Mr Ball's MSc(Engl research. I planned and supervised the 

work and wrote the paper. 

5.3 Blight, G E, Hojem, DJ and Ball, J M (1989). Generation of leachate from landfills in 

water-deficient areas. Proceedings, 2nd ISWA International Landfill Symposium, 

Sardinia, pp XXVl-15. Also to be published as Chapter 2 of Landfilling of Waste: 

Leachate, Ed: Christensen, T, Cossu, Rand Stegman, R. Elsevier Scientific Publishers 

(1992). 

The paper is based on work for MSc(Eng) degree by mr DJ Hojem. Sampling of gas­

filled test holes in the landfills was carried out by Mr J M Ball, probably the only 

person in the world able to do this. I planned and supervised the work and wrote the 

paper. 
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5.4 Blight, GE, Ball J Mand Blight, J J (1991 ). Moisture distribution in sanitary landfills. 

5.5 

Proceedings, 3rd International Landfill Symposium, Sardinia, Vol 1, pp 813-822. 

Expanded version accepted for publication by ASCE Journal of Environmental 

Engineering. 

This paper is based on measurements made by Mr J M Ball and Miss J J Blight as part 

of their MSc(Eng) research, under my supervision. I planned and supervised the work 

and wrote the paper. 

Blight, G E and Mabula, M C (1992). Designing clay liners for sanitary landfills. 

Accepted for Proceedings, International ISWA Conference on Solid Waste, Madrid, 

10pp. 

This paper is based partly on measurements made by Mr M C Mabula towards his 

MSc(Eng) dissertation. I supervised the research and wrote the paper. 
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6. THE EFFECTS OF ALKALI-SILICA REACTION ON REINFORCED CONCRETE 

STRUCTURES 

6.1 Blight, G E and Alexander, M G (1988). Evaluating reinforced concrete structures 

affected by alkali aggregate reaction. Proceedings, International Symposium on Re­

evaluation of Concrete Structures, Copenhagen, Denmark, pp 309-31 7. 

6.2 

6.3 

Professor M G Alexander is a colleague of mine (and former undergraduate and 

postgraduate student) who has collaborated with me in work on ASR. I drafted the 

paper and assess my contribution to it at 80% . 

Blight, G E, Alexander, M G, Ralph, T K and Lewis, B A (1989). Effect of alkali­

aggregate reaction on the performance of a reinforced concrete structure over a six­

year period. Magazine of Concrete Research, vol 41, No 14 7, pp 69-77. 

This paper is based on work done for the City of Johannesburg via a firm of consulting 

engineers, represented by Messrs Ralph and Lewis. The consultants carried out the 

analysis of the structure and arranged the logistics of the two full-scale tests. I 

planned and supervised the measurements, assisted by Professor Alexander. I also 

drafted the paper. I assess my contribution to the overall result at 50%. 

Blight, G E (1989). ·Experiments on waterproofing concrete to inhibit AAR. 

Proceedings, 8th International Conference on Alkali-Aggregate Reaction, Kyoto, Japan, 

pp 733-739. 

6.4 Blight, GE (1990). Rehabilitation of reinforced concrete structures affected by alkali­

silica reaction. Structural Engineering Review, vol 2, pp 1-8. 
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6.5 Blight, G E (1990). Can concrete structures be waterproofed to inhibit ASR? 

Proceedings, International Conference on the Protection of Concrete, Dundee, U.K., 

pp 223-232. 

6.6 Blight, G E (1991 ). A study of four waterproofing systems for concrete. Magazine 

of Concrete Research, vol 43, no 156, pp 81-87. 

6.7 Blight, GE (1992). The moisture condition in an exposed structure damaged by alkali-

silica reaction. Magazine of Concrete Research, vol 43, no 157, pp 96-101. 

6.8 Alexander, M G, Blight, G E and Lampacher, BJ (1992). Pre-demolition tests on 

structural concrete damaged by AAR. Proceedings, 9th International Conference on 

Alkali-Aggregate Reaction in Concrete, London. Accepted for publication. 

Prof. M G Alexander is a former student of mine and present colleague. B J 

Lampacher is an Msc(Eng) student. The paper was written by me, based on research 

by Lampacher, jointly supervised by Alexander and me . 

• 
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7. ASSESSING DESIGN LOADING ON BINS AND SILOS FOR STORING BULK 

MATERIALS 

7 .1 DESIGN LOADING ON SILOS 

7.1.1 Blight, GE (1986). Structural loading on the walls of rapidly filled silos. Encyclopedia 

of Fluid Mechanics, vol 4, Solids and Gas-Solids Flows (N.P. Cheremisinoff, Ed.) pp. 

195-219. 

7.1.2 Blight, GE (1986). Pressures exerted by materials stored in silos: Part 1, Coarse 

materials. Geotechnique, vol 36, No 1, pp 33-46. 

7.1.3 Blight, GE (1986). Pressures exerted by materials stored in silos: Part 2, Fine 

powders, Geotechnique, vol 36, No 1, pp 47-56. 

7 .1.4 Blight, G E (1988). A comparison of measured pressures in silos with code 

recommendations, Bulk Solids Handling, vol 8, No 2, pp 145-153. 

7.1.5 Blight, GE (1988). Design loading for grain silos· intention and reality. International 

Summer Meeting, American Society of Agricultural Engineers, Rapid City, USA, 12 pp. 

7.1.6 Blight, G E (1990). Defects in accepted methods of estimating design loading for 

silos. Institution of Civil Engineers (London), Proceedings Part 1, vol 88, pp 1O1 5· 

1036. Discussion and reply, (1991) vol 90, pp 1077-1088. 

7. 1 . 7 Blight, G E ( 1992). Temperature induced loading on silo walls. Structural Engineering 

Review, vol 4. In press 
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7 .2 MEASUREMENT OF PRESSURES AND LOADS IN SILOS 

7.2.1 Blight, GE (1987). Measurements on full size silos Part 1 : Temperatures and strains. 

Bulk Solids Handling, vol 7, No 6, pp 781-786. 

7.2.2 Blight, G E and Bentel, G M (1988). Measurements on full size silos. Part 2 : 

Pressures. Bulk Solids Handling, vol 8, No 3, pp 343-346. 

Dr G M Bentel was, at the time, a PhD student who developed the concept of the zero 

strain pressure cell under my supervision. I wrote the paper, and assess my 

contribution at 90%. 

7.3 TEMPERATURES AND PRESSURES MEASURED IN SILOS BY MEANS OF PRESSURE 

CELLS 

7 .3.1 Blight, G E and Midgley, D (1981 ). Pressure measured in a 20m diameter coal load· 

out bin. Journal of Powder and Bulk Solids Technology, vol 5, No 2, pp 21-31. 

This study was carried out for a firm of consulting civil engineers. Mr D Midgley was 

the designer of the silo, I designed and installed the instrumentation, took the 

measurements and drafted the paper. I estimate my contribution to the paper at 75%. 

7.3.2 Blight, GE (1986). A comparison of design and measured lateral pressures in a large 

coal load-out silo. International Journal of Bulk Solids Storage in Silos, Vol 2, pp 1-8. 

7.3.3 Schaffner, RH and Blight, GE (1986). A comparison of design and measured lateral 

pressures in a large lbau-type cement storage silo. International Journal of Bulk Solids 

Storage in Silos, vol 2, No 2, pp 17-24. 
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The situation for this study was similar to that for paper 7 .3.1, Mr Schaffner was the 

designer of the silo. I estimate my contribution to the paper at 75%. 

7 .3.4 Fliss, Land Blight G E (1986). A comparison of design and measured lateral pressures 

and temperatures in a large duo-cell cement storage silo. International Journal of Bulk 

Solids Storage in Silos, vol 2, No 4, pp 18-28. 

The situation was similar to that for papers 7.3.1 and 7.3.3. Mr Fliss was the 

designer of the silo. I estimate my contribution to the paper at 75% . 

7.3.5 Blight, G E (1983). Performance of a 20m diameter steel maize storage bin. 

Proceedings, 2nd International Conference on Design of Silos for Strength and Flow, 

Stratford-upon-Avon, UK, pp 179-191. 

7.3.6 Blight, GE (1990). Temperature surcharge pressures in reinforced concrete silos. 

Accepted for publication in Powder Handling and Processing, vol 2, No 3. 

7.3. 7 Blight, G E (1991 ). Eccentric emptying of a large coal bin with six outlets. Bulk Solids 

Handling, vol 11, No 2, pp 451-45 7 . 

7 .4 MEASUREMENTS OF STRAIN IN THE REINFORCING OF REINFORCED CONCRETE 

SILOS. 

7.4.1 Blight, GE, Schaffner, RH and Gilbert, B (1982). Strains in a reinforced concrete silo 

during rapid filling with a fine powder. Journal of Powder and Bulk Solids Technology, 

vol 6, No 2, pp 17-27. 

The designer of the silo was Mr Schaffner while Mr Gilbert represents the contractor. 
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I estimate my contribution to the paper at 80%. 

7.4.2 Schaffner, R H and Blight, G E (1983). Comparison of design assumptions and 

measured performance for cement works silos. Proceedings, 2nd International 

Conference on Design of Silos for Strength and Flow, Stratford-upon-Avon, UK, PP 

207-216. 

I was commissioned to write this paper by Mr Schaffner, on behalf of his firm. My 

contribution to the paper was thus 100% . 

7 .4.3 Blight, GE and Dreyer, H N (1989). Behaviour of a reinforced concrete coal silo under 

a design overload. Bulk Solids Handling, vol. 9, No 1, pp 21-25. 

This study was commissioned for a mining house. Mr Dreyer was head office 

engineer for the mine. I planned and undertook the investigation and drafted the paper. 

I estimate my contribution to the paper at 90%. 

7.5 MEASUREMENT OF LOADS IN STEEL SILOS VIA ELECTRIC RESISTANCE STRAIN 

GAUGES 

7.5.1 Blight, GE (1985). Temperature changes affect pressures in steel bins. International 

Journal of Bulk Solids Storage in Silos, vol 1, No 3, pp 1-7. 

7.5.2 Blight, GE and Garstang, A (1987). Strains measured in a 7,500t sugar silo. Bulk 

Solids Handling, vol 7, No 4, pp 573-582. 

Mr Garstand was designer of the silo. I planned and carried out the investigation and 

drafted the paper. My contribution to the paper is assessed at 80%. 
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7 .5.3 Blight, G E (1988). Strains measured in a 7,500t sugar silo, Part II. Bulk Solids 

Handling, vol 8, No 4, pp 413-419. 

7.5.4 Blight, GE (1989). Behaviour of a bolted corrugated steel grain silo. Powder Handling 

and Processing, vol 1, No 2, pp 143-149. 

7.5.5 Blight, GE (1989). Strain and temperature measurements on an externally stiffened 

corrugated steel grain silo. Powder Handling and Processing, vol 1, No 4, pp 343-

347 . 

7.5.6. Blight, GE (1990). Load and temperature strains of a welded plane plate grain silo. 

Powder Handling and Processing, vol 2, No 1, pp 25-29. 

7 .5. 7 Blight, GE (1990). Measured loading on a small steel grain silo. Powder Handling and 

Processing, vol 2, No 2, pp 1-6. 

7.5.8 Blight, GE (1991 ). Structure-fill interaction in steel grain silos. Powder Handling and 

Processing, vol 3, No 1, pp 43-48. 
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1. INTRODUCTORY 

CONTRIBUTIONS TO LEARNING 

1 . 1 It is believed that this is the first time, or one of the few occasions on which the aims 

and objectives of field observation and measurement have been analysed to establish 

principles that should be followed in future exercises of this type. 

1.2 

1.3 

Tropical residual soils display certain differences in their behaviour from transported 

soils. This paper shows that provided these differences are recognized, the behaviour 

of tropical soils under load can be rationally predicted. 

While the broad behaviour of hydraulic fill soil structures is well understood, certain 

aspects of the detailed behaviour of hydraulic fill are less well appreciated. A number 

of these aspects are discussed in the paper in relation to several applications of 

hydraulic filling. 

1 .4 The objective of this paper was to show that geotechnical principles can have a wide 

application in the field of mining . 

1.5 This paper set out to show that changes of geological proportions need not only occur 

over periods of several hundred or thousand millennia, but can occur quite quickly, i.e. 

within the life-span of a man. Also, the activities of man have now reached such a 

magnitude that they can be said to be causing geological change. These changes may 

need to be considered in geotechnical design. 
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1. INTRODUCTORY 

1.1 Blight, G E (1986). Obtaining design information from measurements on full-scale 

structures. Proceedings, Speciality Geomechanics Symposium, Adelaide, Australia, 

vol 1 , pp 43-44. Keynote Address. 

1.2 Blight, G E (1988). Construction in tropical soils. Proceedings, 2nd International 

Conference on Geomechanics in Tropical Soils, Singapore, vol 2, pp 449-467. 

Keynote Address. 

1.3 Blight, G E (1988). Some less familiar aspects of hydraulic fill structures. 

Proceedings, Hydraulic Fill Structures, ASCE Speciality Conference, -Fort Collins, 

Colorado, Geotechnical Special Publication, No 21, pp 1000-1064. Postnote (Closing) 

Address. 

1.4 Blight, G E (1989). Geotechnical engineering in mining. Proceedings, 12th 

International Conference on Soil Mechanics and Foundation Engineering, Rio de 

Janei!o, vol 4, 11 pp. (Still not published at end 1991 because organizing committee 

had lost French translations of titles and synopses!). Special Plenary Lecture . 

1.5 Blight, GE (1989). Tropical processes causing rapid geological change. Proceedings, 

25th Annual Conference of the Engineering Group of the British Geological Society, 

Edinburgh. Geological Society Engineering Special Publication 7, pp 459-471. Theme 

Lecture. 
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SPEC~ALITY GEOMECHANICS SYMPOSIUM 

"Interpretation of Field Testing for Design Parameters" 

ADELAIDE 
18-19 AUGUST, 1986 

STATE OF THE ART ADDRESS 
KEYNOTE ADDRESSES 
SYMPOSIUM DISCUSSION 

The Institution of Engineers, Australia 
National Conference Publication No 87 /8. 
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Speciality Geomechanics Symposium 
Adelaide 113-19 August. 1986 

Obtaining Design Information From 
Measurements on Full-Scale Structures 

G.E. BLIGHT 
Professor of Construction Materials. University of Witwatersrand. Johannesburg, South Africa 

SUMMARY Five case histories are described to illustrate the utility and versatility of using field instru­
mentation, testing and monitoring of full-scale structures to provide design parameters. It is shown that 
the geotechnical engineer, by virtue of his training and his unique understanding of the behaviour of 
particulate materials can make a significant contribution in related fields such as materials handling and 
storage and engineering related to underground mining. 

INTRODUCTION 

Measurements and observations made on full-scale 
structures provide an excellent means of obtaining 
realistic design information. The information 
obtainable in this way can, with careful planning 
and execution, provide answers to all-important 
questions such as the following : 

(i) What theory or type of analysis is most app-
ropriate for the design of this type of structure? 

Alternatively, are the theory and parameters that 
are currently accepted for this type of design 
realistic? 

(ii) What type of test should be used to estab­
lish design parameters? What correlation is there 
between parameters measured by means of various 
types of small-scale test and those obtaining in 
full-scale situations? 

(iii) Are the requirements of appropriate current 
design codes realistic? If their requirements are 
met, will the design be unnecessarily conservative? 
Are there certain situations for which following a 
code or other accepted practice, could result in an 
unsafe situation, or even in failure? 

There are also certain drawbacks and difficulties 
associated with field instrumentation and monitor­
ing that must be realised : 

(i) Unless the structure under consideration is 
one of many of similar type yet to be constructed 
for the same authority, there is usually difficulty 
in persuading the client that the cost of instru­
mentation and monitoring is justified, especially 
when a tight construction schedule is called for. 
"Why should I pay f_or tests that will benefit some­
one else?" "You are the consultant, you should 
know all the answers" are common client responses 
to a proposed instrumentation and monitoring 
programme. 

The need for a site investigation is often by no 
means obvious to a client and that for instrumenta­
tion even less so. The costs of both of these 
activities tend to be viewed in absolute terms and 
in isolation rather than as a small percentage of a 
much gr ater overall cost. 

(ii) Field instrumentation and monitoring is 
certainly costly, time-consuming and, for success, 

32 

requires a lot of "know how" built up by experience. 
Bearing client suspicion in mind, the engineer must 
be reasonably certain that instrumentation and 
monitoring will have a positive outcome before 
proposing such a course. If he fails to produce 
the benefits he has promised.the client, there will 
not be a second chance. 

This paper will describe five monitoring projects 
for which the writer has personally been respons­
ible. The object of describing them is to show 
what can be achieved by field instrumentation and 
observation, as well as some of the problems that 
can arise as a result of inadequate planning. 

As the theme of this session is "strength para­
meters", the cases discussed are all concerned with 
the role played by shear strength in design. 
However, only two of the cases concern shear 
strength directlv. In the other three cases, shear 
strength played an important role, althc- gh direct 
stresses were the primary concern of the designers. 

The writer has also taken the liberty of extending 
the definition of "soil" to "soil and soil-:ike 
materials". This is deliberate, as it is the 
writer's belief that the training of a geotechnical 
engineer peculiarly befits him to play a far wider 
role in engineering than his traditional one. In 
particular, the soils engineer can make an import­
ant contribution in the fields of materials hand­
ling and storage - currently the preserve of the 
mechanical engineer, and underground mine s~pport 
technology - currently served almost exclusively 
by mining engineers. 

2 STRESSES l?I' THE CORE TRE~CH OF A.~ EARTH DAM 

This case history is primarily concerned with 
vertical stresses in a core trench. It does not 
involve strength parameters directly, although the 
shear strength and shear stresses in the soil 
determine the vertical stresses. 

During foundation preparation for the Lesapi earth 
embankment dam in what is now Zimbabwe, an 
extensive zone of highly weathered rock was dis­
covered running roughly parallel to the length 
axis of the dam. Once the highly weathered 
material had been excavated, a deep narrow trench 
resulted, measuring_almost 30m deep and Sm wide 
at the bottom, opening up to 1 Sm wide at the t·op. 
It was decided to backfill the trench with 
compacted clay fill. 
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2. 1 Instrumentation 

The designers were concerned that "hydraulic 
fracture" of the core might occur on filling of 
the dam. 

To monitor the situation they decided to install 
three BRS-type vibrating wire pressure cells in 
the core as well as Bishop-type twin-tube piezo­
meters with high air entry pressure ceramic 
filters. 

It was at this stage that the writer was consulted 
and visited the site. It was found that all three 
pressure cells had already been installed, all in 
a horizontal position so as to measure vertical 
pressures. Unfortunately, no thought had been 
given to measuring horizontal pressures in the 
trench backfill in order to ascertain the lateral 
stress ratio K. The piezometers had also been 
installed and all instruments had been placed 
close to the bottom of the trench. Additional 
instrumentation could not be obtained in time to 
install higher up in the trench, so it was 
necessary to make do with what was already in 
place. 

2.2 Analysis 

A theoretical analysis of likely stresses in the 
trench fill was carried out (Blight(1973J) using 
data obtained by aughan(1961) for Selset dam and 
Blight(l970) for Bridle Drift and Manjirenji dams. 
The analysis was calibrated by applying it to 
observations for Balderhead dam by Thomas and Ward 
(1969) and was found to give good agreement with 
measured vertical effective stresses, as shown in 
Figure 1. 

In the meantime vane shear tests were carried out 
in the trench backfill at Lesapi to gain some idea 
of the lateral stress ratio K in the trench (see, 
eg Blight(l970)). These tests indicated that K 
was approximately 2 near the surface of the back­
fil 1 declining to about 1 near the bottom of the 
trench. 

A comparison of measured vertical stresses with 
those predicted by the theory is given in Figure 2. 
The theoretical curve is based on the equation 
(Blight(l973)) 

v \t 

A 

In which 

y 
F 

2z 
h 
cl 

u 
0 

K 

B 

A {y - F~(c"-uoK 

K tamp 1 (1-B) 
Fz 

is the bulk unit weight of the fill; 
is the factor of safety against shear 
failure of the soil against the walls 
of the trench; 
is the width of the trench; 
is the depth under consideration; 

(la) 

(lb) 

and ¢1 are the shear strength parameters 
of the fill; 
is the initial pore pressure (at 
placement) in the fill; 
is the ratio of horizontal to vertical 
effective stresses in the fill: and 
is the ratio of the pore pressure 
increment in the fill to a 
corresponding increment in total stress 
0 • 
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Figure 1: Comparison of observed and predicted vertical 
effective stresses in Bolderheod Dam. 

33 

0 ---------------...... 

E 10 

~ 
J: 
~ 
w 
Q 

20 

• • 
•• 

e Cell 1048 

e Cell 1053 
OCell 1056 

predicted curves 
e 

e 

• 
30 '-------'"L-----...._ ____ __ 

0 2.5 5 7,5 
VERTICAL EFFECTM S!RESS ~IN m OF All 

0 

10 20 30 40 
WIDTHINm 

Figure 2: ComparisOn of observed and predicted vertical 
efreetllle stresses in Lesapi Dom core trench. 
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Equations (la) and (lb) assume undrained compress­
ion of the fill in the trench. Agreement of the 
measured stresses with the theory was fair, the 
deviation of measurement from theory being probably 
due to the decrease of K with increasing depth and 
to lack of a good assessment of the value of K. 
The theoretical curves were based on the following 
parameters : 

Zz 6. lm 
y " 21. 3kN/m3 

c 1 tSkPa 
<Pl 310 
u 0 

0 

K was taken as 2 and F as 1.5. The observed 
value of B_was 0.3 and Figure 2 also shows a 
curve for B = 0.5 

The theoretical analysis had also indicated that 
tensile cleavage of the trench fill would be 
possible under certain circumstances even before 
the core was subjected to seepage. The condition 
for tensile cleavage if K exceeds unity was found 
to be 

o1 < 
v 

2.3 Further field tests 

As it appeared from equation (2) and measured 
values of o1 that there was a possibility of 
tensile v ~leavage occurring in the Lesapi 
trench, two holes were drilled in the fill, 
primarily to install two standpipe piezometers, 

(2) 

but also to seek evidence of tensile cleavage. The 
holes were wetdrilled using a wagondrill and a 76mm 
bit and the water return was monitored for evidence 
of cleavage fissures. There was a full return of 
water from both holes until a depth of 24m was 
reached when there was a sudden and complete loss 
of drill water. Fortunately, the fissure at this 
depth did not appear to penetrate the full width of 
the trench as the rate of water flow into the holes 
decreased with time, apparently as the clay fill 
swelled, closing off the fissure. A back analysis 
of the Balderhead case history (Vaughan, et al 
(1970)) showed that tensile cleavage during con­
struction had also been a distinct possibility in 
that case. 

2.4 Further analysis 

If equations (1a) and (lb) are re-written with the 
pore pressure u as a variable 

Al = K tan¢: (3b) 
Fz 

Once the trench had been filled, h became a con­
stant for any point under consideration, while u 
would vary as construction pore pressures dissipa­
ted and seepage pore pressures were established. 

If equation (3a) is differentiated partially with 
respect to u, the result is : 

<lo 
v 

ai;- = (4) 
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Figure 3: Obsefved relationships between vertical total 
stress and pore pressure for (a) the core trench ot 
lesapi Dom and (b) the core ot Balderheod Dam. 
That is, any change in vertical stress will be 
accompanied by an equal change in pore pressure and 
the effective stress will be unchanged. If, in 
terms of equation (2), the effective vertical 
stress o 1 in the fill at the end of construction is 
every v where more than the critical value for 
tensile cleavage and if o 1 remains constant as 
seepage occurs, then v tensile cleavage of the 
soil cannot occur, ie "hydraulic fracture" will 
not take place on reservoir filling. 

Figure 3a shows the relationship between pore pres­
sure and vertical stress observed in the Lesapi 
trench, which agrees remarkably well with the 
predictions of equation (4). Figure 3b shows 
similar data taken from the paper by Vaughan et al 
(1970) for Balderhead dam. Here also, there is a 
strong suggestion that equation (4) applies, and 
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that tensile cleavage did not occur as a result of 
rising pore pressure. 

2.5 Conclusions 

The lessons of this case history are as follows : 

(i) The layout of instrumentation should be care­
fully planned. The type of instrument and its 
position should be chosen to yield specific inform­
ation which preferably has been pre:icted theoreti­
cally during the design. 

(ii) Nevertheless, even inadequate instrumenta­
tion, if it is working correctly, is very much 
better than no instruments at all. 

(iii) It is only by making measurements that one 
is able to investigate the validity of unexpected 
theoretical results. 

As a postscript, the core trench of Lesapi dam gave 
no trouble when the reservoir was filled and has 
given no trouble since. It is assumed that the 
tensile fissures located in the fill during con­
struction swelled closed and have since remained s~ 

3 THE BACK ANALYSIS OF WASTE ROCK DUMP FAILURES 

This investigation was undertaken during the mid 
1960's (Blight(1969)). The reasons for the study 
were as follows : 

(i) Failures of waste rock dumps in the South 
African gold mining area were relatively common and 
frequently disrupted production schedules. At that 
time the mechanics of the failures had not been 
studied and there was therefore uncertainty as to 
how to analyse and design a rock dump for shear 
stability. 

(ii) Failures invariably involved shearing 
through the relatively thin soil foundation strata. 

0 -__., .............. Still intact brown clayey 
0,6m ·sand. Wind deposit 

51111 intact brown silty 
clay. FerruginiZed from 1 to 3m. 
Residual weathered shale 
rewor1ted by termites 

Still intact brown silty 
clay. Residual weathered 
shale 

profile ofter 
failure 

The soil was known to be fissured and slickensided. 
Studies on stiff fissured soils elsewhere in the 
world (eg Ward, Marsland and Samuels(1965)) and 
Skempton and La Rochelle(1965) had indicated that 
the strength of these materials was dependent on 
the scale of the test used to determine the 
strength. The concept of residual strength was 
beginning to take shape. There was therefore also 
uncertainty as to what method of shear testing 
would give realistic shear strength parameters. 
Were laboratory triaxial or shear box tests on 
undisturbed specimens appropriate, and if so, what 
minimum size of specimen should be used? Could in 
situ tests be used, and if so, what type of in situ 
test was appropriate? 

Four failed rock dumps were chosen for the investi­
gation. Of these, two were "first-time" slides 
which had occurred as the dumps were being raised 
in height. The other two dumps had suffered 
repeated slides. After each slide had occurred, 
rock was dumped over the failure until a new slide 
occurred. 

In each of the four cases, the surface features of 
the slide were surveyed and the failure surface 
located, both on top of the rock dump and by drill­
ing at its toe. Figure 4 shows the details of a 
typical first-time slide, including the failure 
surface and the profile of the foundation stratum, 
while Figure 5 shows similar details for a dump 
t!la't has slid repeatedly. The Figure shows pro­
files of the dump after two successive slides that 
occurred within just over 2 years of each other. 
It will be seen from the figure that the failure 
surface through the waste rock remained in roughly 
the same position, even though the tipping face of 
the dump had advanced 37m between the successive 
slides. Successive failures appear merely to 
extend the horizontal portion of the failure 
surface, the failure through the rockfill remaining 
in the same position. 

points on failure surface or pre-failure 
profile actually located marked • 

presumed failure 
surface 
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otaA= 62.5° 

Figure 4: Section through a typical first-time slide in a rock dump on a cloy foundation. 
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Figure 5: Section through a rock-dump that has failed repeateClly. 

3. 1 Mechanics of the slides 

The surveys of the slides and model tests in the 
laboratory confirmed that the sliding mass in each 
case consists of a series of apex-down active driv­
ing wedges resisted by apex-up passive resisting 
wedges, as shown in Figure 6. The base of each 
passive wedge consists of a roughly horizontal 
failure surface through the foundation soil. As 
shown in Figures 4 and 5, the basal failure plane 
was constrained to be horizontal in each case by 
the limited depth of foundation soil overlying 
hard material. 

Based on this investigation, the stability of the 
dumps could be analysed, either by a sliding wedge 
analysis or by a method such as Janbu's(1957). A 
number of different analyses were tried, and all 
gave essentially similar values for the base shear 
strength in the slides (see 'R' in Figure 4). 

3.2 Measurements of shear strength of foundation 
stratum 

It was established from the rate of advance of the 
dumps that very little consolidation of the founda­
tion strata could be occurring and that failure of 
the soil was taking place in an essentially uncon­
solidated undrained mode. The laboratory shear 
tests used in the investigation were performed on 
undisturbed samples taken from near the toe of each 
dump with a 76mm diameter thin-walled open-drive 
sampler and consisted of unconsolidated undrained 
triaxial tests on the untrimmed 76mm diameter 
samples and quick shear box tests, also on 76mm 
diameter specimens. Field vane shear tests were 
also carried out. Results of these measurements 
for the first time slide shown in Figure 4 are 
given in Figure 7 and for the repeated slide shown 
in Figure 5, in Figure 8. 

This type of comparison has since been performed by 
many others and hardly needs discussion. Because 
the spacing of the fissures in the foundation soil 
under consideration is very close (of the order of 
10mm to 20mm), the shear strength of the soil in 

bulk for a first time failure can be represented 
quite closely by laboratory triaxial and shear box 
tests on.7611BD diameter specimens, or by the remoul­
ded vane shear strength, as shown in Figure 7. 

(a) Active and Passive Wedges in first-time failure 

movement of active wedge 

movement of passive 
wedge 

(b) Active and Passive Wedges in subsequent failures 

active wedges 

Figure 6: Diagrammatic representation of failures t>f 
model slopes on thin horizontal cohesive foundations. 
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Figure 7: Comparison of measured and calculated 
foundation strengths for first-time slide in rock dump. 
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figure 8: Comparison ot measured and calculated 
foundation strengths for repeated slides in rock dump. 

As shown in Figure 8, when repeated failures have 
taken place the shear strength along the failure 
SUJlface reduces to a residual value which is some­
what less than the minimum strength value estab­
lished by means of small-scale tests. 
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Figure 9: Foundation strength corresponding to failure of 
dump on shallow cohesive foundation according to 
sliding wedge analysis. 
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Figure 10: Comparison of measured foundation strengths 
with strengths required tor Stability according to wedge 
analysis 
3.3 Design of rock dumps 

The situation to be designed against is clearly the 
first-time slide. This can be ana:ysed in general 
terms by means of a sliding wedge analysis and 
hence a stability chart drawn up. The relevant 
chart (Blight(1979)) is shown in F.igure 9. This 
enables the unconsolidated undrained shear strength 
of the foundation required for a factor of safety 
of unity to be identified for any required height 
of dump. Alternatively, knowing the shear strength 
of the foundation stratum, the maximum safe height 
of dump can be found. 
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The applicability of the chart has been checked 
against back analyses of four first-time rock-dump 
failures, the original two investigated and two 
subsequent slides. The comparison of the stability 
chart's predictions and the range of shear 
strengths measured in the field is shown in Figure 
10. 

3.4 Conclusions 

This study produced the following design informa­
tion 

(i) it established the mode of failure of waste 
rock dumps on thin cohesive soil foundations; 

(ii) this enabled a method of ana•ysis and design 
to be formulated; anci 

(iii) it established acceptable means wherebv the 
shear strength of the foundation strata for a · 
proposed rock dump may be measured for the purposes 
of design. 

In this connection, it should be noted that soils 
in the gold mining areas of South Africa are parti­
cularly intensely fissured by repeated desiccation. 
The conclusions regarding acceptable methods of 
assessing shear strength may not be valid in other 
parts of the world. If London clay, for instance, 
were being considered, the scale of the tests would 
be too small for reliable strength results to be 
obtained (see, eg Pow~ll and Quarterman(1986)). 

4 PRESSURES IN A CEMENT SILO OF UNUSUAL DESIGN 

Like the first case history, this one does not 
involve shear strength parameters directly. How­
ever, the shear strength of the material stored in 
a silo to a large extent determines the pressures 
exerted on its walls, and measured shear strength 
parameters are essential to the accepted method of 
estimating a design pressure envelope. Cement 
powder is not soil, but behaves as a highly 
frictional fine-grained dry silt-like material and 
obeys the rules of soil mechanics, including the 
principal of effective stress. 

The case concerns a 14000m3 capacity cement silo of 
unusual design in that the base of the silo con­
sists of an inverted cone which forms a ring­
conical hopper. The shape of the silo and its 
principal dimensions are shown in Figure 11. 

The silo was designed in accordance with the 
German silo design code' DIN 1055 (Martens(1980)) 
which specifies the following properties for 
cement powder : 

Unit weight, y = 17kN/ml 
Angle of shearing resistance, $ 1 =28°. tan$ 1 =0.53 
Angle of wall friction, 
cement on concrete, os22°. tano~0.40 
Cohesion, c 1 = O 
Coefficient of lateral pressure 

K (for filling) 0.5 
K (for emptying) = 1.0 

In contrast, the measured properties of the cement 
powder actually stored in the silo are : 

Unit: weight, y • 12kN/m3 
Angle of shearing resistance, ~1 *42°. tan~ 1=0.90 
Angle of wall friction, os39°. tan6=0.81 
Cohesion after precompression to SOOkPa, the 
maximum expected vertical stress, c 1 = 25kPa. 
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Flgan 11: Layout of instrumentation in silo 
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0 
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K
0 
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KA (active condition) = 0.20 

This was an example of a structure designed and 
built for a client {the Pretoria Portland Cement 
Company) that expects to build many more silos for 
storing cement and other materials in the future·. 
The client was very willing to pay for instrumenta­
tion of the structure, but only up to a limit that 
was set at the early planning stage. By the time 
the instruments came to be ordered, inflation and 
changing currency values had reduced the value of 
the sum set aside, and the extent of the instrument­
ation had to be curtailed. The immediate objective 
of the instrumentation was to check on the design 
pressures and in particular, to check on pressures 
exerted on the base cone and on the vertical walls 
within the ring-conical hopper. The ultimate 
objective. ~as ~o obtain info:mation. that {hopefully) 
would enao1e silos to be designed and built more 
economically in the future. 

4.1 INSTRUMENTATION 

Figure 11 shows the layout of pressure cells (W1 to 
W7 and C1 to C4) and thermocouple pairs (Tl to T3) 
in the silo. Pressure cells were of the mercury­
filled strain gauged diaphragm type, with 200mm 
diameter sensitive faces. 
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The pressure cells were calibrated using cement 
powder in the way described by Blight(1983) and 
were carefully installed so that their sensitive 
faces were flush with the inner surface of the 
silo walls. After grouting in the cells, the 
sensitive faces were painted with epoxy resin and 
strewn with fine sand so that the surface texture 

of the cells was similar to that of the concrete 
wall surrounding them. 

Thermocouples were copper-constantan, arranged in 
pairs with a junction just below the inner and 
outer surfaces of the wall. 
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4.2 Theory used for design 

The accepted theoretical basis for the design of 
silos to DIN 1055 is the Janssen arching theory 
which is very similar to that which was applied to 
stresses in the trench fill at Lesapi dam. Accord­
ing to this theory, the vertical pressure at depth 
z below the surface of the fill in a silo is given 
by : 

a (max) 
v 

'J (max) 
v 

i yz ~ 

- exp L - a (max) ~ 
v 

Dy 
4Ktan3 

(4a) 

(4b) 

In which D is the diameter of the silo and the 
other symoo~s have their usual meaning. The hori­
zontal pressure on the silo walls is then 

a = Ko 
h v 

(4c) 

The resulting horizontal pressures were then 
factored by 1.73 to allow for the possible exist­
ence of local pressure peaks, and the effects of 
slightly eccentric discharge. 

The cone was designed for a normal pressure calcu­
lated as 

in which a is the cone angle of 60°, and av was 
calculated by means of equations (4) 

(5) 

The resulting pressure was then factored by 1.14 to 
allow for possible variations in material unit 
weight. 

4.3 Measured pressures \ 

Figure 12 shows some profiles of pressure measured 
on the vertical walls of the silo (Figure 12a) and 
on the surface of the cone (Figure 12b). Many 
more measurements than those shown in Figure 12 are 
available and have been published elsewhere (Blight 
(1986)). However, the measurements shown in the 
figure are typical. 

The solid curves shown in the figure correspond to 
pressure profiles calculated by means of equations 
(4) and (5) using the measured properties of the 
cement powder given earlier. Note that most of the 
observations fall within the calculated pressure 
envelopes. There is a sharp gradient of pressure 
on the •ertical walls once the ring-conical hopper 
section is entered (see dashed line in Figure 12a). 
The pressures on the cone show a similar sharp 
gradient from roughly the theoretically predicted 
pressure near the apex of the cone to values 
approaching zero at the level of the outlet ports. 
The theoretical pressure envelopes calculated for 
the actual cement properties, shown in Figure 12, 
are compared with the design pressure envelopes in 
Figure 13. 

It is quite obvious that the design assumptions 
were quite unrealistic, especially as factors of 
safety on the strength of the construction mater­
ials were applied over and above the design 
stresses. The main reason for the excessive design 
pressures is the adoption of unrealistic design 
parameters for cement powder - a combination of a 
high unit weight, low angles of shearing resistance 
and wall friction and a high lateral pressure coef­
ficient. (The design lateral pressure coefficient 
was 1.0). 
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4.4 Conclusions 

It became clear from the results of the measure· 
ments that : 

(i) The theory used for calculating pressures in 
cement silos is generally adequate, provided real­
istic cement properties are used. (However, see 
Blight(1986a) and Blight(1986b) for qualifications 
to this conclusion as it applies to stored mater­
ials in general.) 

ii) Existing codes of practice for silos can give 
ridiculous over-estimates of the lateral pressures 
exerted on silo walls. (See Schaffner and Blight 
(1983) for another example that supports this 
statement.) 

(iii) It follows that the object of the investi-
gation had been achieved - safe cement silos can be 
built considerably more economically than was the 
case in this instance. 

5 THE PERFORMANCE OF TENSION PILES SUBJECTED TO 
UPLIFT BY EXPANSIVE CLAYS 

The Lethabo power station (Blight(1984a), Blight 
(1984b)) is founded on a deep profile of desiccated 
clayey silt residual from weathered siltstone. The 
water table at the site ~s at a depth of about 20m. 
Studies of the potential heave of the site had indi­
cated that a surface heave of up to 120mm could be 
expected to occur. 

The operation of power station plant and other 
installations such as cooling towers and cooling 
water ducts is very sensitive to differential move­
ment. For this reason, an early design decision 
was to found all structures on bored cast-in-situ 
reinforced concrete piles. The piles were to pene­
trate the residual siltstone and be founded in a 
less weathered dimensionally stable carbonaceous 
shale that underlies the expansive weathered silt­
stone. All structures would be supported on piles 
with a 300mm void between the soil and the under­
side of the structure. The design of piies for 
heavy loads would not be problematic, as the carbon­
aceous shale provides a high bearing capacity. 
Lightly loaded piles would have to be anchored in 
the carbonaceous shale and resist the uplift forces 
imposed on them by the surrounding expansive soil. 
This would also applv to oiles that ultimatelv 
would be heavily loaded, but which would be i~ the 
ground for long enough to be affected by heave 
before the loads were applied. 

There were three basic problems associated with the 
pile design : 

Collins{1953) had proposed a procedure for design­
ing piles subject to uplift by expansive clays. 
This method had been widely used in the intervening 
30 years, without ever having been properly checked. 
Donaldson ( 1 967) had, indeed, carried out measure­
ments of the load distribution in an instrumented 
pile of 230mm diameter 10m in length. These 
measurements confirmed the form of Collins' expres­
sion for pile tension which is : 

p = '.TDfL (c i 
0 

+ Ka l 

v tan¢i 1)dz (6) 

In which 

p is the tension in the pile; 
D is the pile shaft diameter;. 
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L is .the length of the pile subjected to 
uplift; and 

c 1 and ~ 1 have their usual meaning. 

However 

(i) There was uncertainty as to whether the 
expression would apply to the very large piles that 
would be needed at Lethabo (35m long and up to 
2000mm in diameter). 

(ii) There was uncertainty as to the values of c 1 

and ~ 1 to use. 

(iii) What value of K should be used? 

Donaldson's study had not attempted to compare 
measured pile tensions with tensions predicte~ from 
measured shear strengths. 

A simple paper exercise showed that with so many 
piles to be constructed, even small economies on 
each pile would make a field testing exercise a 
financially viable proposition. It was therefore 
decided to embark on such an exercise. 

5. 1 Shear strength 

It was known from published work (eg Burland et al 
(1966) and O'Riordan(1982)) that the appropriate 
strength to use in designing the piles probably 
corresponded to the lower limit of laboratory 
strength measurements. But, should an adhesion 
factor be applied and what was the value of K? 

To answer these questions a series of plug pulling 
tests was arranged. The plugs were of 1050mm dia­
meter and 2m length and were constructed as shown 
in Figure 14. Tte plugs were installed at a series 
of depths and the surrounding soil was soaked by 
filling the hole with water. After a period of 4 
weeks the water was allowed to drain away until 
there was no free water in the standpipe. This 
ensured that the effective stress in the soil sur­
rounding the plugs was close to the value of the 
total stress as the pore pressure must have been 
close to zero. The plugs were then pulled by jack­
ing up a beam around which the cables from the plug 
were fastened. 

Figure 15 shows the resultant load displacement 
curves. Note the difference between the two plugs 
centred at a depth of 6m, one of which was pulled 
dry, the other after soaking. 

Figure 16 summarizes all the available "results of 
laboratory drained shear strength tests on the sile­
stone, as well as showing the results of the plug­
pulling tests. With the exception of one test, the 
strengths from the plugs coincided quite closely 
with the lower limit to the laboratory strength 
measurements. This re!' 11lt confirmed expectations, 

. in the light of previously published work. HoweV'e~ 
the way in which the tests had been performed and 
the fact that at a given depth in Figure 16, the 
laboratory shear tests correspond to the same ef f­
ective stress as the plug tests, eliminated the 
need to know values for either the adhesion factor 
or the lateral stress ratio K. In fact, the indi­
cation was that both of these factors equalled 
unity. 

5.2 Design of piles 

The piles could be designed using Collins' express­
Lon in terms of the changing effective stress and 
the progressive heave predicted for the site. 
Whereas the laboratory shear tests had shown a pro-
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nounced peak in the stress displacement curve the 
field curves showed no peak. As shown by Fig~re 17 
using strengths derived from the plug-pulling test; 
rather than the mean laboratory curves had a very 
considerable effect on the maximum design tension. 

5.3 Field test on an instrumented pile group 

The one question remaining was whether the Collins 
expression correctly represented the distribution 
of tension in the shaft of a pile subjected to up­
lift and whether the uplift forces could co~ectly 
be predicted from the mleasured shear strengths. All 
piles were straight-shafted, 1050mm in diameter and 
33m long. Referring to Figure 18, the positions of 
the three instrumented piles were s~lected so that 
they represented a corner pile, a side pile an~ an 
interior pile in a typical pile group. For details 
of the instrumentation, the reader is referred to 
Blight(1984b). 

The soil surrounding the test pile group was flood-. 
ed by means of a grid of boreholes and the strain 
at various depths in each instrumented pile was 
recorded as the soil took up water and swelled. 

Figure 19 shows the variation at various times of 
the recorded tension in pile 2 (see Figure 18). 
Tensions were calculated from the recorded strains 
on the assumption that the concrete had cracked and 
the steel reinforcing was carrying the entire load. 
Strains at depths of up to Sm and more than 22m 
were not sufficient to crack the concrete and the 
tensions were therefore underestimated at either 
end of the pile. 

The design tension curve calculated from the re­
sults of the plug-pulling tests via Collins' equa­
tion has been superimposed on Figure 19 and shows 
quite reasonable agreement with the measured pile 
tensions. 

Figure 20 shows the variation of shaft shear stres~ 
ses down the three test piles. The diagram shows 
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how uplift shears developed above a depth of about 
10m are counteracted by anchorage shears on the 
lower part of the pile shaft. This diagram also 
provides a check on the validity of the tension 
measurements, as the area under the uplift shear 
curve must equal that under the anchorage shear 
cbrve if vertical equilibrium is to be preserved. 
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heave with time and effect of peak in stress-displacement 
curve. 

The strength versus depth relationship established 
from the plug-pulling tests has been superimposed on 
the upper part of Figure 20. This agrees reasonably 
with the shear stress-depth curves calculated for 
the piles if one bears in mind that the pile shaft 
shear stresses were underestimated at depths of less 
than Sm. 
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Figure 18: Layout of piles in test pile group. 
5.5 Effect of loading a pile previously subjected 

to uplift 

As many of the piles would be installed two to three 
years prior to being loaded, it was decided to study 
the effect of this delayed loading by applying a 
compression load to two of the instrumented piles 
after full tension had developed in them. A lOOOkN 
compressive load was applied by installing anchors 
into the carbonaceous shale and jacking off the 
anchors. As had been expected, the applied load 
was resisted by shears on the pile shafts and was 
completely carried by the upper 6m of pile. Ten­
sions in the shafts below this depth were unaffect­
ed. 
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Figure 20: Shear stresses developed down length of pi• 
and comparison with measured shear strength-depth 
relationship. 

5.3 Conclusions 

The programme of field te.sting and monitoring 
achieved all its objectives : 

(i) The Collins expression for pile shaft tension 
was validated for the large diameter piles used at 
r ethabo. 

(ii) Appropriate design parameters for the piles 
were established. 

So far, the piles at Lethabo appear to have ·perfor­
med as expected. Problems were experienced when 
one of the cooling water ducts started to lift. 
When the supporting piles were opened up, it was 
found that the void between the underside of the 
duct and the soil ·bad carelessly been allowed to 
fill up with soil washed in by a thunderstorm 
before the sides of the duct were backfilled. The 
underlying soil had heaved and lifted the duct off 
the piles, but the piles had not moved. 
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6 IN SITU MEASUREMENTS OF THE CHARACTERISTICS 
OF UNDERGROUND FILL 

The following case history is not as extensive as 
the previous ones, but has been included to illus­
trate the role that both geotechnics and in situ 
testing may play in providing design parameters for 
mining. 

Gold mining in South Africa takes place at depths 
of up to 3.Skm. The gold-bearing reef is tabular 
and usually dips moderately at up to 30•. As min­
ing proceeds, a tabular excavation or stope is 
formed which is usually 1m to 1.2m in height and 
which traditionally has been supported by timber 
grillages or "packs". 

For the following reasons, the gold mining industry 
is attempting to replace the timber supports by 
support provided by alternative materials. 

(i) Timber is expensive and the building of packs 
in situ is labour-intensive. 

(ii) The large quantities of timber in the mine 
constitute a fire hazard. 

(iii) As mining activities expand, the available 
supply of timber is being exhausted. 

One means of providing support is by mass backfill­
ing with barren tailings. This process has been 
described by Blight et al(1976). The tailings may 
be cemented or uncemented and both run-of-mill 
material and cyclone underflow have been used in 
various mines. 

Friction on the hanging and foot walls prevents the 
fill from being squeezed laterally out of the stope 
as the excavation converges elastically. Hence it 
is likely that fill near the edges is subjected to 
uniaxial compression and that away from the edges 
~o confined compression with zero lateral strain. 
Early tests to establish the compressibility of 

KEY 
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Rgure 21: Layout of instrumentation in shaft pillar 
replacement fill. 
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fill materials used model slabs of fill that were 
geometrically similar in shape and proportion to the 
prototype fills. These were compressed between the 
platens of a testing machine and the resultant load­
compression curve recorded. These tests provided 
comparisons of the load-compression characteristics 
of various candidate fill materials. However, it 
had to be accepted that tests on model slabs prob­
ably did not provide absolute information on fill 
performance under load. Confined compression tests 
in the laboratory were an ot:jvious alternative, but 
;it was thought that their results would be over­
optimistic. The only means of checking the realism 
of model slab tests was to measure the load-compres­
sion curve of a fill in situ and to compare this 
curve with the corresponding laboratory character­
istic. An opportunity to do this arose at the 
Stilfontein mine in South Africa when it was decided 
to use a fill to support the are~ around a shaft 
when the gold-rich shaft pillar was mined out. 

The pillar existed at a depth of 1900m below surface 
and was mined out and replaced by a pumped cemented 
tailings fill containing 10 per cent of ordinary 
Portland cement. Figure 21 shows a plan of the area 
surrounding the shaft, as well as the instrumenta­
tion installed in the tailings fill. The flat jacks 
referred to in the figure were 200mm diameter oil­
filled Freyssinet flat jacks connected by copper 
tubing to Bourdon pressure gauges, and pre-pressur­
ized to 1MPa. The jacks were installed so as to 
measure vertical stress. as well as horizontal stress 
in two orthogonal directions. 

Figure 22 shows the field compression curve, as 
recorded on two of the jacks and the closure meters 
compared with a laboratory compression curve for a 
model fill slab. The figure shows that the fill 
performed considerably better in the field than 
would have been predicted from the laboratory model 
tests. 

Unfortunately, the in situ stress-compression curve 
could not be followed beyond 25 per cent compress­
ion as the site became inaccessible. 
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Figure 22: Comparison of field compreSSion cuNe 
of fill with laboratory compression cuNes 
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As Figure 22 also shows, a compression curve for 
the fill determined by means of confined compress­
ion in which the fill was compressed in a steel 
cylinder which allowed of no lateral strain agreed 
very well with the observed field compression 
curve. This showed that the characteristics of a 
mine fill should be assessed in the laboratory by 
means of confined compression tests, and not by 
tests on model slabs. The former is the method 
currently employe4. 

7 CONCLUDING STATEMENT 

The case histories described above have illustrated 
the utility and versatility of using field instru­
mentation and monitoring, not only to provide para­
meters for design but also to assist understanding 
the mechanics of processes such as : tensile cleav­
age of fill in core trenches, the failure of rock­
fill slopes, the development of uplift forces in 
piles, pressures exerted by materials in silos and 
the compression of load-bearing fill in underground_ 
mines. 

The important principles to follow in carrying out 
field instrumentation are : 

(i) Select, design and locate the instrumentation 
to provide the information required for the design. 
A careful theoretical analysis should form the 
basis for any instrumentation project. 

(ii) Field instrumentation is subject to a high 
casualty rate. Make it simple and robust, and 
wherever possible duplicate or even triplicate 
important instruments. Not only does redundancy 
insure against instrument casualties, but it pro­
vides checks on the correctness of the readings. 

(iii) Do not leave either instrument installation 
or readings to technicians who, without a theoreti­
cal awareness of the problem, may not appreciate 
the significance either of occurrences during inst­
rument installation or the behaviour of instruments 
during the taking of readings. The designer should 
'personally supertvise every stage of instrument 
installation and if possible either take the read­
ings himself or closely supervise the taking of 
readings. 

(iv) Reduce and plot all observations as soon as 
they have been taken. It is only by doing this 
that unexpected trends or behaviour will be detect­
ed while there is time to take corrective action 
if necessary. 

The above principles do not only apply to geotech­
nical projects but are of general application in 
engineering. 
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Keynote paper: Construction in tropical soils 

G.E.BLIGHT, University of the Witwatersrand, Johannesburg, South Africa 

ABSTRACT 

The process of formation of tropical soils is r eviewed and typical properties of tropical residual 
soil profiles are described . The failure modes of natural and cut slopes in tropical soils are 
summarized and it is shown that slopes in tropical soils can be rationally analysed and designed. 
Examples are cited to show that the settlement of raft and spread footings on tropical soils can 
be satisfactorily predicted. This conclus ion a pplies also t o the design of deep foundations in 
tropical soils . Some of the peculiarities of t r opica l soils, when used as construction materials , 

- e described . 

1 INTRODUCTION : INTERPRETATION OF THE TITLE 

As the title would indicate this paper is 
intended t o deal with "construction in tropica l 
soils" which immediately raises the twin 
questions of what is meant by "tropical soils " 
and by "construction"? 

The fact that a class of soils receives a 
distinctive title must indicate that it has 
some special characteristics or properties that 
distinguish it from other "non-tropical" soils . 
Marine clays and river sands and gravels , for 
in s tance, occur widely in the tropics, but wou l d 
no t be expected to have properties any differen t 
from similar soils located outside of the 
tropics. Is it perhaps the climate, past and 
present that distinguishes "tropical" from "no n ­
tropical " soils? Reference to a household atlas 
(Reader ' s Digest, 197 3) and to Figure 1 shows 
that the tropics, that span of latitudes around 
the earth ' s circumference between the tropic o f 
Cancer in the north (23~ 0 N) and the tropic of 
Capricorn in the south (23~ 0 S), does have a 
special climate . It is generally warm to hot all 

•
ar round and includes many of the more humid 
imatic regions of the world, for example the 

Amazon and Congo basins and the islands of 
Indonesia. However, it also i ncludes some of t he 
driest areas on earth, for instance , the Atacama 
and Great Western deserts of the Americas , the 
Sahara and Kalahari deserts of Africa and the 
Australian desert. 

In considering the formation of soils, we talk 
of a geological time span . It is known that the 
earth's poles have shifted position in the 
distant geological past . The situation is 
complicated by the fact that the continent s 
have also drifted (see, for example Stacey , 
1970). However, there has been no glaciation of 
the tropical regions since before the cretaceous 
era which ended one to two hundred million years 
ago . Hence it is possible that areas no l onger 
in the tropics at present may have deposits of 
palaeo-tropical soil . 

The desert areas may perhaps be ruled out as 
possible homes for tropical soils . With the 
exception of the Persian Gulf , where oi l has 
artificially concentrated the population and 
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development , deserts are sparsely populated and 
underdeveloped. There is therefore less reason 
for concern with the soils of deserts . This does 
not say that desert soils do not have their own 
peculiar geotechnical difficulties. The various 
problems associated with desert soils such as 
sabkha have been described by various authors, 
e . g . Akili and Torrance (1981), Fookes (1978) 
and Stipho (1984) . 

The more humid and sub- humid regions of the 
tropics, however, support and can support large 
population densities and are becoming increas­
ingly subject to development , especially those 
areas bordering the sea or with access to the 
sea via navigable rivers. A combination of warm 
to hot , and humid to sub-humid cl imate and an 
ancient surface geology strongly points to the 
conclusion that the tropical soils referred to 
by the title must be re sidual soils occurring 
in the tropics or palaeo- tropics. 

Quite apart from any past wandering of the 
poles, and referring again to Figure 1, it will 
be seen that the two tropics do not impose a 
rigid bound to the region within which one would 
expect to find tropical soi l s . Humid and sub­
humid, warm t o hot c limate s occur wel l outside 
the tropical limits. Much of Queensland, Aus­
tralia for example, lies south of the tropic of 
Capricorn, ye t tropical-type soils are found 
there. Georgia , in the USA, lies well north of 
the tropic of Cancer, but tropical-type soils 
are also found there. 

The term "construction" also poses some 
queries of definition . It cou ld be taken to mean 
"techniques used in construction", or alterna­
tively "problems experienced in construction", 
or yet again "the behaviour of structures " . In 
this paper the last definition has been adopted 
in the main, but the other two definitions will 
also be used. 

Hence if one were to follow the Vic torian 
custom of amplifying titles (e .g. "Eric, or 
Little by Little" ) the paper might be entitled 
"Construction in tropical soils, and especially 
the behaviour and problems associated with 
structures built on or in residual soils of the 
tropical and sub-tropical regions" . 

However, before proceeding to describe the 
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Figure 2:Weathering order of minerals 

but not entirely, on the parent rock type. 
Onodera, (1976) describes how granitic residual 
soils in Japan may vary in colour from light 
grey to red depenuing on the quantity of limo­
nite present, while the clay content may vary 
from 2% to 26% depending on the relative quanti­
ties of feldspar, mica and quartz in the parent 
rock. Ruddock (1967) finds that, in Ghana,gra-
~tic rocks weather to deep profiles of sand con­
~ining feldspar crystals and that the "boulder" 

weathering reported by Ruxton and Berry (1957) 
from Hong Kong does not occur. Ruddock attri­
butes the difference to the lack of a regular 
jointing pattern in the Ghanaian granites, but 
the difference may also be partly due to 
mineralogical, climatic, topographical and age 
differences. 

Van der Merwe (1965) has shown that reddish 
kaolinitic soils develop in well drained situa­
tions over norite gabbro, whereas blackish mont­
morillonitic clays develop from identical parent 
rock in poorly drained situations. 

Wesley (1973) concluded that the dark-coloured 
andosols and red latosols found in Java 
o riginate from much the same volcanic parent 
~aterial but occur in profiles of different 
ages. 

It is evident that apart from a few generali ­
zations, it is difficult to relate the proper­
ties of a residual soil directly to its paren t 
rock. Each situation requires individual consi­
deration and it is rarely possible to extra­
polate from experience in one area to predict 
conditions in another even if the underlying 
hard rock geology in the two areas is similar. 

The chemical changes and sequence of minera l s 
med during weathering are extremely complex . 

example, one suggested weathering sequence 
leading to the formation of clay minerals is 
shown in Figure 3a (van der Merwe, 1965). The 
sequence may be arrested at any stage and 
certain stages may be reversed as a result of 
changes in climate or conditions of drainage. 

Figure 3b (Gonzalez de Vallejo et al, 1981) 
shows weathering sequences for volcanic rocks 
observed in Cameroun (West Africa) and Kenya 
(East Africa). Apart from unknown differences 
in mineralogy, Cameroun has a hotter, moister 
cli~ate than does Kenya, which may explain the 
differenc e in weathering sequence. 

· Occasionally, residual soils may form by the 
in situ weathering of unconsolidated sediment s . 
The commonest example of this is the loess or 
collapsing sand formed by the weathering of feld 
-spars in deposits of windblown sand (Knight, 

~ 1961, Dudley, 1970, Schwartz and Yates, 1980). 
Shirasu, found in Japan (Yamanouchi and Haruyama, 
1969) is an unconsolidated volcanic sediment, 
partly weathered in situ, whose engineering 
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properties have much in common with loess. 
A survey by Brand and Phillipson (1985) showed 

that colluvium mantling a residual soil profile 
is regarded as a residual soil by many 
authorities. 

2.2 The role of climate 
Climate exerts a considerable influence on the 
rate of weathering and on the resultant weather­
ing products (Weinert, 1963 and 1974. Morin and 
Ayetey, 1971). Physical weathering is more pre­
dominant in dry climates while the extent and 
rate of chemical weathering is largely control­
led by the availability of moisture and by 
temperature. (Chemical reaction rates approxi­
mately double for each l0°C rise in average 
temperature). 

According to Uehara (1982) the clay mineralogy 
of the soils of the world changes in a predict­
able way with distance from the equator, as 
indicated by Figure 4. This must be an over­
simplification, because as shown by Figure 1, 
climates do not vary predictably with distance 
from the equator. Nevertheless, Figure 4 gives 
a useful concept of the influence of climate 
on the products of weathering. Uehara says that 
near the equator, high temperatures and year­
round rainfall favour the formation of low 
activity kaolin and oxides (Skempton's Activity 
0.3 to 0.5). As one moves towards the limits of 
the tropics, rainfall decreases and high 
activity smectitic clays predominate (Skempton's 
Activity 1.5 to 7). 

The influence of temperature and moisture on 
rock weathering in South Africa is shown by 
Weinert's (1974) climatic index 

N 12Ej 
Pa 
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Figure 6: Relationship between void ratio and annual rainfall 
for highly weathered and leached granites in South Africa. 

mechanism of rock weathering. Highly weathered 
~sidual granites, for instance become more 
~rous and therefore more compressible as the 

annual precipitation and therefore the leaching 
increases. This is illustrated by Figure 6 whi c h 
shows some data of Brink and Kantey (1961) 
relating void ratio to annual rainfall for 
weathered granites in South Africa. 

2.4 The role of time 
Other things being equal, the older a residua l 

profile, the deeper and more weathered it will 
be. In Southern Africa, for example, six ancien t 
erosion surfaces may be identified (King, 1975 , 
Brink, 1979) each of which formed as a result o f 
uplift and a consequent acceleration of the 
erosion process. The oldest of these erosion 
surfaces, the Gondwana surface, predates the 
break-up of the original super-continent and n ow 
exists only as isolated remnants on high ground 
dating back more than 190 million years , 
However, the 100 million year old African 
erosion surface covers extensive parts of the 
c ountry and is underlain by depths of highly 
weathered residual material upwards of 50m deep . 
The most recent erosion surface, the 2 million 
year old Quarternary, in contrast, is underlain 
by a relatively thin residual cover. 

~ TYPICAL CHARACTERISTICS OF TROPICAL SOIL 
PROFILES 

Because weathering proceeds from the surface 
down and inwards from joint surfaces and other 
percolation paths, the intensity of weathering 
generally reduces with increas~ng ~epth and . 
there is also usually a variation in weathering 
intensity in the material between joint sur­
faces. In profiles residual from igneous rocks , 
core stones or boulders of sound parent rock a r e 
very often found enclosed within blocks of 
weathered rock (e.g. Lumb, 1975). 

Typically, a profile of residual soil will 
consist of three indistinctly divided zones 
(Vargas and Pichler, 1957, Ruxton and Berry, 
1957, Little, 1J69) as illustrated in Figure 7. 

The upper zone will consist of highly 
weathered and leached soil often reworked by 
burrowing animals and insects or by cultivation , 
and intersected by root channels. This zone ha s 
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Figure 7: Schematic Diagram of Typical Tropical Residual 
Soll Proftle (after Little, 1969) 

always been subjected to at least some transport 
process. . . 

The intermediate zone also consists of highly 
weathered material but exhibits some features of 
the structure of the parent rock and may con­
tain core stones. This zone often contains 
pedogenic material such as nodules of calcium or 
iron salts which may give it a mottled or 
spotted appearance. 

The lower zone consists of physically disin­
tegrated and partially to slightly weathered 
material often having the appearance of a mass 
of interlocking blocks of soft rock. The lower 
zone merges into fractured or jointed, almost 
unweathered parent rock. An example of a typical 
soil profile residual from an igneous rock 
(andesite lava) is shown in Figure 8. 

According to Tuncer and Lohnes (1977), a . 
basalt-derived tropical soil may go through six 
stages of weathering, as illustrated in Figure 
9. These stages may be summarized as follows: 

Stage l 

Stage 2 

Stage 3 

Stage 4 

- Parent rock with very low void ratio 
and high cohesion. 

- Weathering causes rock disintegra­
tion, increase in void ratio, and 
decreases in cohesion and friction 
angle. 

- Increase in ~ lay content causes 
increase in cohesion, decrease in 
void ratio and permeability. Specific 
gravity begins to increase because of 
increase in sesquioxide (Fe,0 3 and 
Al,0 3 ) content. 

- oxide content continues to increase, 
kaolinite content decreases through 
conversion to gibbsite. Sesquioxides 
cement clay particles and cause soil 
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kaolin increasing in quantity towards the 
surface. This has plainly either not occurred , 
or t he clay minerals have been redistributed b y 
leaching in the profile since their formation , 
or the minerals in the parent rock were such 
that they did not give rise to the expected 
sequence . The complete absence of quartz below 
the water table is also inexpli cab le, un l ess it 
is accepted that the minerals comprising t he 
separate lava flows that make up the profile 
could have varied widely one from another. 

Figure 11 shows the variation of void 
ratio e 0 , compression index Cc and rebound 

index C in a profile of Ventersdorp lava.There 
is a gefieral tendency for all three parameters 
to decrease with depth (with a local anomaly at 
about 16m) which indicates that the degree of 
weathering. decreases with depth . The strong 
similarity in the shapes of the three curves 
suggests that both Cc and Cr should corre late 

wi th void ratio as indeed , Figure 12 s h ows 
they do . Th e data from a second site about Skm 
away shows that the relationships in Figure 1 2 
are of fairly general applicabi l ity and that the 
~id ratio of the weathered material gives a 
~od indication o f its compressibility. 

Because of the residual bonds between the 
weathered mineral particles , most tropical soi l s 
behave as if overconsolidated , with the degree 
of ove r consolidation , as represented by the 
equivalent preconsolidation pressure Pc' 

increasing with depth as the degree of weather ­
i ng decreases . Thi s tendency is illustra-
ted by Figure 1 3 wh i ch shows the variati on 
of Pc a n d e

0 
with depth at the second sit~ 

measured in undisturbed soil samples immediately 
after sampling . The rat io Rs of o~/o~0 (o~0 
effective overburden stress) gives an indica­
tion of K

0 
in the profile. It is clear from the 

observed values of Rs and the laboratory 

measurements of K
0 

that K
0 

in the profile has a 

relatively low value of about 0.4. This wou ld 
not be unexpected at a site with the high void 
ratios shown in Figure 13. 

The strength of tropical residual soils i s 
also dependent on their void ratio or dens i ty . 
This is illustrated by Figure 15 which shows the 
variation of shear strength with bulk dens i ty 
for weathered Ventersdorp lava. As the density 
approaches that of the unweathered rock the 
strength increases rapidly . Conversely , once the 
density falls below about 1900 kg/m3 there is 
not much reduction in strength with furthe r 
reducing density. 

Because of sapro l itic features such as relict 
rock jointing and superimposed features such as 
fissures caused by swelling and shrinkage , the 
shear strength in mass of tropical soils tends 
to be governed by the strength along joints and 
fissures . Strengths measured in the laboratory 
on conventional sized specimens (75mm or l OOmm 
diameter ) tend . to be erratic, as do strengths 
measured in situ by means of small scale in situ 
tests (e . g. the field vane) . The sort of result 
obtained is shown by Figure 16 which summarizes 
the results of triaxial shear tests on samples 
taken from four sites in the Johannesburg graben . 
However, if the results are looked at site by 

lnltlal Void Ratio e0 Compression Index C0 Rebound Index c, 
referred to in Figure 1 2 . The variation of 
void ratio shows that the degree of 

0 0,5 0.6 0.7 0,8 0,9 1,0 1,1 1,20 0,1 0,2 0,3 0,4 0,5 0,6 0 0,02 0,04 0,06 0,08 0,10 0,12 0,14 

weathering is decreasing with depth , while 
the equivalent preconsolidation pressure 
increases r oughly linearl y with depth . 

Figure 14 shows the variation with depth 
at this site of the effective stress o ' 
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slopes of residual soil exist in an unsaturated 
condition and their margin of sAfPty against 
sliding depends on the capillary tensions which 
exist in the pore water and enhance the strength 
of the soil. In a natural slope of weathered 
mudstone (Blight et al, 1970), the capillary 
tension was found to vary, after light rain, 
from zero at the surface to lOOkPa at a depth of 
3m. Infiltration during prolonged rainfall can 
reduce capillary tensions to a point where the 
slope becomes unstable. Brand (1982) has 
observed suctions in residual soil slopes in 
Hong Kong. At shallow depths, suctions have been 
observed to decrease to zero during prolonged 
rain. 

According to Lumb (1975), the rate of infil­
tration of rain into a homogeneous soil in the 
absence of surface ponding is numerically equal 
to the saturated permeability of the soil. The 
water advances into the soil as a wetting front 
which travels at a velocity of v = k/(1-S)n 
where k is the permeability, S the initial 
degree of saturation and n the porosity. Using 
typical values for soil permeability and rain­
fall intensity, Lumb shows that such a wetting 
~nt could reach a potentially critical depth 
~a slope (such as the contact between soil and 
rock) within a few hours. Open cracks and fis­
sures in a soil have the effect of accelerating 
the advance of such a wetting front. 

Yong et al, (1982) have shown how varying 
duration of rainfall of an intensity at least 
equal to the saturated surface permeability 
reduces the factor of safety of a slope. Figure 
17 shows some of the results of their analysis 
plotted as factor of safety versus depth of 
rainfall penetration. In the example, failure 
occurs after 20 hours in the one case and after 
36 hours in the other. Rainfall of this sort of 
duration is by no means uncommon in many parts 
of the tropics, even though it may represent a 
10 to 100 year event in other parts. 

One of the most extensive series of storm­
associated slides on record was that which 
occurred in the Serra das Araras district of 
Brazil in 1967 (Da Costa Nunes, 1969). During 
and following a single night in which the rain­
fall intensity reached 70mm/hour, an area 24 km 
long and 7.5km wide was devastated by a series 
of landslides that killed an estimated 1000 
people and caused untold damage to property. 

4~ Seismic events: 
Y~nouchi and Murata (1973) describe a number 
of failures in slopes of shirasu that occurred 
during the 1968 Ebino earthquake. As shirasu is 
a relatively rigid, brittle material, the earth­
quake loading produced multitudinous shear 
cracks in the soil which caused slabs of 
material to slough off. 

Although natural slopes appear to have been 
affected, cut slopes suffered more severe damage. 

4.1.3 Human interference: 
There are many types of human interference that 
may affect the stability of natural slopes in 
residual soil. Of those the following are 
probably the most common: 
0 Removal of toe support by cutting or erosion 
may precipitate a failure. 

The introduction of a cut at the toe of a long 
natural slope may precipitate a slide. The slide 
that occurred at Bethlehem, South Africa (Blight 
et al, 1970) is a typical example of this type 
of fnilure (see Figure 18). The slide occurred 
when a shallow road cut was made in a hillside 
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which slopes at a gentle 8°. On investigation 
it was found that the slide involved a block of 
weathered sand-stone that was sliding on its 
contact with an underlying stratum of weathered 
mudstone. Conditions for failure were exacerba­
ted by a high water table and the existence at 
the sandstone-mudstone contact of a concentra­
tion of illite and montmorillonite clays leached 
out of the sandstone layer. 

Material removed from the toe of a slope by 
erosion can also cause a previously stable slope 
to become unstable (e.g. Yamanouchi and Murata, 
197 3). 
° Changes in the soil water regime of a slope 
may cause instability: 

If the soil water regime of a slope is dras­
tically altered by irrigation, the removal of 
vegetation or partial inundation, instability 
may ensue (Richards, 1985). 
0 The most spectacular and tragic recorded 
example of instability by raised water levels 
in a natural residual soil slope is the failure 
in the Vaiont valley described by Muller (1964) 
and Mencl (1966). During the impounding of water 
by a new dam, a slope some 600m high, forming 
one side of the reservoir valley began to creep. 
After creeping for a period of over three years 
during which certain observed points were dis­
placed by 4m, the sliding mass suddenly accele­
rated and the entire slope slumped into the 
reservoir. 
0 The effect of deforestation may also be to 
cause slope instability: 

Gray (1974) and Brown and Sheu (1975) identi­
fied a number of ways in which deforestation may 
affect the stability of natural slopes: The 
following appear to be the more important: 

If deep-rooted vegetation is removed, capil­
lary tensions will be reduced and the phreatic 
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Figure 20: Slope height versus slope angle for the slopes of 
gravel deposits in north western Taiwan 

In less confined situations such as road or 
rail cuts , slopes are often cut to a nominal 
angle and if slides occur, ad hoc remedial 
measures are taken . 

As the surfaces exposed by a slide in residu a l 
soil are of ten stable even though steeper than 
the original cut face (e . g . St John et al) 
remedial measures may consist s i mply of c l earing 
away the fallen debris . 
~n other cases drainage measures of varying 
~mplexity may be required (e.g . Kezdi , 1969) 
or the provision of toe support in the form of 
retaining walls of various types . Da Costa Nun e s 
(1969) describes the use of gravity , counter ­
fort , cantilever and crib walls. Gabion or 
reinforced earth walls are other possibilities . 
In certain cases it may be necessary to tie bac k 
the slope using stressed soil anchors (e . g . 
Wagener and Neely, 1 975) . 

If rational design and analysis methods are 
to be applied to slopes in tropical residual 
soils, a decision has to be made as to what the 
shear strength of the soil is in bulk, so that 
t his va l ue may be used in the design . Lumb 
(1975) suggested a design procedure for cuts i n 
which it is assumed that either: 
(a) stability is controlled by the cumulative 
peak str ength over the whole potential failure 
surface; or 
(b) stabi l ity is con t rolled by the least peak 
strength anywhere along the potential failure 
surface . This procedure provides bounds with i n 
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Rgure 22: Plan showing three dimensional nature of slip in 
weathered diabase (after Pelis and Maurenbrecher (1974)) 

which the actual soil behaviour should lie. 
Because of the effects of seasonal wet weather, 
peak strengths are established in terms of 
effective stresses for saturated condition s . 

There is considerable evidence (e . g. Burland 
et a l, 1966 , Blight , 1969) that the shear 
strength of a stiff fissured material in bulk 
corresponds to the lower limit of strengths 
measured in small - scale laboratory or in situ 
tests. This was shown by Blight (1969) by back 
analysing failures of four waste rock dumps 
founded on residual soil profiles. It was also 
demonstrated by Blight et al (1970) in relation 
to series of slides that took place in a mantle 
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rafts and spread foundations have been used to 
transfer load to tropical residual soil in a 
number of countries, including Brazil, Hong 
Kong, India, Nigeria, Singapore, South Africa 
and Sri Lanka. These types of foundation are 
also widely used in the United States (e.g. 
Barksdale et al, 1982) and Australia (Moore 
1982). 

As stated earlier, tropical soils behave as i f 
overconsolidated, the degree of overconsolida­
tion depending on the degree of weathering. 
Williams (1975) found that conventional oedo­
meter tests could successfully be used to pre­
dict settlement on residual soils provided the 
Schmertman corrections were applied as well as 
the Skempton-Bjerrum correction for overconsol i ­
dation. 

Barksdale et al (1982) used a number of 
methods to predict the settlement of a large 
water tower founded on a weathered biotite 
gneiss. They found that methods based on in si t u 
tests considerably overestimated the settlement 
whereas those based on laboratory tests could 
give excellent predictions. 

Working in the same geographical area, Wilme r 
~ al (1982) reported on five settlement studie s 
~ spread footings on residual soils. Using 

conventional one-dimensional oedometer tests, 
they concluded that calculated settlements for 
residual soils would normally be about 30 per 
cent in excess of measured movements. 

Barksdale et al have observed that dif feren­
tial settlement on residual soils may be as muc h 
as 75% of total settlement, but averages less 
than 25% of total settlement. Their observation s 
tend in fact to be rather more favourable than 
those of Burland et al, (1977) on differential 
settlement of buildings on transported clays . 

Two detailed settlement studies have been made 
for structures founded on Ventersdorp lava in 
the Johannesburg graben, on the residual profi l e 
described in 3 above. (See Figure 25). 

Jaros (1978) used a pseudo-elastic finite 
element method to predict the settlement of two 
multi-storey structures on Ventersdorp lava wi t h 
reasonable success. Recognizing that the 
material behaved as if over consolidated, he 
used rebound curves from oedometer tests to 
derive his pseudo-elastic constants. He did not 
however, attempt a full time-settlement 
analysis. 

The time settlement records for the two 

•

!dings, Total House and Guardian Liberty 
tre which are both founded on rafts at depth s 
18m and 15m respectively, are given in 

Figures 26 and 27. Both of these records show 
that most of the settlement occurred during 
construction with post-construction settlement 
amounting to only 10 per cent to 20 per cent o f 
total settlement. If the settlement measuremen t s 
had been commenced after construction, very 
little movement would have been recorded. 

As far as the amount of settlement is concerne d 
both analyses proved reasonably accurate. In t he 
case of Total House, Jaros overpredicted the 
actual settlement by 26%, while for Guardian 
Liberty Centre, he underpredicted by 21%. 
Jaros ascribed the discrepancy in the case o f 
Total House to the presence of large quartzi t e 
inclusions or floaters (see Figure 25) in the 
lava, the effect of which could not adequately 
be considered in the analysis. 

Pavlakis (1983) re-analyzed the settlement 
records for the two buildings . Using a conven­
tional analysis based on pressuremeter tests, 
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Rgure 25: Section through the Total House and Guardian 
liberty Centre buildings (Jaros, 1978) 

and correcting for the presence of the quartzite 
floaters,he was able to predict the measured 
settlements very closely, as recorded on Figures 
26 and 27. 

5.3 Deep foundations 
According to the Brand and Phillipson survey, 
deep foundations of various types are widely 
used in tropical residual soils. Driven dis­
placement piles and driven steel tube piles have 
been used in Brazil, but bored piles and cais­
sons of various types appear to be more widely 
used in tropical soils. Hand dug caissons are 
widely used in Hong Kong, with bored contiguous 
piles frequently used to support the sides of 
building excavations. Bored piles are also used 
in India, Nigeria and Singapore. Driven H piles 
and precast concrete piles are used in 
Singapore. In South Africa the commonest type of 
pile in residual soils is the bored cast in situ 
pile, although driven and driven displacement 
piles are also used. The situation in Sri Lanka 
is similar. 

When designing bored cast in situ piles in 
tropical soils, the question of what strength 
represents that of the soil in bulk must again 
be answered. Basically, the answer is the same 
as that given before - the lower limit to 
strengths measured by small scale means will 
represent the strength of the soil in bulk. 
However, in certain cases this is not a low 
enough value. For example, Figure 28a shows that 
strengths measured by means of large scale plug­
pul ling tests in an expansive residual siltstone 
(Blight, 1984) were less than half of the lower 
limit to strengths measured by small scale 
means. Figure 28b shows a comparison of the 
predicted tension versus depth curve for a pile 
designed on the basis of the large scale shear 
te~ts, and tens~ons measured in a test pile. The 
comparison shows that the large scale test 
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1 980 and Horn and Schweitzer, 1982) . 
A number of general problems in the use of 

residual soils as construction materials have 
been identified by various authors: 
0 As a result of variability in both parent 
rock and extent of weathering, borrow areas in 
residual soils usually exhibit variability both 
laterally and vertically. Hence quality contro l 
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Figure 29b: Measured and predicted load-settlement 
behaviour of 2 driven cast-in-situ piles unde r one pile cap 

becomes difficult and materials must either be 
mixed or selected or both to maintain homo­
geneity of material in the soil structure . 

Drying of the soil from its in situ moisture 
content has the effect of changing the soil 
properties . Hence in many cases , standard soil 
testing procedures in which the soil is ai r ­
dried before testing cannot be used . Also, 
specimens cannot be remixed and re-compacted but 
fresh soil must be used for each compacted 
specimen . 
0 Aggregates of soil particles and soi l 
particles themselves tend to breakdown with 
mechanical working, thus changing the properties 
of the soil . 

Figure 30 (after Gidigasu, 1974) illustrates 
some of the effects of drying and reworking by 
compaction on the compaction properties of a 
lateritic soil . Figure 31 (Gidigasu and Dogbey, 
1980) illustrates the progressive breakdown in 
particle size under compaction of a quartzitic 
gravel and a lateritic gravel both residual from 
the weathering of granite. 

One of the most important results of the above 
effects is that laboratory compaction behaviour 
may not correlate with the behaviour of the soil 
under roller compaction in the field. ( This 
often applies with transported soils as well, as 
roller compaction characteristics are generally 
different from the characteristics of laboratory 
compaction) . 

Figures 32a and b (Blight , 1962) show two 
comparisons of roller compaction curves for a 
soil residual from a granite pegmatite in 
northern Zambia. 
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Figure 33: Average grading curves for 
materials A and B of Fig. 32. 

7.3 Natural slopes appear generally to be 
stable , but may be precariously so . Failures 
that do occur are of t e n preceded by some unusua l 
natura l event , or by man 's inter vention . Event s 
that have led to failures include: 
0 unusually heavy or prolonged rainfall , 
0 seismic events, 
0 removal of toe support by cutting or erosion 

.illlml.changes in the soil water regime 

... deforestation. 

7 . 4 The stabi l ity of cut slopes is affected b y 
many of the factors that affect the s t abi l ity o f 
natural slopes. Stability is very sensitive to 
structur al features in the soil , and can be 
greatly influenced by the presence of capi llary 
water stresses . Rational design of cut slopes is 
beset with difficulties , but the strength in 
mass of tropical residual soils can be assessed 
as the lower limit to the results of small scale 
in situ or lAboratory measurements . 

7 . 5 The settlement of raf t and spread founda ­
tions on tropical soils can be predicted with 
acceptab l e accuracy . In certain instances , 
notwithstanding the hete r ogeneity of t r opical 
profiles , differential settlements may be less 
than with transported clays . 

7.6 Deep foundations in tropical soils can 
successfully be designed on a r ational basis . 
Again, there is a difficu l ty in assessing the 
strength of the soil in mass , and it ma y be 
necessary to use large- scale in situ tests or 
~11 -scale pile loading tests to do this . 

7 . 7 Tropical residual soils are widely used a s 
construction materials for building roads and 
embankments . Apart from inherent variability 
in the borrow pit, the properties of t h e soil 
may change as a result of the effects of drying 
or partic l e breakdown during working and 
compaction . 
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SOME LESS f/\MI;:,I.1111 /\S P::CTS OF HYDIU\t:;:,Ic FILL S'i'RUCTURES 

by 

Geoffre y E Blighta, MASCE 

/\BSTRACT 

Th0ri> arc m;iny asrP c: t s n ' hy rl r;,111 ics fill structures that may be of 
<Jr .. . 1t irnpnrt,1ncr in pnrt i r11 1et r r. .1sfl's n.nd ci.rcnmstances, even though 
ti"' Y m.1y ll'•t hr ro11sicl r r0d <'f qrneral importance and may be less 
f.tmi 1 iilr to th <' qr•otr.-l1111r .1l r 11q i neer. This paper selects ten such 
""l '"cts ,ir1tl givE>s a hrir f disc ussion o f each. The object is to widen 
t h " r0adr1 s ' per'SpPct i vr> .ind kn o wl e dge of hydraulic fill structures 
b<'y o nd wha·t is usually cove r ed tn papers and conferences dealing with 
this sub j ect. 

l. ltlTRODUCT ION 

l!ydril11l i r· f il l structu r "~ f n rm .1n important class of geotechnical 
n· 11 ~ t . r11 1 : t i1\n in th, .. fj, ... l 1l r. 1 • ( 1· 1vtl and mining rngineering, in the 
mi11Pr.il ,..xtract i o n iridu 5 t r y , t h•"' 0lcctricity generating industry and 
t· 11 11 l,.. !;~ "r P:<tent, i11 th,.. c hrm1 c 11l processing industry. Within these 
fi rl d,,, hydrauli c fill ~t r uc t u rPS o f various types are used for the 
following general functt o ns : 

. l To provid" 
artificial 

a cr,..c;s 
islands 

underground mines; 

..i nd 

f o r 
support, 
o ff-shore 

e.g. reclamation fills, 
drilling, backfill in 

.2 To provide storage f o r l o w g rade mineral ores and for water . 

l.t wi 11 hP noted that n •> d tr ec t reference has been made to "waste 
di<;pnsal". This i'< bPc.:iu s e, wtth rapidly advancing tec,hniques of 
mirH"'rnl ("'Xt racti o n ancJ ,..ne r qy 1Jt 1l1zdtion, most deposits of what was 
f nrmr rly cc1 n s i ctrr~d t o I •" m1n,..r.._t l waste must now be regarded as low 
gr.:idn ri n=~ o r a minnral r C' s n 11 r c e ~1wditing a favourable economic and 
tr-1·l111n ) <HJiral nrpo r t lllll ty f •l r ltS r e -exploitation . 

rro f ,..~~ t' r n f C0nr. • f 1H.,: t l •' n M.lterials, Department of 
Enqi nrf'r ing, UnlvC'r s lt ·,· n ( tti .- Witwatersrand, Johannesburg, 
l\f r i Cc1. 

1000 

Civil 
South 
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HYDRAULIC FILL STRUCTURES ASPECTS 1001 

Many papers :ia·;e bee:: . 11r::.ttcn desc ribj_nq the r.:ucro-ac;;>ects of the 
design and construction of hydraulic fill structures of various types. 
For example, the design, construction, maintenance and reclamation of 
what are termed mine waste deposits have been codified and extensively 
described by authorities such a s the British National Coal 
Board(l970), ~he Canadu Centre ;Oor Min.cru: ar.d Ener9y 
Technology(l977), the Australian Department of Home . Affairs and 
Environment(l982) and the Chamber of Mines of South Africa(l979). 
However, there are aspects of hydraulic filling that have received 
less attention in the literature, but which may often be of equal 
importance to the macro-aspects of a .particular operation . 

This paper will select ten of the s e less . well known and researched 
aspects and examine them in limited detail with the purpose to inform 
and broaden the perspective of the engineer with an interest in 
hydraulic fill construction. 

The aspects that have beL>:t sc:ected for ei:amir.ation are the fol lowing: 

.1 the flow properties of mineral slurries; 

.2 the flow of slurry escaping from a breached containment; 

.3 the beachin~ b~haviour of slurries; 

.4 the effects of desiccation o n the construction of hydraulic 
fills; 

.5 tailoring the composition o f a fill to improve its qualities; 

.6 stiff underground fills; 

. 7 horizontally reinforced hyd r aulic fill mine supports; 

.8 effects of -underground mi ne filling on surface storage o f 
residue; 

.9 the effect of desiccation on hydraulic fill structures; 
.10 surface erosion of hydrau l i c fill mineral deposits. 

The material for these discussions has mainly been taken from the 
writer's own published experience , [e . g. Blight(l97'J), 1Hight(l 980), 
Blight(l984), Blight(l987), Bligh t and Bentel(l'.183), Dlight and 
Clarke(l983), Blight, McPhail and Fourie(l986), Slight, Robinson and 
Diering(l98l), Blight, Thomson a nd Vorster(l 985), Hahn, Blight and 
Dison (1982) I. It is freely admitte d that the selection o f topics <111<l 
the material itself has been strongly biased by the writer' s 
background and the practice in the area in whi c h he works . 

2. ASPECTS OF HYDRAULIC FILLING 

.l FLOW PROPERTIES OF MINERAL SLURRIES 

The construction of hydraulic fill structures involves the 
transportation and deposition of mineral material in the form of 
water-borne slurries. Hence the flow of slurry through pipelines, 
launders or other channels, as we l l as the distributio n o f the slurry 
to build the structure are subjec t s of great importance. All o f thes e 
operations depend on the rheo l ogical behaviour o f mineral slurries. 
The water content at which slurrie s are transported and placed vari e s 
widely, depending on the material being moved and the application. As 
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0xa mr J n5 , t. h P \o.', Jtrr ::o nt Pll!: <1~ rr:ine tn.i t.:_ngs during ~ransportation 

frn m t h e> mi ll t o t· ltp s t n ragP. c.J<tm is typically in the range from 150 to 
I IJ'J pP. r -cen t hy mass o f dry solidsb. For the hydraulic filling of 
cind <>rgr o und minP. exca vat i o ns, the water content is typically 50 per 
ce nt o r less . 

Th e rheo l ogical behavio u r o f mineral slurries is complex, but can be 
approximated by t hat of a Bingham plastic for which the Newtonian 
v iscos ity n is related t o the shear strength t by 

r + dy/ d t•n 
0 

(1) 

;,here r is a yield s hear strength that applies when the rate of shear 
strain °dy / dt is zero . 

S lurry viscositif's 'are c o mmo nly measured by observing the variation of 
torque with wilt er contP.nt anc.J rate of shear strain using a co-axial 
=ylinder v iscometer. Any single to rque measureme~t can be interpreted 
in tP rms of an appcirt-.. n t v i scosity '1 where 

;: 
r 

<) [ 2 J 
q ;: 
ii cly / c.J t 

!'he appar e nt visco,;ity a t a specific water content and rate of shear 
s train is usually s u fficient for the purpose. If the true viscosity is 
requirl'cl, the valul' o f r

0 
has first to be established. 

1.2 

1.0 

0 
0.8 

Q.. 

:c ..... / <.!> z 0.6 / w 
a:: ..... / .,, 
a:: 

/ ~ 
:c .,, 

'lo=ob/ob 

0.2 
To 

b 

10 20 30 

RATE OF SHEAR STRAIN d '"r/dt $·1 

Figure 1a: Relationship between shear strength and rote of shear 
strain for diamond tailings at a water content ol 125 per cent 

It· s hn uld he> Tll't c>d tha t in the mining and mineral industries, it is 
.nnrr rrnnm0 n t o ~xpr0ss wa tror c ontents as a percentage of the wet mass .. 
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HYDRAULIC FILL STRUCTURES ASPECTS 1003 

Lgure la illustrates tne concepts o: n a~d t as appl~ec to a slurry 
of diamond tailings . . For a true Bing'bam pla

0
stic the relationship 

between t and dy/dt would be linear and the slope of this line would 
represent the true viscosity n . Figure lb . shows the relationship 
between t and dy/dt calculated for Figure la. Calculated values of rt 

are also st.own. For a true aing~am pl~stic, n would, of course, be 
independent of dy /dt. Figure l relates to a single water content 
whereas one is usually interes ted in the effect of varying water 
content on flow properties. This effect is shown in Figures 2a and 2b 
for a platinum tailings. Further data on the rheological properties o f 
mineral slurries have been publishe~ by Whitney et al(l977), 
Jeyapalan(l980) and Lucia et al(l98l). 

... 
~ 

~ 
0 

~ 

0.08 

0.06 

0.04 

0.02 

0 
0 10 20 JO 

RATE OF SHEAR STRAIN d 'Y /dt rl 

Figure 1 b: Relationship between viscosHy and rate ot shear 
strain for diamond tailings at a water content ot 125 per cent 
"a= apparent viscosity 11= 'true' viscosity 

Once the rheological properties of a slurry have been established, 
they can be used to estimate fr i ction losses in pipelines, flow rates 
in open channels, etc. via esta blished flow theory [e.g. Graf (1971) 
and Verkerk(l987) ]. It is intere sting to note that none of the accepted 
flow equations actually use viscosity as a basic parameter. Viscosity 
is always converted back to an estimated shear resistance. From the 
geotechnical engineers' viewpoint, therefore, it would be preferable 
to use rheological data in t e rms of shear strength, as given in 
Figures la and 2a rather than to convert it to terms of viscosity, a 
far more difficult concept to g r asp and use. 

Note also that the range of shear strengths for slurries is smaller 
than the range of strengths of s olid soils by a factor of a thousand. 
The increase of strength from Pa scals to kiloPascals takes place after 
deposition and consolidation o f the slurry in the hydraulic fill 
structure. 

Perhaps the most important point to note is that the shear strength of 
slurries and the soil-like mate r ials that they form after draining are 
affected in a complex way by bo t h water content and rate of shearing. 
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Figure 2a: Measurements of shear strength on platinum tailings, 
showing the lnnuence of varying water content 
w = water content of the sluny 
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Figure 2b: Measurements o4 viscosity on platinum tailings, 
showing the lnnuence of varying water content 
w = waler content of the sluny '1 a = apparent viscosity '1 = 'true' viscosity 

Min p ff c ct o f watrr con t ent is well known, but the effect of rate of 

shearing is far less rec ognized. 
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HYDRAULIC ALL STRUCTURES ASPECTS 1005 

.i THE FLOW OF SLURRIES ESCAPING FROM BREACHED CONTAINMENTS 

In the past, and even very recently, hydrauli c fill struc t ures ha ve 
suffered from their share of f ailures. The u s ua L con sc<] ue nce o f s uc h 
an accident is that the o uter c o ntainment has bre ached and the liquid 
slurry contents have esc3pcC. t o wn eak t e r::- : hl .: rlan:a y c . t::x <i mpl es o f 
such failures in recent y e a rs have be en the brc achiny o f the 
Mochikoshi tailings dam in Ja pan in 1978 [Marcusen et al (197 9 ) I, the 
Stava tailings dam in Italy in 1985 [Be rti e t al(l988) I a nd the 
Bafokeng tailings dam in South Africa in 19 74 [Jennings(l9 79 ) ]. All o f 
these events were accompanied by trag.ic loss of life and damage to 
property. 

To give an idea of the potential mobi l ity of a mineral slurry 
accidently released in this way, the 3 million m' of slurry tha t 
escaped from the Bafokeng tailings dam entered a small water course 
and flowed down it fer <:2 bt. ThP. flow w.:is only ,; t o pped because i t 
entered a water stora<; e o:- ese r voir at that po i nt. An estimated 2 
million m' of slurry r e achP.d 3nd 3\mos:. filled t he reservoir, slopping 
the water it contained over the dam wall. 

Relatively little research seems to have been done on this problem. 
Jeyapalan et al(l983), Lucia et al(l 98l) and the writer and colleague s 
are among the few that have investigated the matter, although wo rk 
along similar lines has been do ne o n natural mudflows [Hutchinson and 

·andari(l971) I and submarine slurry flows [Morgenstern(l967 ) ] . 

Blight et al(l981) concentrated o n finding a method of predicting fl ow 
depths and flow velocities d own stream of a hypothetical breach. The 
object was to be able to ass ume that a ringdyke tailings dam wo uld 
breach in various positions and then to analys e the effect of the 
ensuing flood o f slurry on surf<1ce i nstalla t ions , shafts, nea r b y 
housing, etc. If, as a res u lt o f the analy sis , i t uec <.1me .:Je<.1r th<.1 L " 
particular structure or qn.1u p ll f str 11c t11r c :::t wu s d t t· i s k, ,i pr o tec t ivl : 
bund could be constructed to de f lec t th e pu sai hl e fl .iud, <H the 
installation could be re-l ocated . 

The proposed analysis proceeds s t e p-wise fro m the brt!dch hy <.1pplying 
the general equation o f mo ti o n to the el e ment o f moving slu r ry 
depicted by Figure 3: 

Downstream forces on ele ment - upstream forces 
z (mass of slurry i n element l x <1cceleration. 

[ 3) 

This, together with the equati o n o f continuity, namely that the mass 
of slurry passing any cross-sect i o n is the s ame at any instant and a n 
assumed surface profile for t h e f l ow, enables the flow depth and 
velocity to be estimated prog ress1 vely <1long its course. 

The analysis was calibrate d by " PPlyinq it to the failure of the 
Bafokeng tailings dam and c o mpar 1nq calculated fl ow depths and 
velocities with slurry depths o bse rv ed o n vario us structures affecte d 
~y the flow and with eye-witness " c c o unta . Figure 4 is a plan showi ng 
the complex form taken by the fl ow "s it i ssued from the breach in the 
dam. The figure shows the sectio n s "n•lyaed and s ome of the structures 
affected by the flood . 
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SECTIONO 
/Vea of now = Ao 
Width of now = Y 0 

Flow velocity ~ V 0 

-
SECTION I 
/WO o1 now = "1 
Wldlh o1 now= Y1 
ROW velocltv = V 1 

Figure 3: Free body diagram of the now ol sluny al steady stale 

z 

~x 
G

0
• G1ore cenl!el ol 

piessure ol ol90$ ol now 
Ao and "1 
Unit weight ol stunv = y 

I<('( 
-ElllOr<d­
____ ,,__ 

( __ , .. --.. -
Figure "': Failure of Bofokeng slimes dam 
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wnte r fnb l e s . The ef f e c t on shear sta bility o f t he fo r ce i s ext r emely 
adve rse . Wa l ls i n this c ond i tion have fa il~d at he i ghts as low as 3m. 

Recen t wo r k on very fi ne t a i l i ngs (cyclone over flow gol d mi ne 
ta il i ng s ) ha s shown that materi a~ depos i ted on a beach settles 
npprec iably after i t has come to rest. Thi s has the effect of 

r 4 

t 
z 3 
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~ _. 
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w 
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H = DISTANCE ALONG BEACH (m) 

Figure Sa: Measured beach pronles 0n six platinum-tailings dams 

r1 '0 • 0am"1 
• DamAi 

" 0ama1 0,8 • Dam~ 

... OamC 

E> DamD 

0,6 Aiied CUNe 
h/ y 

0,4 

0,2 

0 0.2 0,4 0,6 0,8 1,0 -H/X 

Figure Sb: Dimensionless beach pronles for platinum tailings 
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flattening the beach profile. Hence it is not just particle sorting 
that determines the profile, but settlement as well. This c onclusion 
is supported by Wates et al(l987). 
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Rgure 6: Particle size sorting that occurs on a hydraulic beach 

20m 
1----4 

phreatic sudace for lsolloplc 
constant penneobllily 

. lmpetmeable base 
k=oe-OH _ _. __ k=a 

H 

permeablHl'f decnlOMI 
aa H lnCl80l4ll 

Rgure 7: Ellect of varying penneablllty on 
position of phreotlc surface In o tailings dam 

4 THE EFFECT OF DESICCATION DURING CONSTRUCTION 

In many climates of the world, evaporation from a free water surface 
considerably exceecs precipitati on in the form of rainfall. The water 
deficit may apply either seas onally or throughout the year. This 
favourable climatic condition is often deliberately explo ited by 
allowing each layer of hydraul ically deposited material to dry out 
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befo re placi ng the next layer. This is known as the "sei:li-dry" process 
of depositio n (Blight and Steffen (1979)). The practice of sundrying 
has the effect of consid erably reducing the void ratio of the 
de posi ted mater i al and cor r espondingly increasing the solids storage 
capaci t y of t he impoundment. Figure 8 shows the effect of desiccation 
on reduc ing the vo i d rat i o o f a gold slimes dam. 

Q) 

0 

~ 
0 
5 . > 

1,8r-----------------

1,6 ~ ot deposllton 

1,4 

c 

1,0 

0,6rF----t----~ 

25 50 100 200 400 800 1000 

CONSOLIDATION PRESSURE p kPa 

FlgUN I: Ellect ot sundrytng on void ratio and 
consolidation choroctertstlcs ot slimes 

a 

It m'ly be unwi se t o des i g n <' nd r e ly o n the volume reduction caused by 
de s s i c a t ion if t here is a ny possibility that as a result of operating 
Pr r o r s , the su nd r y i n•i w ii I no t take place. In one case known to the 
wr i tc r, t he vo l ume tri c 'J" " 1 o n o f a tailings deposit (a valley dam 
be h i nd a pr e - b11 i l t ,. ,ir th " '"l>dnk ment) depended for its five-year life 
on vo l ume r ed •Jc t i o n hy ~ 11ndry i nq . When the mill w'is conunissioned, loss 
o f con tro l n•s 11 H r d 111 t " " t.ll I i nqs · impoundment almost filling with 
tai li ngs a t a ve r y h 1u h wd t e r c nntent. Decanting the water once the 
so l ids had s e ttlPd d id nn t hP lp , as only the surface of the saturated 
taili ngs cou l d hr <t f f<' <" t"" l•y s ubsequent sundrying. The effect of this 
fa il u ~e t o o pera te tiH' .t r1~ · 5 i t a s d esigned was the loss of half its 
usef u l life. 

The prac tice of a ll o wt nu s uccess ive layers to shrink to their maximum 
ma y al so ha ve nega ti ve eff ,.c ts , as vertical desiccation cracks may 
o pPn u p i n each l ily " r . Tl>' " " c r a cks may form a network of incipient 
piping c ha nne l s wi t h i n • 11 .. . 1 .. pos1t and later result in p i ping failures 
t hat cculd pu t t he rlrp<' 5 t t n•1t o f conunission temporarily, or in severe 
cases resul t in a f a i lu r e o f t he cc>mplete impoundment . The Bafokeng 
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failure is believed to have res ulted from a . combination of desiccati o n 
cracking and horizontal layering by fine material. followed by a pipi11g 
failure. 

IUrfoce of dam 

100mm 

cracka 

OPEN VERITCAI. CRACKS DOWN TO 500 mm 

COOIMI ash 
, .. _.; 10mm 
: .. .,: .. ::--i.;...r-_-.... __ _ 

coarse ash ---~~I 
ftlllng crock 
lnftne ash 

subsequent 
separate 
shrtnkage crock 
In nne ash 

Figure 9a: Systems of shrinkage cracks near the surface ot 
hydraullcally deposited power-station nv ash 

Figure 9a illustrates the sort of cracking that occurs in a deposit of 
pulverized fuel ash that has s u ffered repeated piping failures over 
the course of its life. The most dangerous situation arises when the 
pool on the deposit becomes enla rged in size either because of rain, 
lack of control by the operating staff or the deliberate storage of 
water on the dam. Once water enters the crack network, the pool 
empties into the cracks and erodes long deep subterranean channels 
that every so often emerge from the outer slopes of the deposit and 
result in a localized failure. Figure 9b shows some of the piping 
channels that have been observed to form in the material of Figure 9a. 

The only remedy for this situatio n appears to be to avoid desiccation 
of the beaches by a more frequen t deposition cycle, tight control over 
the size of the pool, or, as a mo re certain solution, by changing the 
method of deposition or the properties of the material being 
deposited. 
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surloce ol dam 

150mm 

130mm 

VOID TRACED FOR 27 m 

surface ol dam 

210mm 

200mm 

VOID 29 m LONG LEADING 
TOW/oil Of DAM 

Figure 9b: Erosion pipes located beneath the surface of 
hydraulically deposited fty ash 

.5 TAILORING THE PROPERTIES OF A FILL 

I t is a well-establ ishe d g e o technical principle that the strength and 
comp r e ssibility of a soil- l ike material depend on its density. 
Streng th increases and compressibility reduces as density is 
inc reased. It is perhaps no t always remembered that this principle is 
the sole reason for the g eotechnical engineer's pre-occupation with 
mo isture and density cont r ol "in earthworks construction. The density 
o f a particulate mater i al is dependent on its particle size 
di s trihution a nd . it is often possible to tailor the size distribution 
by combining available materials or by removing certain size fractions 
so that the fill will settle into a maximum or improved density state. 

Size distributio n curves may be subdivided into two general 
categories: 

. l Straight line grad ings that give approximate straight 
plots on the conventional percentage passing versus 
partjcle size char t , and 

line 
log 
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. 2 gap gradings which consi s t of two sections of straight lines 
separated by a size gap i n which there are no or few particles 
present. 

80 

a: 60 
w z a: 
.. 40 

oli! 105 

.. "' 
~2 100 

'~ ~~ 95 
1 

Sand 

PARTICLE SIZE mm 

ro F1 F2 Fl F4 

~ I (b) 
I 

I I I I I 
I 

4 16 64 256 

d1/do 

Rgure 10: (a) Series of continuous gradings FO, F1, F2. FJ, F4 
(b) Settled densities ot two materials made up in 

gradings FO to F4 

Figures lOa and lOb illustrate the effect on settled density o f 
varying the slope of a straight line grading while keeping the maximum 
particle size constant. The va r ious materials were all allowed t o 
settle out from a slurry under identical conditions. It is obvio us 
that the slope of the grading ha s a relatively minor effect on the 
density. 

Figures lla and !lb show the eff ect of varying the maximum particle 
size while keeping the slope of the grading constant. It appears that 
the maximum particle size has a f ar greater influence on density than 
does the slope of the grading. 

Thirdly, Figure llb also shows a number of gap gradings in which the 
gap between the uniform gradings FO and F5 is bridged at various 
percentages finer, to give, for e xample grading F0-GO-G0-F5 . Figure 12 
shows the effect on settled density of varying the .percentage of finer 
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Figure 11: (a) Series of conHnuous gradings FO, F5, F6, F7, and 
gap gradings GO, G1, G2. G3 

(b) Settled densities of two materials made up In 
gradings FO, F5, F6, F7 
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Figure 12: Settled densities of two materials made up In gradings 
FO, GO lo GJ, and FS 
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material in this way. This manipulatio~ produced the ~reatest 

variation of density. For examp le, the ·addition of 20 per c ent o f 
fines to a material with grading FO can increase the density by 4 pe r 
cent, whereas the density o f the fines alone 'would be 5 per cent Less 
than the density obtainable with grading FO. 

These illustrations of the effect of tailo ring the properties o f a 
fill do not provide a set cf rules for obtaining maximum settl"d 
density in a hydraulic fill, a s there are o t 'her variables such us 
particle shape, particle surface texture and particle density that 
also affect the settled density o f a slurry. The examples do, however, 
illustrate the scope that exists f o r improving the properties of a 
fill by manipulating the grading . 

As a ridiculous example, cement i s often added to pumped mining fills 
with a resultant improvement of d ensity and strength which is ascribed 
to cementing action. In reality, the water/ cement ratio may be so 
large that the ce:nent bo nds have a negligible strength. The 
improvement of properties arises mostly from the modification of the 
material grading by the addit i on of the c ement fines . An equal 
percentage of s .imiiar, but c hemi cally inert fines would have almost be 
same effect. 

Density is obviously not the only property of an hydraulic fill that 
it may be desirable to optimize. Permeability may be improved or eve n 
optimized by cycloning to remo ve much of the fine fraction of a fill. 
This process also has the effect o f reducing in place shrinkage (and 
hence the piping problems r e ferred to in .4 above) by reducing the 
water content at placement and r e moving most of the material that is 
the source of the shrinkage . 

. 6 STIFF UNDERGROUND FILLS 

The concept of tailored f i LI s 19 t aken to an t!Xtreme in th" design o f 
stiff underground mining fills . 

The stiff fill is designed prima r ily to provide Lateral restraint t o 
ore pillars, thus strengthen 1 ng t hf! p1 l lars and enabling them to i.., 

made smaller. Smaller ore pillars mean a greater ore extraction ratio 
and hence a more profitable m1n1nq o~rat1on. The design concept is to 
create a rigid in situ skeleto n o f rock particles with the voids just 
filled with cemented tailings. I n <1ddition to the requirement of in 
situ rigidity, the fill has to be pum~ into place and the fresh mix 
must therefore have a low eno ugh v1Scosity to be pumped and placed. 
This is done by means of pos1t1 ve displacement concrete pumps (see 
Verkerk(l987) ). The as-placed d en s ity of such a fill is extremely high 
and can be more than 90 per c ent ot the density of the solid 
constituents. The maximum possible volumetric compression of such a 
stiff fill is thus less than 10 pe r cent. 

Figure 13 compares the conf1n~ ( i .e. K
0

) compression characteristics 
of stiff fills with those of c o nventional "soft" cemented tailings 
fills. The cement content i s s1allar in each case. It will be seen 
that the stiff fills become virtually incompressible beyond a limit of 
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COMPRESSION ~ 

Figure 13: Confined compression tests on still and soft tills: 
stress-compression envelopes 
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Figure 14: Comparison of stress-compression behaviour of unconllned 
core with nit-supported c ores 
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about 7 per cent compression. Note in particul,ar the stress range f o r 
the figure which is roughly 1000 time s large r than that f o r 
conventional surface geotechnics. 

The extent to which a stiff fill can provide lateral support d nd 
strengthening t o a rock pillar i:.; illu:.;tr·ated lly t he l't?s ult s o f 111ud .: l 
tests shown in Figure 14. The ore p illars were represented by drill 
cores of quartzite conglomerate ore and the core s wer" embedded in 
either stiff or conventional soft f i ll contained in cylindrical steel 
moulds to provide lateral constraint. The composite core-fill system 
was loaded by means of a rigid piston that caused fill and model 
pillar to strain by the same amoun t . Figure 14 shows th..it the s o ft 
fill provided v~ry little lateral s upport to the model pillar, as the 
strengths of the unconfined core a nd the core supported by the s o ft 
fill were almost identical. However, enough lateral support was 
generated to maintain a post-failure strength in the pillar of 85 per 
cent of the peak strength. 

The presence of the stiff fill cons i derably aug~ented the strength of 
the model pillar. As tbe figure shows, a peak strength was not reached 
by the model pillar/ stiff fill sys t em even at a compression of 1. 75 
per cent which is a large strain fo r a system as rigid as this. 

It therefore appears that surrounding a highly stressed pillar with a 
soft fill will not materially improve the strength of the pillar, but 
will ensure a high· level of residual resistance. A stiff fill, in 
contrast, can be used considerably t o increase the strength of a pillar . 

• 7 HORIZONTALLY REINFORCED HYDRAULIC FILL MINE SUPPORTS 

Apart from providing regional roof o r hanging wall support and lateral 
support to ore pillars, hydraulic f i ll methods have also been adapted 
to provide point supports in the form of yielding horizonta 11 y 
reinforced cemented tailings packs in the narrow tabular stopes of 
South African gold mines. 

The concept of such a support is i l lustrated by Figure 15 [Dison and 
Blight(l986)]. The porous bag, with the steel mesh mats sewn into it 
at a pre-determined spacing, is transported underground and positione d 
in the stope it is intended to support. The sides of the bag are 
braced with steel mesh shutters and the bag is then pumped full of a 
carefully designed cemented tailing s fill. Excess water drains from 
the bag and the fill hardens within 24 hours. The support now carries 
an increasing load as the working face advances away from it and the 
stope converges. 

The pack carries the load in the fo l lowing manner: 

The vertical load on the pack tends to cause a horizontal strain that 
is resisted by tension in the horizontal reinforcing. If the 
reinforcing steel has a cross-section of area AR, a vertical spacing v 
and a horizontal spacing h, then 

[4] 
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cemented 
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Figure 15: Diagrammatic view ol pock assembly 
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Figure 16: Relationship between calculated and measured strengths at 
walls built of horizontally reinforced granular material 
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where ah is the horizontal stress in the cemented ta i lings fill and oR 
is the · reinforcing . 

Ultimately, the 
Equation[4) then 

a a 
h 

fill fails 
becomes 

A a 
~ 

vh 

i n shear and the reinforcing 

in which a is the yield strength of the reinforcing. 
vertical ~~~ess carried by the pack is then related to ah by 

av ah tan' (45+•1•) + 2c tan(45+t/2 ) 

yields. 

[4a) 

the 

[4b! 

where 2c is the unconfined comp ression strength of the cemented fill 
and • is the angle of shearing resistance. There is a cons i derable 
capillary stress component in the strength of the cemented fill and c 
and • are total stress paramete rs that incorporate this component of 
strength. 

The validity of ~uations[4a) and [4b) has been established by means 
of an exhaustive series of t ests using a wide variety o f fill 
materials and types and specimens of steel reinforcing. Figure 16 
shows the excellent correlation between measured and calc ulat ed 
strengths for some of these tests. 
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FlgUN t 7: Compiesslon chOIOC!eltsllcl of 300mm cubes 
of centonlte reinforced with annealed steel mesh 
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The performance required from y ielding supports is that they initially 
bP. af' stiff as pos ~ible, reac h a predetermined load at which the 
reinfo rcing yields, and then ma intain that load over as great a range 
of compression as possible. 

To obtain the long-su"tained yield load, the mesh reinforcing is 
annealed after fabrication. Figure 17 shows typical stress-strain 
cu rves f o r annealed mesh reinforcing and also for three packs 
reinforced with annealed stee l mesh. It will be noted that whP.reas 
no rmal mild steel fails at a s train of about 20 per cent, annealed 
mild steel fails at strains of up to 50 per cent. The load-compression 
c haracteristic illustrated in F igure 17 is nearly ideal. The filling 
material in this case was a new development known as Hydropak which 
consists largely o f water, bent onite and a quick-setting cement. With 
this material, strengt hs o f up to 311Pa are attainable 4 hours after 
~asting. The tests illustrated in Figure 17 were made 24 hours after 
c asting . 

. B Ef"FECTS OP llYl lH/\lll. !<" f I LL I NG Of" UNDERGROUND EXCAVATIONS ON 

SURFACE S'fOl!AGE Of' T/\lLINGS 

Ma ny mines engaged in dee p le ve 1 ( 3 to 4km below surface) gold mining 
in South Africa are experimenti ng 0n a large pilot scale with the use 
o f rumped cycloned tailings f i 1 ls to provide regional underground 
support. The cyclone under fl ow is placed underground and the finer 
overflow, together with mos t o f th'! water from thi> tailings stream 
:!lust. be stored on surf"lce. 

The density of solid go ld o re i s "bout 2700kg/m3 and the dry density 
o f deposited cyclone underfl ow tailings is only 1400kg/m'. Hence the 
volume of tailings required to fill a given rock excavation is about 
half of that actually available , and the remainder must continue to be 
stored on surface. 

A c loser "lnalysis of the s it ua tion shows that, allowing for space 
underground that cannot be bac kfilled for reasons of maintaining 
pP.rmanent access, the residue requiring storage on surface will 
comprise at least 60 per c ent by m.ass of run of mill tailings and at 
most 40 per cent of ~yclone o ve r flow material. 

llPnce if larg<' sc.:il<', c 0 mf'l<'te underground filling is adopted, the 
problems of surface storaq P 0 f r .. sidues do not 'JO away. Rather, they 
i:,ecom" exacPrh<tted by t h<' C 1nPr 'JCdde of material to be handled and 
the great proportion of wat<'r it will inevitably contain. 

A rrcent inv.-stigati o n IOl1 'J ht, Mc Phail and Fourie(l986)) has shown 
thnt thP. geotechnical p r o rPr t lP9 o f the surface tailings stream do not 
c hange dramatically, hut lo l.Jec ome less favourable. Shear strength 
parameters in terms of rff<'c t 1ve stresses remain almost unchanged. 
Coe ff5.cients of consol 1d,1t i o n, ho wever, reduce by a factor of 3, 
indicating that lowPr rat <'S o ! ri~e for outer impoundments slopes may 
be necessary. 
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In the field, b<>a.ch profiles wi l l flatten, which means that pool ar<eas 
will enlarge. This in turn ma y mean higher phreatic surfaces .rnJ 
possibly require flatter outer slopes to achieve the same fac.::tor of 
safety against shear failure. 

In the worst analysis, the s toring of tailings underground may 
act·~ally require more, rather than less, surface area to be devoted to 
tailings storage . 

. 9 THE EFFECTS OF DESICCATION ON THE SAFETY OF HYDRAULIC FILL 
STRUCTURES 

A previous "section (.4) consid ered the benefits and some of the 
problems of desiccation of hydra ulic fill tailings during deposition . 
This section will consider the benefits and effects of desiccation on 
the stability of hydraulic fill structures built in favourable 
climates - those where there is a seasonal or perennial water deficit. 

Hydraulic fill gold tailings i mpoundments in South Africa are all 
operated by the semi-dry process whereby a long rotation of deposition 
is adopted that allows each l a yer to dr}' out before the next is 
deposited over · it?. Outer impound ment slopes are usually underdrained 
and the pciol is kept to an a bs0lute minimum size. The ef feet is 
considerably to depress the phrea tic surface in the outer slopes with 
the result that these dams are r emarkably stable. 
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Figure 11: Heights and slope angles or 46 stable 
gold mine tailings dams 

Figure 18 shows a plot of height versus slope angle for 46 stable gold 
tailings dams in South Africa. The average slope angle is 35° while 
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h'?ights range up to 70m and some slopes exceed 40° at heights in 
-.xcess o f 40m. What makes these slopes remarkable is that they are 
constructed of a cohesion l ess material having an effective stress 
angle Qf shearing resistanc e of between · 27• and 35°. Their stability 
is due almost entirely to the permanent capillary tensions that act 
within the tailings. 
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Figure 19: Proftle of vane sl1eor strength In a talllngs 
deposit where the water table was 17 m deep 

The effec t of the capillaq• stresses on enhancing the strength of a 
tai l ings deposi t is illustrated by Figure 19 which shows a vane 
strength profile measured i n a hydraulic fill gold tailings deposit in 
which the phreatic surface was at a depth of 17m. The line of best fit 
to the measured vane strengths has the equation 

[~II + yw (Hw - H) ]tan~' (5) 
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where Hand H are as defined i n Figure 19 and ~· has a value of 29°. 
This value ofw ~' is well within the range ·. of 27° to J5° mentiuned 
earlier for the angle of shearing resistance of gold tailings . Hence 
the capillary stresses in the tailing~ are virtually fully effective 
in their contribution to effective stresses in the tailings • 

. 10 SURFACE EROSION OF HYDRAULIC FILL TAILINGS DEPOSITS 

Pollution of air and water by particulate matter eroded off the 
surface of tailings deposits constitutes a serious thi·e.it lo t he 
environment, and as such must be minimized. The problem is especially 
severe with ringdyke structures that project above the g<>neral leve l 
of the countryside. Rates of ero sion from the slopes of gold tailings 
dams of as much as 500T/ ha/ y (dry tons of tailings per hectare pe r 
year) have been published [Blig ht(l987)]. However, rates as high as 
950T/ha/y have since been measured. Under South African conditions 
where most of the rainfall occ urs in summer and winters are dry, 
erosion by wind appears to constitute about or.e third of the t o tal 
loss of solids ·. 

Erosion from the steep slopes o f tailings dams appears to be affected 
by much the same factors as are incorporated in the Universal Soi l 
Loss Equation [e . g. Blight(l987) ), principally slope length and slope 
angle, as well as a measure of surface shear strength . Figure 20, for 
example, shows. a correlation between surface shear strength and 
erosion loss for gold tailings dams. 
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Figure 20: Correlation between surface shear strength and tailings 
loss by erosion 
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Experiments have been made to stabiliT.e the top surfaces of tailings 
dams with cement and lime in orde r to reduce rates of water and wind 
erosion [Blight and Caldwell(l984) ) . Initially, it was thought that 
this treatment was unsuccessful as the strength . of the stabilized 
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tailings deterio r a ted rapidly in the first three years as a result of 
attack by sulphate and sal t crystallization [e.g . Blight(l976) ). 
l~wever , recent mea surements o n 9 year old horizontal areas of cement 
and lime stabilized tailings have shown zero erosion loss over a full 
year, while an adjacent untrea ted control area lost 65T/ha/y over the 
same period. 

Pebble mulches c onsisting o f a single particle layer of lOmm or 13mm 
gravel spread over the surface have also shown some promise as a means 
o f reducing rates of erosi0n o n horizontal or gently sloping surfaces. 
Two pebble mulched surf aces s loping at 5° lost an average of 70T/ha/y 
o ver a full year period. lln untreated contr".>l area between the two 
pebble mulched surfaces los t no less than 900T/ha/y over the sace 
period . 

Th e cl!t "!r slopes of most tailings dams in South Africa ilre too steep 
to all o w of access by mer.hani c al plant and hence cannot be treated by, 
f o r "!xa~ple, ceme nt stabilization. They are also too steep to retain a 
p P hhlr> mulch. The o nly alternatives at present are to l!!ave the slopes 
untreatl'd and catch the eroded material at the foot of the slope, or 
t o c o ve r · them ;.,ith · vegetation - this may be the obvious course in 
humid climates, but is not easy in arid areas. 

MC'i'tsur e m.,nts of rates of erosion from grassed slopes indicate that 
l <.'~ 5 es m;iy be just as high as from untreated slopes. However, this 
preliminary conclusion needs confirmation. 

). CONCLUUING REMARKS 

It is ho ped that the material presented in this paper has proved of 
interest to the reader. lls stated earlier, the object was to bring to 
attenti o n some of the less familiar aspects of hydraulic fill 
str uctures. 1111 of the aspec ts described above are of importance 
al tho ugh not of general impor tance. If the readers' perspective of 
hyd raulic fill structures h3s been widened, the object of the paper 
will have been achieved. 
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Geotechnica l engineering in mining 

G.E.Blight 
University of the Witwatersrand, Johannesburg. 

SYNOPSIS: The object of this paper is t o review the field of application of geotechnical 
engineering in mining, and to give some examp les of ~he type of projects in which geotechnical 
engineers may become engaged. 

After a brief review of current application s the following developments are described in more 
detail: 

0 Design and measured pressures in coal sto rage silos. 
0 The design of box fronts to underground o re passes. 
° Catenary membranes f o r crossing ground s ubject to mining subsidence, and 
0 Rapid deteriorati on of a re in for c ed soi l s upporting a mill structure. 

l INTRODUCTION - A BRIEF REVIEW OF GEOTECHN I CS 
IN MINING 

The title of this paper, "Geo techni c al 
Engineering in Mining", could potentia l ly 
embrace an astonishingly wide range of t op i cs 
especially if the definition of geotechni c al 
engineering is widened to include the r ock 
mechanics of cut slopes and undergrou nd 
excavations. For the present purpo s e, 
geotechnical engineering will be defined as 
engineering applied to the behaviour a nd 
properties of soi 1, soi 1-like and o t her 
particulate materials. Even with this narrowed 
definition, the field .of ge o techni c a l 
engineering in mining is potentially vast: 

1.1 There is 
associated with 

t he geotechnical eng ineer i ng 
the establishment of t he 

infrastructure for a new mine, or extens io ns to 
an existing mine. This includes the design an d 
construction of: 

0 access roads and service roads wit hin t he 
mine area; 

0 terraces and platforms for plant; 
0 water supply dams; 
0 earthwork·s for water purificat i o n an d 

sewage works; 
0 foundations for plant and buildi ngs 

associated with these works; 
0 foundations for the houses for t he staff o f 

the mine (e.g. Jennings a nd Kerri c h , 
1962); 

0 sanitary landfills to dispose o f t he 
community's domestic refuse (e.g. Ba l l , 
Vorster and Blight, 1987 ) . 

1.2 Then there is the geo tec hni c al 
engineering assoc iated with t he s u rface 
installat ions of the mine. This c ould : nc l ~ de 
the design and construction of: 

0 heavy foundations for shaft head-gear s . 
winders, crushers, ball and r od mi 11 s and 
similar items of heavy plant; 

0 approach cuts to inclined shafts; 
0 haul roads for ultra-heavy mine haulers and 

dump trucks 
0 storage structures for crushed or milled 

materials such as bins, silos and stock 
piles (e.g. Blight, 1988); 

0 foundations for thickeners and tanks of 
various types; 

0 support structures for gravity feed mill 
complexes (e.g.Blight and Dane, 1988), etc. 

With the exception of the design of storage 
structures, the geotechnics involved with the 
above items is of a fairly conventional and 
recognized civil engineering nature. The topics 
that follow are of a somewhat more unusual type: 

1.3 Still dealing with surface geotechnics, a 
growing section of geotechnical practice is 
concerned with what is generall y termed the 
"disposal" of mine waste. Mine waste may 
comprise a wide range of materials, from coarse 
broken rock (e.g. Blight, 1969), through sandy 
and silty mill tailings ( see various 
publications of the American Society of Civil 
Engineers, e.g. 1979, 1988 ) to fine muds and 
clays (e.g. Carrier 1982, Glenister and Cooling, 
1984) . 

The mine waste disposal field is fraught with 
technical and operational difficulties and 
several disasters involving the failure of mine 
waste storage structures are on record (e.g. 
Jeyapalan, Duncan and Seed 1983, Jennings 1979, 
Marcusen et al 1979, Berti et al, 1988). As a 
result, the design and construction of these 
containments is now strictly codified in several 
countries (e.g. Canmet in Canada 1977, National 
Coal Board in United Kingdom 1970, Chamber of 
Mines in South Africa 1979, and Department of 
Home Affairs and Environment in Australia, 
1982). 

There is a world-wide trend towards tightened 
environmental control over mining operations. 
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This has resulted in geotechnical enginee r s 
becoming involved in rehabilitati o n, 
reclamation an d other "c lean - u p" operat i o ns 
( e . g. Blight and Caldwell 1982 , Bl i g ht 19 88 , 
Barth et al, 1989 ) i ncl uding those under the 
cu rrent U. S. Uranium Mill Tailings Remed ial 
Action (UMTRA ) programme (e.g. Lars on a nd 
Keshion, 1988 ) . 

1 . 4 Geotechnical engineering in underground 
mining is a re l a tively new and underdeveloped 
fie ld that will offer many oppor tunities to the 
geotechnical engineer in futu re . The area in 
which there is the greatest act ivity at prese nt 
is that o f underground filling and the 
provision of underg r ound support . 

The backfilling of mining excavations to 
achieve various objectives has long be en 
pract ised in the mining indust r y . Recently, 
there has been a n intensif ication of research 
into the use of f ill in underground mining 
(e . g. Blight et a l 19 77 , Mitchell 1983 , Bl igh t 
1979a). Waste or ta i l ings , placed as an 
underground fill : 

0 provides support to the excavation a nd 
makes the mining operation safer by 
preventing bed separation and block 
fall-ou~ (e.g. Hahn, Blight and Dison , 
1982 ) . 

0 reduces the convergence of excavati on s , 
thus reducing the release of gravitational 
potent ial energy from the superincumbent 
s trata and reducing the incidence of 
roc kbu r sts (explosive failu res ) (Blight, 
1979b ) ; 

0 can be u sed to provide access for mining 
wide o r high o rebodies (e . g . Knutsson , 
1980) . 

0 provides lateral support t o r ock pillars 
thus enhancing their load- ca r r ying 
capacit ie s (e.g . Bl i ght and Cla r ke , 1983). 

0 reduces t he fire hazard a ssociated with 
using convent ional timber support s 
underground ; 

0 c an be u sed to direct and channel 
ve ntilation air , thus reducing air lo s ses 
and heat gained by the air from t he country 
rock (also replacing the flammable 
materials conventi o nal ly used for 
ve nt ilation curtains and ducting); and 

0 reduces surface subsidence in the case of 
shallow mining , and stabilizes the sur f ace 
in the case of long- abandoned s h a llow 
workings. 

In addition, tailings fill can be used t o b u ild 
underground structures such as flood - control 
plugs and shaft pillar replacements ( Bl ight, 
1988a ) . It was originally considered that the 
stowing of large quantities of tail ings 
underground would reduce pressures on the 
s urface environment by 

0 releasing a r ea at the surface for more 
productive use than the storing of 
tai lings , and 

0 reduc ing problems of air , wa ter and visu a l 
pollution . 

However, . a recent more careful inves tiga t ion 
(Blight, McPhail and Fourie, 1986 ) h a s s hown 
that environmental problems on t he surf ace are 
likely to inc rease , r ather than decrease as the 
practice o f underground filling expands. Th i s 

Geotechnica l engineering in mining 

is bec a us e the material that remai ns 
stored on surface is geotechn ica lly 
suitable fo r surface storage . 

to be 
less 

After this brief overview, the remainder o f the 
paper will be devoted to describing in more 
deta il four topics illustrating r ather unusual 
applications of geotechnical principl e s in 
mining. These will be: 

0 a comparison of de s i gn and me asured 
pressures in large coal storage silos, 

0 the design of "box front s" to underground 
o re passes, 

0 the use of catenary membra nes as a safety 
featu re f o r r oads c r os sing ground undermined 
at shallow depth , and 

0 the deterioration of a gravity - flow - process 
mill support structure. 

2 A COMPARISON OF DESIGN AND MEASURED PRESSURES 
IN COAL STORAGE SILOS . 

Storage structures fo r bulk materials such as 
bins , bunkers a nd silos are indi spensable to the 
operation of any mi ne . The estimation of des ign 
pressures for these structures is not usually 
regarded as part of geotechnical engineering, 
and has over the past three decade s fallen into 
the hands of mechanical and structural engineers 
most o f whom lack a fundamental understandi ng of 
the mechanics of granular media. Thi s has 
resulted in a pro liferati on of theor ie s that 
predict the generation of very large horizontal 

Figure 1: The Optimum Colllel'( load-out silos. 

2 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

• 

~ 
iii 
Cl: 
LU z 
u: 
z 
LU 

u 
Cl: 
LU a.. 

100 

80 

60 

40 

20 
w = wale< content 
'I. oldry mass 

0 
0.06 0.1 0.2 0.6 1.0 2 6. 10 20 60 100 

PARTICLE SIZE mm 

Flgur. 2: Grain size analysis ot coal 

200 

~ 150 

Opttmum cool 
Ow= 3.6'1. 

Ow=7.0'I. ,,. 
~ 
~ 
~ 100 

:r .,, 
II 

/...> 

0 a.. ,,. 
~ 
LU 
Cl: :;; 

~ u z 
~ 
a: 
0 
< 
~ 
II 

t5 

50 
d= 36° 

Do 100 mm sq box 

• 350 mm sq box 

0:-----::':--""""'."'.~--~-__.--__, 
0 50 100 150 200 250 

CJ'= NORMAL STRESS kPo 

Flgur. 3: Measurements ot angle ot 'WOii friction, 
coal on concrete, at two 'Water contents 

450 

400 
w = 3.6"4 

350 

w=7.0'I. 
300 

250 

200 

150 

100 r*o-H-- Ennelo cool Ko = OA9 
w = 13.5'1. 

50 

0 
0 50 100 150 200 250 300 

. cr; = MINOR PRINCIPAL EFFECTM STRESS kPo 

Flgur. 4: Measurements ot Ko in coal 
at two 'Water contents 

Geotechnical engineering in mining 

"overpressures" or "peak pressures" that may 
exceed the passive pressure for the 
corresponding overburden. The most widely used 
of these theories are due to Jenike, Johanson 
and Carson (1972) and Walker (1966 ) . Their 
theoretical predictions have been incorporated 
into widely used · codes of practice for si l o 
loading such as the German DIN 1055 ( 19 64 to 
1984), the. American Concrete Institute ACI 313 
(1975) and the Institution of Engineers, 
Australia's Guidelines (1986 ) . 

Over the past decade the author has had the 
opportunity of installing i nstruments i n a 
number of large bunkers, bins and s i los in order 
to measure the pressures actually experienced by 
the walls of these structures (e . g. Blight 
1986 ) . Bins and silos may be very large. For 
example, the silo at Optimum colliery, s hown i n 
Figure 1, has an internal diameter of 20m, 
stores a height of coal of 54m and 
has a capacity of nearly 12 000 T of coal. 

Figures 2, 3 and 4 summarize the geotechnical 
properties of the washed, low ash coal which is 
stored in the two structures that will be dealt 
with here, those at Optimum and Ermelo 
Collieries. Figure 2 shows that the coal is 
predominantly of gravel particle size. The 
grading varies somewhat from mine to mine and 
with time at a given mine, but is governed 
within the limits of the purchaser's 
specification. Figure 3 shows the angle of wall 
friction, coal on concrete, established by means 
of special shear box tests. The coal is a highly 
frictional material and water content has 
relatively little effect on wall friction. The 
data shown in the figure relates to a condition 
of motion of the coal across a concrete surface. 
The static angle of friction is 2° to 3° less 
than the dynamic angle. Figure 4 shows the 
relationship between major and minor principal 
stresses under K

0 
conditions in triaxial 

compression tests on coal. Water content clearly 
does have some effect and the value of K

0 
which 

may vary from about 0.4 to 0.7. 

Pressures on the walls of the silos were 
measured by means of conventional mercury-f i lled 
strain-gauged diaphragm earth pressure cells 
(Blight and Bentel, 1988). A set of measured 
pressure profiles for the Optimum silo is shown 
in Figure 5. The measurements were made on three 
separate occasions during which the silo was 
filled from empty without interruption and then 
emptied. The measurements are c ompared with a 
pressure profile corresponding to the 
relationship 

in which ah is the horizontal 

active pressure coefficient and 
overburden pressure. 

pressure, 

YZ the 

( l) 

KA the 
coal 

A comparison is also given with the design 
horizontal pressure envelope according to the 
ACI loading code. It will be seen that the 
measured pressures are only about one third of 
those predicted by the loading code. An 
examination of code predictions and pressures 
measured in eight full-scale silos (Blight 1988b) 
has shown that this overestimation by silo 
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FlgUN 6: Relationship be'-l measured horizontal stress 
and calculated verllcal stress during ftlllng 

loading codes is by no means unusual. The 
commonly used silo loading codes (the German 
DIN 1055 and American ACI 313) may be conserva­
tive to the point of being ridiculous. 

Figures 6 and 7 show observed relationsh i ps 
between horizontal pressure and vertic al 
overburden for the Optimum and Ermelo load-out 
silos. The Ermelo silo has the same diameter as 
that at Optimum, but only half the storage 

Geotechnical engineering in mining 

capacity. It will be noted that in both cases, 
the horizontal pressure corresponds, on average, 
to the active condition. The upper limit to 
measured pressures in each case corresponds to 
the K

0 
condition. This is easily understandable: 

the coal pours into the silos off an overhead 
conveyor. It forms a central cone in the silo, 
slides down the cone and comes to rest i n an 
active state. Coal deposited at a particular 
level is then consolidated under an increasing 
overburden. The silo walls prevent lateral 
strain, and hence the stress-state tends to move 
from the active ( KA) towards the at rest ( K

0
) 

condition. There is a small increase in 
horizontal pressure at the start of emptying of 
the silo, but the upper (K

0
) l i mit to the 

pressure is not exceeded. Note that there is no 
-evidence of any soil arching within either silo. 
However, this is not very surprising as the 
height to diameter ratio is only about 2 at the 
most. 

200 

175 

2. 
:..: 150 ... 
Cl: 

~ 125 
~ 

~ 100 
Cl: 

~ 
75 .... 

)o 

II 

0 50 

25 

Ko condHlon in lob 

25 50 75 100 125 150 
~ = HORIZONTAL PRESSURE kPa 

Flglll9 7: Ermelo mines silo: relationship 
be'-l measured hortzontal stress and 
calculated vertical stress during ftlllng 

The conclusion that may be drawn is that 
horizontal pressures within a silo subjected to 
concentric filling, and emptied through a 
central outlet will not exceed values given by 

ah = K
0

yz 

This conclusion does not hold, however, 
silo is emptied via an eccentric outlet 
Jenike, 1967). 

( 2) 

if the 
(e.g. 

to apply 
materials 

that soil 

The above conclusion has been shown 
generally to silos storing coarse 
(e.g. ores and grain). It appears 
arching occurs to a greater extent 
storing fine powders (Blight 1988b), 
height to diameter ratios as low as 2. 

in silos 
even at 
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3 THE DESIGN OF BOX FRONTS TO UNDERGROUND ORE 
PASSES 

An underground ore pass consists of a ver t ical 
or steep ly inclined shaft that connects one 
level o f a mine with another. Ore mined a t the 
higher le vel is loaded into the ore pas s and 
gravitates t o the lower level. Here i t is 
extracted from the o re pass, usually by means 
of a belt conveyor, and conveyed to a s haft 
which is used to haul the mate r ial to the 
surface for processing . Th~re may be a pr i mary 
crushing process befo re hauling the ore t o the 
s urface. 

Ore passes are usually maintained full , or 
nearl y full o f o re to limit t he impact of l umps 
of rock falling through a great height. Hence 
they operate like underground, rock-wa lled 
silos . The box front is located at the l ower 
end of the o re pass and serves as a transition 
between the ore pass and the conveyor belt. 

: '':-M-6m=d"-io-'-me=t-er __ ,t 
• • ore poss in rock 

bettleeder 

Rgu19 I: Principle of "box fronf' controlling flow ol ore 
from ore pass on to bell feeder 

Figure 8 shows the fea tures of a box f r ont 
diagrammati c ally. Flow of ore from the ore p ass 
is controlled by the chain curtain. The we i ght 
of the curtain is such that if it is lif t ed, 
ore will flow out of the ore pass. If the 
curtain is dropped, the flow is choked off . 

Ore passes have always been designed by rule of 
thumb. If the chain curtain did not prove he avy 
enough, extra weight was added until control of 
the flow of o re was achieved. However, bec ause 
explosive rock-breaking is not as 
energy-efficient as crushing, the current 
tendency is to fragment the ore less by 
explosive and to c r ush the resulting larger 
blocks of ore underground before hoisting i t to 
the surface. This has resulted in a need for 
larger ore passes and hence larger box fr onts 
and wider conveyors. The industry now perce i ves 
a need for a rati onal method of designing box 
fronts so that the flow of the ore will be 
correctly controlled and the dimensions of the 
feeding chute will also be adequate. 

Geotechnical engineering in mining 

The first component of the design is to 
calculate the tension generated in the chain 
curtain as the ore flows under it. The chain 
tension turns out to be given by a ve r y simple 
expression 

If w is the weight per unit length of chain and 
oc is the angle of friction between the chain 

ahd the ore surface, the chain tension 

T w x (vertica l projected le ngth of cha i n ) 
+ tan o x ( horizontal projected length o f 

c chain ) 

This applies regardless of the shape adopted by 
the chain. 

The second component of the design is to 
calculate the profile of the chain and the 
required depth of chute to contain the ore 
without spillage as it flows out of the ore 
pass. 

The procedure is as follows : 

.1 The pressure of the o re at the exit from 
the ore pass is calculated . As the height 
to diameter ratio of an o re pass may be 10 
or more, the pressure is calculated as the 
asymptotic pressure according to the 
conventional soil arching theory, namely: 

0 
v 

y D 
4Ktan6 

( 3 } 

where ov is the vertical pressure in the 

ore, D is the ore pass diameter, K is the 
lateral pressure ratio (taken as KA to get 
a maximum value for ov) 

and 6 is the angle of wall friction, ore 
on rock . 

. 2 The normal press sure 
the chute (li ne aa 
assessed . 

across the entry to 
in Figure 8} is 

. 3 Referring to the forces i ndicated in Figure 
9, the forces resisting flow , which result 
from friction with the chain (Tc}' walls 

(Tw} and base (T b } of the first horizontal 

metre of chute ·, are assessed. Hence the 
residual thrust at the start of the second 
horizontal metre of chute is calculated . 

Rgul9 9: Principle ol calculallng chain prollle 
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. 4 The depth of ore necessary to provide 
this thrust is calculated next, all owing 
for the surcharge weight of the chai n . If 
this exceeds the physical depth o f the 
c hute, the c hain surcharge must be 
inc reas ed, o r the chute must be roofe d to 
limit the depth. If the calculated ore 
depth i s less than t he physical depth of 
the chute, the depth of the chute is 
adequate. 

. 5 The procedure is repe-a ted stepwi se u ntil 
the c al culated unbalanced thrust bec omes 
zero. Beyond t his point, the c hain 
curta in is no longer necessary . The 
c alcu lated heights of_ o re give the 
pro file the chain will assume. 

The procedure has been appl i ed t o the design o f 
a box front t o a new 6m diameter o re pass i n a 
diamond mine which i s intended to ha ndle 
material with a maximum 1 ump size of lm. The 
chute will measure 4m wide by 4m deep. F igure 
10 summarizes the calcu lated d i me nsions of the 
flowing broken o re. The f irst two horizo ntal 
metres of chu te will be r oofe d, with a c hain 
curtain weighing SkN/m' hanging inside it. The 
c alcu l ated profile of t he chain is also s hown 
in Figu re 10 . 

Ol8 poss 

6m dlo. 

chute 
rooled 

chute 
unrooled 

60 = 31 ' 

o, = ob = 21· 

'\ 
\ '\ ~~~in 

/ '\ 
00 =o, =Ob = 31 • \ '\ 

piessure dlsl!1but1on on 
wolfs al roofed chute: 

~l~ 
1. j 

45kPo 

\ 

t 
\ 
\ 

stortal 
feeder bett 

piessure dlslrtbut1on on 
walls al unrooled c,,._ 

Flgu,.10: Calcutcited chain proftles for a 6m dla. ore pass ~ 
a chain curtained box front 

Geotechnical engineering in mining 

The tension in the chain t urns out to be quite 
small and its effect in limiting flow o f the o re 
is also fairly small, the major effect coming 
from friction between the ore and the sides of 
the chute . In o rder t o achieve the length of 
tran s i ti on and chain profi le s hown in Figure 10, 
it will be ne cessary to provide the chute with 
tr ans verse ribs to increase the effective angle 
of wal l f rict ion t o that of o re on o re rather 
than o re o n steel . 

The box f ront i s be i ng constructed at the time 
of writing and will be strain-gauged in si t u to 
check the estimated pressures on the walls of 
the chute . It will then also be possible to 
check t he pro f ile ass umed b y the cha in curtai n 
(for which each link wi ll weigh 250kg ) . 

4 CATENARY MEMBRANES TO PROVIDE SAFETY FOR 
ROADS CROSSING GROUND UNDERMINED AT SHALLOW 
DEPTH 

There are many areas in the world where mining, 
especially for coal , has taken place at depths 
a s s hallow as !Om to lSm or less below s u r f ace. 
The areas may be extensive, or may only 
constitute a relatively narrow band along the 
outc rop of a reef. Both conditions exist in the 
Witwatersrand area of South Africa where rich 
coal deposits overly even richer deposits of 
gold. In the central Witwatersrand area, mining 
o f the shallow gold and coal took place 80 to 
10 0 ye ars ago. There is now growing pressure to 
extend urban and industrial development over 
these shallowly undermined areas. 

There are many different ways of stabilizing 
ground undermined at shallow dept h . One method 
is to fill the voids with mine tailings or 
pulverized fuel ash, another is to drill into 
the void, place explosives down the holes and 
blast out the supporting pillars thus filling 
the void with bulked broken material. A thi rd 
method, particularly applicable to the 
protection of isolated buildings o r r o ads 
c rossing undermined areas, is illustrated in 
Fi gure 11. A layer of welded stee l mesh i s 
incorporated into the road structure o r into a 
foundation raft for a building . If a s ink - hol e 
forms as a resul t of collapse o f a pillar or of 
progressi ve collapse of the r oof of the ol d 
workings, the mesh is designed to act as a 
c atenary safety net, as indicated by Figure 11. 

An opportunity has recently arisen to design a 
road on the catenary net principle. The road 
crosses an area undermined for coal where 
several sinkholes and surface subsidences have 
occurred in recent years. The road is designed 
to carry 200 equivalent 80kN axle loads per day 
with an annual growth rate of 8 per c ent, giving 
a total design traffic of 3.2 million equi valent 
80kN axle loads over the 20 year design life. 
The pavement has been designed conventionally 
and has the section shown in Figure 12. The 
catenary net is incorporated in the 300mm thick 
cement stabilized sub-base. The cement 
st abilization is intended to have the double 
fu nction of improving the l oad bearing 
properties and elastic modulus o f the sub-base 
and protecting the weld-mesh from corro sion. 
Stabilization will be by means of 5 per cent o f 
o rdinary Portland cement which , tests show, will 
provide a CBR of 100 per cent. Eades tests have 

6 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

• 

collapsed pillar causes 
collapse ol sulfoce 

Rgur9 11: Princip le ot catenary net to protect trafllc on road 
crossing undermined area 
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Rgul912: Section ttirough road lncorporcllng catencry net 

shown that a 5 per cent cement addition will 
ensure a pH of 11.7 which is sufficiently high 
to passivate the steel against cor r osion. 

The catenary net will consist of a double layer 
of annealed weld- mesh with individual sheets 
lap-welded together so as to form an integral 
continuous net. The bar diame ter for the mesh 
is 16mm and the bar spacing 200mm. The weld 
mesh is anne a led after welding so as to 
heat - treat the welds and impr ove the ductility 
of the mesh . The elongation at failure over a 
200mm gauge length before annealing is 15 pe r 
cent and failure invariably takes place at a 
welded node. After annealing, the elongation a t 
failure varies £rom 35 per cent to 45 per cen t 
with a mean yield stress of 255MPa and a n 
ultimate tensile strength of 315MPa. The 
failures occur randomly, seldom at a welde d 
node . The average permanent elongation afte r 
failure over an original length of lm is 26 pe r 
cent. 

Geotechnical enginee r ing in mining 

Tests on lOOmm long lap joints welded from the 
top only , showed that failure always occurs away 
from the lap. Hence the lapped welds do not 
weaken the mesh. 

The design of the catenary net caters for the 
possible formation of a lOm diameter circular 
void occurring under the roadway. Under this 
circumstance , the net can carry a superimposed 
load of 6 . 6kPa over the entire lOm diameter area 
at a steel stress of 230MPa. This is equivalent 
to a total load of 518kN or 50 tons. 

If the load is concentrated towards the centre 
of the collapsed area, the mesh will yield. 
However, the maximum depth of coal removed in 
mining is 2~m . The mesh can sag by 3.2m before 
att a ining an average elongation of 26 per cent . 
Hence if a sinkhole occurs, the load will at 
worst be gently let down to rest on the bottom 
of the sinkhole. 

A full - scale field trial is currently underway 
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to test the catenary net concept, prior to 
constructing the prototype road. 

5 THE DETERIORATION OF A REINFORCED SOIL 
MILL-SUPPORT STRUCTURE 

Engineers are usually concerned with the des i gn 
of new structures and it is the success or 
failure of these new designs that is report ed 
in the technical literature. Most structur es 
deteriorate with time, use and exposure to t he 
elements and sooner or later requ i re 
maintenance and repair, or even comple te 
reconstruction. Far less is published 
concerning reasons for, and mechanisms of 
deterioration, even though the lessons lear nt 

. from such experience should be incorporat ed 
into new designs. The case history that wi ll 
now follow describes the dramatically rap id 
deterioration of a structure. The design l i fe 
was variously claimed by the designers to be 50 
years and 30 years but the structure had to be 
demolished and rebuilt as it had deterio"rat ed 
beyond the limits of safety after only 8 year s. 
A gravity separation mill at the Tweepad 
diamond mine on the west coast of South Africa 
is supported by a complex of reinforced s o il 
walls having a maximum overall height of 4lm. 

Geotechnical engineering in mining 

1.000m 

41 .000m 

HATCHING INDICATES EXTENT 
OF REINFORCED EARTH BLOCKS 

1'191119 13: Maximum height sec1lons through reinforced earth walls 

Figure 13 shows typical sections through the 
complex. A year and a half after construction 
had been completed, it was discovered that the 
galvanized reinforcing strips were deteriorating 
by corrosion. Because of concern for the safety 
of the structure, a programme of monitoring was 
embarked on. 

The climate of the area is desert with an 
average annual precipitation of only 90mm and 
annual evaporation from a free water surface of 
1940mm. However, the area is subject to 
salt-laden sea fogs, and the sparse rainfall 
deposits some salt with it. 

Available backfill materials consisted of 
from ancient raised beach deposits. 
specification for the backfill was: 

100% finer than 300mm 
More than 75% finer than lSOmm 
Less than 20% finer than 15 microns 

(0 .0lSmm } 

The geotechnical requirements were: 

pH 
Resistivity greater than 
Chlorides less than 
Sulphates less than 

5 to 10 
500 ohm cm 

lSOOmg/kg 
800mg/kg 

sands 
The 

Because of the shortage of fresh water, sea 
water was used for compaction of the fill. 

At the time of design, the 
obviously appeared adequate, 
dictated to a large extent 

fill specification 
even though it was 
by expediency and 
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cost considerat ions . 

Ea rly in the corrosion monitoring programme, it 
became apparent tha t the fine fraction of the 
fill occurred as discrete lumps of clay. 
Wherever a lump of clay rested in contact with a 
reinforcing strip, severe pitt i ng corrosion had 
occurred. This was because of the format ion o f 
d.ifferential aeration cells, as illustrated by 
Figure 14. The effect of the pitting was not 
only to reduce the load- bearing cross - section o f 
the reinforcing strips, but also to embr i ttle 
them by introducing stress concentrators in the 
form of the irregularly shaped corrosion pits. 

The effect of the corrosion on the strength and 
ductility of the reinforcing is shown in Figure 
15 . The reduced ductility and strength was 
already apparent in the results of tests o n the 
thr ee year old strips . The 7~ year - old strips 
showed severely reduced strengths and some 
st r ips showed a negligible elongation at 
f a ilure . 

For comparison, Figure 15 shows the results of 
tests on 6 year-old reinfor cing strips from a 
similar reinforced soil mill - support structure 
at the Koirgnaas mine, 60km down the coast. 
Here , the fill material had been a uniform sized 
dune sand containing no fines at all. Even 
though the moisture a nd c h loride contents of the 
sand were considerably highe r than a t Tweepa d , 
absolute l y no corrosion had occurre d and the 
strips rema ined very ductile. 

Figure 16 summar izes the r esults of the strength 
mon i t oring. I t bec ame apparent that t he life of 
t he Twe e pad structure wou l d be r eac he d a t abou t 
8 to 8~ y ear s . Because of the low ductility of 
the corroded re infor cing strips, no wa rning of 
imminent failure , such as that given by an 
acceleration of the rate of deformation of the 
s tructure , cou ld b e expected . It was therefor e 
de cided to demolish the structure , one half at a 
t ime , a nd to rebuild it in reinforced soil . This 
wa s done in such a wa y t hat the plant could be 
kept fully ope rational dur ing the demolition and 
r e building . 

The decision to rebuild the complex in 
r e inforced soi l was a b rave one, b u t was again 
dictated by cost and by the remoteness of the 
site . The specification for the backfill was , 
however, tightened conside rably. The particle 
si ze requi rements became : 

100% fi ne r tha n 300mm 
More t han 75% fine r than 1 50mm 
Les s t han 10% fine r than 75 mic r ons 
Nothing finer than 2 microns 

This e liminate d the possibility of 
occurring in the fill . The 
specifica tion was also ti ghte ne d to: 

clay lumps 
geochemical 

p H 
Resistivity greater tha n 
Chlor ides less than 
Sulphate s l e ss than 

7 to 9 
2000 ohm c m 

200mg/ kg 
200mg / kg 

Fresh water was used for compaction , even though 
it had to be t r ucke d in for the purpose. The 
r e built structure wi l l cont inue to be monitor ed 
lest it too de t e riorat es . 
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6 CONCLUDING REMARKS 

Existing applications for geotechnical 
engineering in mining are many and various, as 
this paper has shown . They range from the 
completely conventional, to activities that 
might hardly be considered part of geotechnic al 
engineering . It is hoped that this review will 
c ontribute to greater awareness amo ng 
geotechnical engineers o f the . potential a nd 
excitement of working on mining projecti. The 
demands of mining may frequently take t he 
geotechnical engineer beyond the bounds of 
c urrent practi c e and requ i re him to apply h is 
knowledge fundamentally and with innovation . 
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Theme lecture: Tropical processes causing rapid geological change 

G. E. Blight 

University of the Witwatersrand, P 0 Wits, 2050, South Africa . 

ABSTRACT. Geological conditions and processes in the tropics may 
differ considerably from thos e in temperate climates . After briefly 
considering the nature of tropi cal soils, the paper describes some of 
the geological processes, occurring in the tropics , that may result in 
rapid geological change . Thes e processes may act suffici_ently quickly 
to produce significant c hange in a lifetime or at the very le&st , in a 
few centuries. 

INTRODUCTION 

The tropics , that span of latitudes 
around the earth's circumference between 
the tropic of Cancer in the north ( 23~ 0 N) 
and the tropic of Capricorn in the s o uth 
(23~ 0 S), has a special climate . It is 
generally warm to hot al 1 year round and 
the tropics include many of the more h umid 
climatic regions of the world, for example 
the Amazon and Congo basins and the islands 
of Indonesia (Figure 1) . However, they a lso 
include some of the driest areas on earth, 
for instance, the Atacama and Great Wes t ern 
deserts of the Americas , the Sahara and 
Kalahari deserts of Africa and the 
Australian desert . 

In considering the formation of so i ls, 
we are usually concerned with a geological 
time span. It is known that the earth's 
poles have shifted position in the dis t ant 
geological past . The situation is 
complicated by the fact that the continents 
have also drifted (see, for example Stac ey, 
1970). However, there has been no 
glaciation of the tropical regions s i nce 
before the cretaceous era which ended one 
to two hundred million years ago . Henc e it 
is possible that areas no longer in the 
tropics at present may have deposits of 
palaeo- tropical soil . 

With the exception of the Persian Gulf, 
where oil has artificially concentrated 
population and development, deserts are 
sparsely populated and underdeveloped . 
There is therefore less reason for conc ern 
with the soils of deserts. This does not 
say that desert soils do not have their own 
peculiar geotechnical difficulties . The 
various problems associated with des ert 
soils such as sabkha have been described by 
various authors, e . g. Akili and Torrance 
(1981), Fookes (1978) and Stipho (1984). 

Many engineering geologists and 
geotechnical engineers have been taught, 
and believe that all geological proces ses 
happen imperceptibly over time spans of 

millions, or at least hundreds of 
thousands, of years. While this is true of 
many geological processes, it may be quite 
untrue of others. If one takes the trouble 
to measure the rate at which certain 
natural processes occur, or considers the 
changes wrought by natural disasters, it 
becomes apparent that changes of sufficient 
magnitude to affect the ac ti vi ties of the 
engineering geologist or geotechnical 
engineer and hence, by extension , the 
activities of man may occur within the span 
of a human lifetime, and certainly may have 
occurred within recent historical times. An 
example of such a process is provided by 
the well-known observation by Charles 
Darwin that pieces of chalk that as a young 
man he had observed on the surface of a 
field, had been transported below the 
surface by the activity of earthworms when 
he re- examined the field in his old age. 

According to various general 
references, we currently l ive in the 
Quaternary Era, "the last of the eras of 
geological time; it includes the 
Pleistocene and Holocene Periods (i . e . the 
last 1 000 000 years) and is still in 
progress" . This paper will concentrate on 
some of the processes , operating on 
tropical soils, that are "still in 
progress" . and particularly those that can 
and have wrought perceptible changes during 
the recent history of man. In this 
context , man himself must be recognised as 
a significant agent of rapid geological 
change . 

TROPICAL SOILS 

Because the processes to be described 
operate mainly on tropical soils, a 
deviation will be made to consider the 
nature and formation of these materials . 
Soils that are distinctly tropical in 
nature include saprolites, laterites and 
desert dune sands. 

From FORSTER. A .. CUI.SHAW, M. G., CRIPPS. J.C., LITI1..E, J. A. & MOON, C. F. (eds) 
1991, Quaternary Engineering Geology, Geological Society Engineering Geology Special Publicatioo No 7, pp 459-471 
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[\'\'\'] DESERT Figure 1a: Deserts and humid areas 
in and near the tropics 

HUMID 

HOT 

11 11111 1 WARM TO HOT 

Saprolites are materials that have 
soil- like strength or consistency, but 
retain modified but recognisab l e relics of 
the physical features or fabric of the 
parent rock . For example a saprolite 
derived from the weathering of lava may 
retain the flow structure and amygdales of 
the parent rock . One derived from a shale 
may retain the bedding and jointing pattern 
of its parent rock. 

Lateri tes are usually highly weathered 
and altered residual soils, low in silica, 
that contain a sufficient concentration of 

fl 

Figure 1b: Tempera tures in and 
near the tropics 

CAPRI­
CORN 

the sesquioxides of iron and aluminium to 
have been cemented to some degree. These 
salts are secondary emplacements resulting 
from the evaporation of iron- or 
aluminium-bearing near- surface ground 
waters . Depending on the extent of the 
emplacement, the material could be 
described as l ateritic or as laterite . 
Lateri tization usually occurs in residual 
soils, but ancient transported soils may 
also have been lateri ti zed . Desai ( 1985) 
given definitions of the degree of 
lateritizati on i n terms of the 

• 

• 
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silica/alumina ratio Si0
2

/ Al
2

o
3

. In t e rms 
of this ratio, non lateri tic soils have 
S . 0

2
/Al

2
o

3 
greater than 2 . For lateri tic 

s6irs S10
2

/ Al
2
o

3 
lies between 1 . 3 and 2 and 

for true l.ateri-tes the ratio is less t han 
1. 3 . 

Figure 2 (adapted from Tuncer and 
Lohnes ( 1977) and Sueoka ( 1988) s hows in 
schematic form the progression from f resh 
rock through saproli t e to lateri te . Note 
that the progr ession from residual soi l to 
laterite is not inevitable , but depends on 
conditions being favourable f or 
lateritization . Saproli tes may occur in 
profiles of almost any depth . Becaus e of 
thei r mode of formation , laterites usua lly 
occ ur as fair l y near- sur face str ata of 
limited dep th . 

Cemented residual Laterite b 
soil 
------------ -----

and compaction . The permeability o f a 
transported soil can usually be related to 
its granulometry (e . g . by the well- known 
Hazen formula) . For the reason just 
explained , this may not be so with tropi cal 
soils . · Th~ permeability of tropical soils 
is usually governed by its micro- and 
macro- fabrics and by superimposed features 
such as slickensiding, termite or other 
bio- channe ls (see , e . g . de Mello et al, 
1988 ) . For the above , and other r easons , 
t he des ign assessment of a tropi cal 
res i dual soil requires far more attent ion 
to vis ually disce rnable features of t he 
soil . profile , selection of in situ and 
laboratory test methods and particularly to 
the sca l e on which such tests are 

Partly cemented residual Lateriticb soil 
------------ (Residua1a 

it Residual soil with 
concretions 
------------

Q) Q) 

E~ 
Residual soil 

+='O ------- -- ---_ ..... 
coo... Completely weathered (.) 

i! hard soil ------------
Highly weathered 
disintegrated rock 
------------

Moderately weathered 
soft rock ------------
Slightly weathered 
hard rock 
------------

Fresh 
hard rc.c~' 

a No lateritization occurs 

b Lateritization occurs 

soil 

-- - --

Saprolite 

-- ---

Parent 
rock 

Void ratio 
Compressi ~ 

bility .. 
Strength __. Sesqui­

oxides .. 
Figure 2: Changes occuring in a weathering profile 

{Adapted from Tuncer and Lohnes (1 977) and Sueoka (1988)) 

Saproli tes a nd lateri tes can ha ve 
char acteristics that a re quite 
distinctively different from t hose of the 
transported soils commonly occurr ing in 
temperate zones . For example, the 
conventional concept o f a soil grain or a 
particle size is i n a pplicable to many 
t r opical soils . Particles of tropical s oil 
o f ten consist of aggrega tes of weathe red 
mi neral matter that break down and be co me 
progressively finer if the soil is 
manipulated . Wha t appears in situ to be a 
coarse sandy g r avel may deteriorate to a 
fine sandy silt during e xcavation, mixing 

performed , than is usually the case with 
transported soils . 
With that brief introduction to tropical 
soils , t he ongoing processes that can 
produce surprisingly rapid geological 
c hanges in s oil profiles in the tropics 
will now be described . 
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BIOPERTURBATION OF SOIL BY TERMITES 

Mos t termites live in tropical and 
subtropical regions, but they extend i n 
range between about 45°N and 45°S, i.e. 
betwe e n the l atitudes of Milan and Toronto , 
in the north to Christchurch, Ne w Zealand 
in the south; a span of latitudes that 
covers two- thirds of the earth's land 
s urface . Termites are insects of the order 
Isoptera . Of t en cal led "white ants), they 
are more closely related to cockroaches 
than ants, even though their lifestyle 
superfic ially r esembles t hat of ants . Like 
the honeybee, termites have been the 
subject of popular scientific writing, as 
Figure 3 indicates . The central figure in 

Figure 3 : The termite or white ant. 

Figure 3 is the queen termite, attended by 
workers ( upper right ) . 

Termites live on vegetable matter 
grass , wood and other pl ants and plant 
litter . Their significanc e to engineering 
geology and geotechnical engineering arises 
from the fact that they are burrowing 
insects that construct both underground 
food storage c hambers and above surface 
mounds, with extens ive galleries and 
tunnels serving the colony 's food 
gathering, fungus farming and water-

fetching ac tivities . 
and Wood, 1971) 
illustrates the form 
termitary . 

Figure 4 (after Lee 
diagrammat ically 

taken by a typi cal 

Depending on species and climate , 
mounds may vary from modest , roughly 
hemispherica l domes 300 to 500 mm in 
diameter to monstrous fantastically shaped 
structures up to 9 m or more in height a nd 
30 m diameter at the base . (Harr is , 1955) . 
Figures 5 and 6 il l ustrate two of the many 
forms taken by termite mounds . 

The ac ti vi ties of a single colony may 
cover a radius in plan of 60 to 75 m 
(Ratcliff and Greaves , 1940) and termite 
channels have been observed by the writer 
in test holes i n South Africa at depths 
exceeding 20m. 
The mass of material contained in termite 
mounds per uni t of surface area has been 
measured by a number of authors. Figur es 
from Austral i a are typically in the range 
from 5 to 50 tons per hectare (T/ha) . 
Figure s have been reported from central 
Asia of as much as 285 T/ha . ( Lee and 
Wood, 1971 ) . While Meyer ( 1960 ) has 
reported up to 2400 T/ha in termite mounds 
from the Congo . This latter figure is 
equivalent to a layer of soil 200 mm deep 
spread uniforml y over the surface . 

The rate at which these mounds are 
built and eroded is nothing short of 
amazing . Nye ( 1955) has reported that in 
Wes t Africa a mound 600 mm high was built 
in a month whi l e one 1500 mm h igh was built 
in a single season. In South Africa , the 
writer has observed a mound 600 mm high 
built in 2 years. 

Termite mounds readily e r ode during 
spells of prol onged heavy rain, th us 
redistribut i ng the soil over the surface . 
The rate at which soil is distributed over 
the surface has been estimated by Lee and 
Wood in Australia to vary between 0 . 1 and 
0.4 mm per year , of which varying amounts 
are transported further afield by erosion. 
It would appear from the figures given fo r 
the mas s per hectare of termite mounds that 
rates of distribution may be as muc h as 
fifty times these figures ( 5 to 20 mm per 
year) in certain areas . Thus it is quite 
possible for te rmites t o turn over a full 
metre of the so i l profile per century . 

Two important geotechnical effects of 
termites have been identified. Thes e 
relate to 

the sett l ement of structures, and 
the permeab ility of soils . 

Settlement of Struc tures 

There two 
activity may 
structures: 

ways 
affect 

in 
the 

which term i te 
settlement of 

In an area infested with termites, the 
soil profile may be riddled with termite 

• 

• 
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CHAMBER CHAMBER 

Figure 4: Form taken by typical termitary (After Lee and Wood, 1971) 

Figure 5 Termite mound i n 
the Transvaal 

channels , thus materially increasing both 
the macro void ratio of the soil and its 
compressibility . 

Unfortunately, this e ffe ct does not 
appear to have been quantified , but it i s an 
effect that should be recognised when 
examining , sampling and testing s oil 
profiles . It is important to note t hat 
termite channels may be present in the s oil 
even though there is no sign of termite 
mounds on the surface . The .termites may 
have left the area decades or mor e ago , but 
the effects of their tunnelling will remain 
in t he soil. 

Figure 6: Termite mound in 
Botswana. 

463 

Up to 20 m 
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Because termites carry soil fines to 
the surface , l arge objects such as boulders 
a nd shallow foundations tend to be carried 
downwards . In the case of a f oundation , 
the settl eme n t may be suffic i ent to cause 
structural distress . 

Partridge (1989 ) has reported that 
termite activity may result in the 
formation of a collapsible soil structure 
which may be subject to severe settlement 
if loaded during a dry period of the year 
and subsequently wetted by infiltrating 
water . 

Case Histories of Settlement 

Settlement of a pile 

In Johannesburg, one of a pair of 
augered cast in situ piles 10 m deep, 
supporting a pile cap, started to settle as 
load came on to it with the result that the 
pile cap rotated. A 750 mm diameter auger 
hol e was drilled next to the pile t o 
determine the cause of t he settlement. It 
was discovered that the pile had been 
founded directly above the food storage 
chamber of a termi tary. This highl y 
compressible spherical structure, about 500 
mm in diameter was responsible for the 
settlement . 

Ruination of a precise survey base (Watt 
and Brink, 1985 ) 

In 1974 a precise survey base was 
constructed at Pie~aarsriver, Transvaal by 

Finnish geodesists . 
the calibration of 

I t was in tended for 
electro- optical and 

electronic distance measuring instruments 
to an accur acy of 1 part in 10 million . The 
monuments supporting the · calibration marks 
were mass concrete blocks measuring 1 m 
square and founded at depths of 2 . 5 to 3 m 
on a yellow to reddish brown very stiff to 
very soft roc k consistency silty sand, 
residual from the in situ decomposition of 
dolerite . 

Within two months it was found that 
certain of the monuments had settled by as 
mu c h as 6 mm and had tilted slightly . This 
small movement · could have been caused by 
shrinkage of the concrete, hence 
measurements were cont inued until 1976 when 
the precise d i stances were set out . At 
this time settlements of up to 16 mm had 
occurred. The movement continued and by 
1980 it was found that the distance between 
the zero and 432 m marks had shortened by 
12 mm (1 par t in 36 000 ) . The base was 
quite clearly unable to meet the accuracy 
requirements . Figure 7 shows settlement 
records for some of the monuments, 
indicating that settlements of mor e than 
150 mm had taken place over a period of 11 
years. 

There was abundant surface evidence of 
termite activity in the area and test pits 
showed the exi stence of subterranean 
cavities, channels and food stores . A 
stone- age core of unweathered quartzite 
thought to be about 100 000 years old was 
found lodged in a biotic stone layer in the 
residual dolerite profile at a depth of 

0 
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Figure 7: Subsidence of various surface monuments as 
a result of termite activity (After Watt and Brink, 1985) 
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1.4 m. This was further evidence of the 
longstanding activity of the termi tes . Five 
genera of termites were identi f ied as be ing 
active at the site . It is inter esting to 
note t ha t none of these pr oduce l a rge 
surface mounds . Three genera produce no 
mounds at all , and the other two build 
modest mounds of about 1 m diameter and 
height . 

Permeability 

Because te rmite c hannels increase the 
void ratio o f soil and provide pathways 
that may be continuous for tens of metr es , 
termite activity can have a huge effect on 
the permeability of soils. 

A series of evaporation ponds was built 
near Johannesburg on a gentle 5° slope. 
After completion of the compac ted e a r th 
walls, the cascade of ponds was filled f rom 
the top , each pond ove rflowing in turn i nto 
the next lower pond . In several a r eas 
severe leakage from one pond to the next 
was discovered . On examination it was 
found that the leakage was occur ring 
t hrough ancient termite channels contai ned 
in the lateri ti zed surface layer of the 
hillside . These had not been discovered 
during the site investigation and there 
were no termite mounds at the surface or 
any other signs of the presence of 
termites . The flow was clear, thanks to 
the lateritization of the soil through 
which the channels ran . 

As the ponds had been designed to 
decant downhill, it was decided not to 
attempt to stop the leakage, but to guard 
against the effects of a poss i ble 
enlargement of t he channels by inter nal 

Figure 8 Filter blanket protect ing 
poi nt of exit of seepage from termite 
channels 

erosion To do this, each a rea from which 
leakage was emerging was covered by a 
reverse filter blanket, two of which are 
shown in Figure 8 . 

EROSION OF SOIL BY WIND AND RAIN 

The loss of topsoil by water and wind 
erosion is a well- recognised and 
extensively researched haza r d of 
agriculture . The main factors affecting 
erosion losses from agricultural land are 
t he slope length and inclination , the 
agricultural pract ice and the surface cover 

Figure 9 

Figure 10 

Eroded surfaces in Badlands 
of South Dakota 

Eroded surface of a gold 
tailings dam. 
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(e.g . Evans and Kalkanis, 1977 ) . 
Agricultural fi e lds rarely exceed an 
inc l ination of 10 ° to 12 ° . Mu c h less i s 
known of rates of erosion f r om steeper 
slopes , and in particular , from man- made 
slopes, e . g . highway c uts and fills, the 
s lo pes o f tailings dams, etc . Whereas loss 
of soil from agricultural fie l ds rarely 
exceeds 10 to 15 T/ha/ year, losses from 
man- made or eng i neere d slopes may be 
measured in hundreds of T/ ha / year. Rate s 
of erosion as large as this are probably 
not common in nature, but in areas where 
the soils are highly erodable and the 
c limate and topography unfavourable, e.g. 
the Badlands of South Dakota, i t is like l y 
that rates of erosion are also of th i s 
order . Figure 9 shows a typical eroded 
landscape in the South Dako ta badlands. The 
similarity of this landform with the 
appearance of the ero ded slope of a 
tailings dam (Figure 10 ) is striking . 

The t o tal erosion l oss from a surface 
is made up of material removed by water a nd 
that removed by wind. The enormous sand 
dunes that occur in some of the deserts of 
the world give e v idenc e of the capacity of 
t he wi nd to transpor t s olid mat eria l . 
Figure 11, for example s hows a 3 50 m h igh 
dune in the Namib sand sea . Figure 12 
(Bl ight, 1989) show s measurements of 
seasonal erosion losses from gold tailings , 
dams on the Witwatersrand. The eros ion l oss 
has been plotted agains t the ETCOM i ndex 
which is a measur e of the strength of t he 
slope's surface c rust. The significance of 
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the measurements shown in Figure 12 is that 
the Wi t watersrand is a summer rainfall area 
wi th v ery l ittle rain falling in the dry 
winter months when the only agent of 
eras ion i s wind . Hence the measurements 
show that soil losses caused by wind 
erosion can be of the same order of s i ze as 
losses by water erosion . Note the absolute 
magn i tude of the losses whether expressed 

Figure 11 350m high dune in the 
Namib sand sea 

. . ~ ·Summer Rea dings taken rn : 
o Winter 

• 

o~~~~~-'-~~~~~"--~~~~-1-~~~~----.J 
0 100 200 300 

0 

400 
TAILINGS LOSS BY EROSION (T/ ha/ SEASON) 

5 10 15 20 

RETREAT OF SLOPE (mm/ season) 

Figure 12: Correlation between ETCOM erosion index and tailings 
loss by erosion. 
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Figure 13: Correlation between slope angle and tailings loss by erosion. 

as T/ha/year or as mm of s l o pe r etreat . 
Figur e 13 shows a col l ection of data 

relating losses from the slopes of tailings 
d a ms to slope angle . The two - branc he d 
correlation between slope angle and eros ion 
loss has long been established ( e . g . 
Renner , 1936) and shows that relatively 
l ittle erosion occurs on very flat or very 
steep slopes . Most of the measurements in 
Figure 13 r elate to ba r e , ungrassed slopes. 
The evidence is limited , but it is 
interesting to note that grassed slopes 
appear to erode at much the same rate as 
ungrassed slopes . 

EROSION AND DEPOSITI ON OF MATERIAL BY 
FLOODS 

Each year tropical cyclones deve lop 
along the coast of the world ' s continent s . 
In the southern hemisphere cyclones usua lly 

develop along the east coasts . If such a 
storm crosses the coastline , severe storm 
damage is almost inevitable . Over the past 
150 year s for which partial or complete 
records have been kept , 934 cyclones have 
been observed in the South West Indian 
Ocean . Since 1950 ten tropical cyclones 
have crossed the coastline of Southern 
Africa to wreak havoc inland . The estimated 
volume of water dumped by these storms on 
South Africa alone has varied from 2000 
million cubic metres to over 40 000 mil lion 
cubic metres dumped by cyclone Domoina in 
January 1984. (Kovacs , et al , 1985) . 
Figure 14 is a satelli te photo of cyclone 
Domoina as it crossed the Southern African 
coast . 

Fortunately these storms rarely occur 
outside of latitudes 30°N to 30°S and very 
few cross their adjacent coastlines . 

The flooding caused by a tropical 
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Figure 14 Cyclone Domoina crossing the 
coast of Southern Africa 

cyclone is qui te suffi cient to cause 
erosion or deposition t hat constitutes a 
significant geological event. 

Figure 15 illustrates the extent of 
erosion that can be caused by a single 
storm . It shows before and after cross­
sections of the Mfolozi river at t he site 
of a bridge destroyed by the storm . It will 
be seen that as much as 10 m of ma terial 
was removed by this single event , although 
the maximum depth of the river channel was 

34 

inc reased by onl y 2 m. Clearly large 
depths of deposition can occur further down 
a river c hannel where the section widens 
and the flow velocity drops . Figure 16 
shows sections through the basin of the 
Pongolapoort reservoir (on the Pongol a 
r iver) which indicate depths of deposition 
of as much as 15 m of silt . Al though some 
of the s i ltati on had probably occurred 
between the dat e of completion of the dam 
( 1970) and t he arrival of Do moina , most of 
the siltat i on is believed to have occurred 
in this single storm . The total volume of 
sediment estimated to have been deposited 
in this one reservoir by Domoina is 125 
million cubic metres. In addition 
extensive areas along river banks we re 
covered by silt and debris many me tres 
deep. 

Failures of man-made structures may 
also result in extensive erosion and 
deposition . In 1982, the Lawn Lake dam on 
the Roaring River in the Rocky Mountain 
National Park, Colorado , failed (Jarrett 
and Costa, 1986) initiating a catastrophic 
flood . Where the Roaring River debouches 
into the larger Fall River , an extensive 
alluvial fan was deposited within a period 
of only 5 hours . The fan covers an area of 
0 . 25 km2

, has a radial length of up to 0 . 7 
km and consists of bolders,gravel and sand. 
The depth of deposition is up to 14 m, and 
the volume of deposition approximately 3 . 6 
million cubic metres. 

On 11 November 1974, the wall of a 
tailings dam at Bafokeng, Transvaal failed 
by overtopping (Blight et al , 1981) . Before 
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Figure 15: Erosion caused at site of bridge over Mfolozi river 
by Cyclone Demoina (A fter Kovacs, et al, 1985) 
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Figure 16: Siltation in the basin of the Pongolapoort 
reservoir caused by Cyclone Demoina. (A fter Kovacs et al, 1985) 

the failure, the dam ( 900 m by 900 m in 
plar~ and 20 m high) contained 13 mill ion 
cubic metres of tailings . About 3 million 
cubic metres of liquified tailings fl owed 
out through the breach in the wal 1, 
engulfed a vertical shaft of the mine and 
flowed down the valley of t he Kwa- Leragane 
stream . At a distance of 4 km from the dam 
the flood of slurry had spread to a wid th 
of 0 . 8 km , was 10 m deep and moving a t an 
estimated speed of 30 km/h . The flood 
continued into the Elands river and an 
estimated 2 mi llion cubic metres of 
tailings eventually flowed into the 
reservoir of the Vaalkop dam , 45 km 
downstream of Bafokeng . Figure 17 shows a 
stretch of the Elands river after the flood 
had passed showing the light- coloured 
tailings deposited along the river bank s . 

Although the quantities of mate r ial 
transported in these two man- made disasters 
were not nearly as large as may occur in a 
natural event , the examples show that man 
must consider himself to be an agen t of 
significant geological change . 

Mud flows 

In recent years, catastrophic mudflows 
of volcanic ash have been reported from 
various parts of the world Mount St 
Helens in Washington State , and Nevado del 
Ru i z in Colombia are examples of the sites 
of recent flows. 

Volcanic mudflows or lahars occur when 
a snow or ice- capped volcano erupts large 
quantities of ash . The hot ash melts the 
snow- cap , thus saturating the ash . As the 
material will us~ally have been depos ited 
at its dry angle o f repose , the inevitable 
consequence is that the saturated material 
slides, liquifi es , and then flows down t he 
mountainside . 

The Nevado del Ruiz flow (McDowell, 
1986) formed a 40 m high mud- wave that 

Figure 17 : Tailings flow deposited 
along the banks of a river 
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F igure 18 : Rap id weathering of 
a lava flow that has crossed 
a road on Hawaii 

flowed down the Lagunilla river and , 
pouring over the plain below, ann ihilated 
the town of Armero with a loss of life of 
some 23 000. The mudflow eventually 
cover ed an area of 40 km2 to depths of up 
to 3 . 5 m. The flow a ppears to hc.ve moved 
at about 20 km/ h. 

Lava Flows 

The Hawaiian islands are possibly the 
!:>est example of an area where the geology 
consists almost entirely of recent lava 
flows . 

According to Bigelow ( 1982) and (Lum 
1982), the islands were f ormed as the 
Pacific crustal plate slowly traversed a 
hot spot or plume of magma below the crust . 
Each volcano ( and therefore island ) 
originated and became activ e as its site 
arrived over the plume and t hen became 
extinct as it moved away. In this .way a 
chain of islands was formed, ranging in age 
for 5 milJ ion years fo:".' Kauai to three 
mill ion for Oahu to 1 ess t han 1 million 
years for Hawaii . Hence the island o f 
Hawai i is truly a product of the 
Quarternary Era , and is the only state of 
the United States that is still i11creasing 
in area as successive l ava flows encroach 
into the sea . 

The lava on Hawaii weathers 
surprisingly quickly . Figure 18 shows a 
recent lava flow that crossed a r o a d on 
Hawaii . The freshness of the painted line 
on the road shows how recently the flow 
occurred , yet already there is suffi cient 
weathered material present to support plant 
life . The b lack sand beaches of the island 

Figure 19 : Black beach sand 
formed by rap i d weathering 
of lava in Hawaii 

(Figure 19) further in di ca te the r apidity 
with which the lava is weathered. 

This weather i ng is mainly physical. 
However, Lum reports that layers and lenses 
of ash interbedded with the lavas have 
weathered t o form seams of almost pure 
montmor illon i te clay . The presence of 
t hese c lay seams can l ead t o stab ility 
problems i.n road cute. and the sides of 
foundation excavations . 

CONCLUSIONS 

wide- ranging and necessarily 
review has set out to 

Thi.s 
superficial 
illustrate that the Quaternary Era is 
ir.ceed stil l in progress and its geological 
precesses on- going . I"': has also shown by 
i.11 us tratj on t hat ge•)logical. changes 
sign.incant to t he t::ngineer.Lng geolog .i. si: 
and geotechnica l engin eer can take place in 
surpris in gly short periods o f ti~e an~ t hat 
the works of man can be regarded as 
significant to geological change . There 
are many other examples in t he world around 
us that support these t h eses . 
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2. THE NEED TO ESTABLISH OR VALIDATE DESIGN PARAMETERS AND 

PRINCIPLES 

2 .1 

CONTRIBUTIONS TO LEARNING 

In each of the papers 2.1 to 2. 6 field observations and measurements were used to 

establish design principles and requirements that had not been known or were not 

apparent prior to the field investigation: 

The properties of epoxy resin mortars for use in nosings to bridge expansion joints: 

The over-riding importance of differential thermal strains and the necessity to 

accommodate these by creep and relaxation at the epoxy mortar to concrete interface 

was not realized until the field t rials were performed. 

2.2 Field test of a catenary net to protect traffic from mining subsidence: 

Here, the magnitude and importance of the straightening sag of the catenary net in 

reducing loads in the net was not appreciated until the field trial. The concept of 

using a low yield stress, highly ductile annealed steel in contrast to the more usual 

high tensile steel is also novel. 

2 .3 Measurements on a tied-back retaining wall: 

While it was appreciated that the distribution of earth pressure behind the wall was 

unlikely to be the classical active distribution, it was only when the field 

measurements were analysed that the roughly trapezoidal distribution could be 

established. 

2 .4 The concept of the master profi le for tailings dam beaches: 

This work was not entirely original as it was based on earlier Russian work published 
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in Russian. The measurements confirmed the existence of a master beach profile, 

showed that it could be reproduced or established in the laboratory (this was original) 

and demonstrated its consequences for the stability of tailings dam slopes. 

2.5 Lowering of the groundwater table by deep-rooted vegetation-the geotechnical effects 

of water table recovery: 

It is believed that this was the fi rst time that the extensive groundwater lowering that 

is possible with deep-rooted vegetation had been documented in the geotechnical 

literature. It is also believed to be the first time that the consequences of water table 

re-establishment have been identified and analysed. The form of the predicted 

concave-up time-heave curve is quite different to that of the conventional concave­

down time-heave curve. Since writing this paper, observations at the site have 

confirmed the general shape of the predicted time-heave curve, as illustrated by the 

observations of heave at Lethabo Power Station included with the paper. 

2.6 This paper reviews the use of preheaving of expansive clay profiles by flooding . The 

technique is not widely used, possibly because it is not well understood, and also 

because its application needs careful pre-planning. The record shows that the 

procedure is viable and can be completely successful if correctly carried out . 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

.... 

·-

• 

2. THE NEED TO ESTABLISH OR VALIDATE DESIGN PARAMETERS AND PRINCIPLES. 

2.1 Blight, G E and Mitchell, M F (1980). The properties of epoxy resin mortars for use 

in nosings to bridge expansion-joints. The Civil Engineer in South Africa, August 

1980, pp 203-21 o. 

The paper describes the results of a project undertaken for the South African 

Department of Transport. Mr M F Mitchell appears as co-author as a courtesy to the 

sponsoring body. 

2 . 2 Blight, G E and Barrett, A ( 1990) . Field test of catenary net to protect traffic from 

mining subsidence. ASCE Journal of Transportation Engineering, vol 116, No. 2, pp 

135-144. 

This project was carried out for a metropolitan transportation authority via a firm of 

consulting engineers. Mr Barrett was the liaison person representing the consultants . 

I carried out all of the investigation and analysis and wrote the paper. 

2 .3 Blight, G E (1987). Measurements on a tied-back retaining wall. Proceedings, 

International Conference on Soil-Structure Interactions, Paris, France, pp 513-520. 

2.4 Blight, G E (1987) . The concept of the master profile for tailings beaches. 

Proceedings, International Symposium on Prediction and Performance in Geotechnical 

Engineering, Calgary, Canada, pp 361-365. 

2 .5 Blight, G E (1987). Lowering of the groundwater table by deep-rooted vegetation -

the geotechnical effects of water table recovery. Proceedings, 9th European 

Conference on Soil Mechanics and Foundation Engineering, Dublin, Ireland, 
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pp 285-288. 

2.6 Blight, GE, Schwartz, K, Weber, Hand Wiid, BL (1992) . Preheaving of expansive 

soils by flooding-failures and successes, Proceedings, 7th International Conference on 

Expansive Soils, Dallas, Texas. Paper accepted for publication. 

My co-authors consulted me on each of four case histories described in this review 

paper, thus involving me in the practical research attached to each case. I wrote the 

paper and assess my contribution at 60% . 
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The properties of epoxy resin mortars for 
use in nosings to bridge expansion joints 
GE BLIGHT• and MF MITCHELL .. 

Introduction 
In many ways, epoxy resin mortars are ideal materials for 

the construction of nosings to bridge expansion joints. They 
are strong and gain their strength very quickly, thus enabling 
a nosing to be installed or repaired and the road to be re­
opened to traffic with a minimum of delay. A successfully in ­
stalled bridge nosing is extremely durable and will withstan:j 
the effects of many years of heavy traffic with little or no signs 
of wear and tear. 

On the other hand, failures of epoxy resin mortar bridge 
nosings are not uncommon. In the United Kingdom, for in­
stance, Reader and Shaw ' reported that epoxy resin mortar 
bridge nosings were subject to a failure rate of over 15 per cent 
in the two years preceding 1971 and a more recent report2 in­
d icates that the situation has not improved in latter years. As 
epoxy resins are oil-based, their price has risen spectacularly 

• 
in the recent past and -there is a strong move to abandon 
epoxy resin mortar nosings in favour of cheaper but less con­
venient concrete nosings. In the United Kingdom 2 nosings 
of steel fibre reinforced concrete are being used as an al­
ternative to epoxy resin mortar. 

A meeting held by the Department of Transport in 1976 
decided that the apparent increased incidence in South 
Africa of failures of epoxy mortar bridge nosings within a 
short period from installation required the establishment of a 
suitable specification for epoxy resin mortars for this use. As 
it was known that similar problems were being experienced 
overseas, representatives of the epoxy resin industry were re­
quested to collect as much infonnation on the subject as pos­
sible from their overseas parent companies or other overseas 
connections and to send the infonnation to the Department of 
Transport for analysis. 

It soon became apparent that although certain relevant in­
formation was available, it was of a qualitative rather than a 
quantitative nature. It was then decided to generate infonna­
tion on epoxy resin mortars made with South African ma­
terials. Once a suitable spectrum of infonnation had been 
generated, field trials would be instituted to assess the f ield 
behaviour of the potentially most suitable epoxy resin mortars. 

• 
It was decided that laboratory tests should be undertaken 

to establish the following properties for a range of epoxy resin 
mortars: 

1. The effect of aggregate grading on mortar properties 
2. The effect of mix proportions on the following : coeffic ient 

of thennal expansion, flexural strength and failure strain, 
air permeability and bonding properties. 

It appeared from available literature that the above 
properties represented the most relevant parameters for the 
success of an epoxy resin mortar bridge nosing. Once the 
range of attainable properties had been established it would 
be possible to prepare a preliminary draft specification on 
which the field trials could be based. 

Information collected from overseas literature 
Dimensions and proportions of nosings 

The British Ministry of Transport3 specifies a minimum width for 
a nosing of 180 mm and a minimum thickness of 50 mm. 

Differential shrinkage and thermal movement 
Shaw• states that failure of epoxy resin bridge nosings occurs 

University of the Witwatersrand, Johannesburg 
•• Chief Engineer, Programming, National Roads Branch, Department of Transport 

THE CIVIL ENGINEER in South Africa - August 1980 

Geoff Blight, PrEng, graduated from the University of the Wit­
watersrand in 1955 and studied for the MSc(Eng) degree during 
1956. In 1957 and 1958 he was employed as a pupil engineer 
under the tutelage of Mr G H H Legge. He subsequently proceeded to 
the Imperial College, London, where he developed his interest in un­
saturated soils, being awarded the degree of PhD for a thesis enti tled 
'Strength and consolidation characteristics of compacted soils'. On 
his return from the UK he spent a period in the Department of Civlf 
Engineering at Wits, followed by six years in the Geotechnical D1~ 

vision of the National Building Research Institute working on the de­
sign of waste disposal dams. Blight was appointed to the Chair of 
Construction Materials at Wits in 1969, a position which he still 
holds. His current technical interests cover the fields of geotechnics 
and the mechanics of civil engineering materials. 

M F Mitchell, PrEng, graduated in Civil Engineering at Natal Uni­
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years in geotechnical and pavement engineering. He is currently 
Chief Engineer (Programming) in the National Roads Branch of the 
Department of Transport and a member of both the Geotechnical and 
the Highway and Traffic Engineering Divisions of the Institution. 

mostly by detachment of the epoxy mortar from the deck because of 
the difference in coefficients of thermal expansion between the 
epoxy resin mortar and the deck concrete. Curing shrinkage was 
stated to be unimportant as 'most of the cure shrinkaae occurs while 
the epoxy resin mortar is stil l plastic '*** -Th is observation resulted 
in the evolving of a simple test in wh ich a specimen of epoxy res in 
mortar 6 mm thick, 50 mm wide and 150 mm long is bonded to a 
degreased glass panel. After curing the composite glass epoxy 
spec imen is thermal ly cycled from 0°C to 50°C over 1 O cycles and 
any signs of debonding are regarded as grounds for rejection of tha t 
part icu lar formulat ion. 

The suggested3 design temperature range for bridges in the 
United Kingdom is from 32"C to -7"C and the design differential 
temperature between any two parts of a bridge is 8"C. 

Loads or stresses sustained by bridge nosings under traffic loading 
The British Ministry of Transport3 states that a bridge expansion 

joint should be capable of carrying two vertical loads, each of 
112 kN, 0,9 1 m apart, having a contact area of 380 mm long by 
76 mm wide for each load. The load is to be applied to the edge of 
the expansion gap. In addition a horizontal load of 81 ,6 kN/ m should 
be applied at road level. 

Required properties of materials 
The British Ministry of Transport3 requires that an epoxy resin 

mortar for use in bridge nosings should contain not more than 6,5 
parts by weight of suitable f ine aggregate to one part by weight of 
resin. Unfilled resins develop large strength but are relatively 
brittle. A moderate strength and increased toughness can be ob­
tained by adding a mineral aggregate. A later statement5 requires 
information on the following materials properties: 

1. Classification and source of aggregate 
2. Grading curve for 'all-in' aggregate 
3. Water absorption, impact and abrasion properties of aggregate 

Trade literature on the properties of epoxy mortars recommended 
for use in bridge nosings gives the following range of required 
properties: 

•••oata given later in t h is paper contradict this sta tement . 

203 
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One-week bending strength, 15 to 30 MPa 
One-week tensile strength, 1 0 to 20 MPa 
Thermal expansion from -30"C to + 25"C. 35 x 10- 6 per "C 
Compressive strength, 45 to 60 MPa 
Density, 2 200 to 2 400 kgm- 3 

Trials or tests of epoxy mortars for bridge nosings 
The British Ministry of Transport5 requires a successful field 

trial before approving an epoxy resin mortar for use as a bridge 
nosing material. as follows: 

A complete expansion joint. using the formulation under test. must 
be installed on a bridge carrying not less lhan 1 2 000 vehicles per 
day on a single carriage-way of a dual two lane road or equivalent. 
The trial period for epoxy mortar nosings is a minimum of 1 2 
months under these traffic conditions. After this period the nosings 
are inspected for defects. 

Laboratory tests on epoxy resin mortars made from South 
African materials 
Tests on aggregate materials 

Two resin suppliers supplied samples of aggregate for use in 
the laboratory tests. These were : 

1. Fine. medium and coarse aggregates consisting of white 
silicious material with a cubical grain shape. Fig 1 (a) shows the 
gradings of these three aggregates (A) individually and also the 
gradings of a 1 :1 :1 mixture of coarse. medium and fine aggre­
gate and a 2:1 m ixture of coarse and fine aggregate. 

2 . Fine. medium and coarse aggregates of which the fine aggre­
gate was a natural river sand and the medium and coarse aggre­
gates were angular crushed dolerites. Fig 1 (b) shows the 
gradings of the second (B) fine medium and coarse aggregates 
as well as combined gradings for a 1 :1 :1 coarse, medium and 
fine mixture and a 2: 1 coarse and fine mixture of the aggregates. 

As a guide to the suitability of the different gradings a series of 
dry compaction tests were carried out in which a standard proctor 
mould of known mass was loosely filled with aggregate of each 
grading and then weighed. The mould was heavily vibrated for 5 
minutes. adding material to keep the mould full. The mould of 
vibrated material was then weighed. Hence the loose and com­
pacted densities for each aggregate grading were calculated. The 
results are as shown in Table 1. 

Table 1 
Loose and vibrated densities of various dry aggregates 

Aggregate Overall Description of grading Loose Vibrated Ymin Ymax 
particle density density G; Gs 
specific 

Ymin Ymax mass 

Gs 
kgm.:; kgm.:; kgm.:; kgm .:; 

A 2.64 Fine 1 572 1 729 59 5 655 

I 
1 :1 :1/ Coarse:Medium : 1 645 1 794 62 3 680 

Fine 
2 : 1 / Coarse:Fine 1 679 1 807 636 684 

B 2.72 Fine 1 391 1 593 51 1 586 
1:1:1 / Coarse:Medium : 1 942 2114 71 4 777 

Fine 
2 : 1 / Coarse:Fine 1 994 2 047 73 3 753 

It will be seen from Table 1 that grading has a considerable 
effect on both loose and vibrated density of the dry sands. even 
allowing for the effect of differing particle specific gravity (Gs) by 
dividing the densities by the relevant value of Gs As a result of these 
preliminary tests it was decided to use a 1 :1 :1 coarse : medium : 
fine mix of aggregate A (see Figure 1 (a) ) which represents a 
continuously but steeply graded sand and a 1 : 1 : 1 coarse : medium : 
fine mix of aggregate B (see Fig 1 (b)) which represents a flat grading 
with a double gap. Table 1 shows that these gradings do not give the 
extremes of the density range but are probably representative of 
gradings that are likely to be used in practice. 

Resins used in the tests 
Five resin suppliers volunteered to supply samples of resin 
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Fig 1: Grading curves for aggregates used in laboratory test pro­
gramme 

which they considered suitable for use in epoxy resin mortar bridge 
nosings. 

Test programme 
Beams measuring 40 mm by 40 mm in cross section and 

1 60 mm long were cast using proportions of aggregate to resin of 
2 :1. 4 :1. 6 :1 and 8 :1 by mass. It soon became apparent that a 2 :1 
mixture is too resin-rich as severe segregation occurred of the 
aggregate from the resin. The result was a beam with almost all 
resin at the top and the bulk of the aggregate concentrated at the 
bottom of the beam. As a result of this segregation erratic test 
results were experienced with the 2:1 ratio beams. All the beams 
were cured at 24"C for a minimum period of 3 weeks. which in all 
cases exceeds the minimum curing period specified by the manu­
facturers. After the beams were fully cured they were faced on a 
diamond saw and a diamond face grinder and the following test 
programme was performed: 

1. Coefficient of thermal expansion and contraction: At the curing 
temperature of 24"C the length of each beam was measured to 
the nearest 0,01 mm using Vernier callipers. The beams were 
then placed in a freezer at O"C and allowed to equilibrate to 
this temperature (a 24-hour period was used). after which the 
length was remeasured. The beams were then removed from the 
freezer and allowed to recover to curing temperature. At this 
stage their length was again measured. Typical results of these 
tests are shown in Fig 2. 
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Fig 2 : Variation of coefficient of thermal expansion for four resins 
and two aggregates at various aggregate : resin ratios 

2 . Flexural strength and failure strain: The beams were tested in 
4 -point bending using a span of 150 mm with equal loads 
applied at the third points of the span. The load-deflection 
curve for the beam was autographically recorded in each case 
and from the autographic recording and the maximum recorded 
deflection and load. the bending strength and bending strain at 
maximum load were computed . To assess the effect of tempera­
ture on strength and failure strain, bending tests were carried 
out at temperatures of 0°C and 24°C. Typical results of these 
tests are shown in Fig 3. 

3. Air permeability: As an indication of the permeability of the resin 
mortar. air permeability tests were carried out on broken halves 
of beams of each resin and aggregate to resin ratio. To do this 
half-beams measuring 80 mm long by 40 mm square were 
sealed into a square steel tube and air pressure was applied to 
one of the 40 mm square faces so that the air tended to perco­
late along the axis of the specimen. Permeability could then be 
measured by means of the 'falling-head' method.6 

4 . Differential thermal expansion - bond tests: All specimens sub­
jected to this test were made up at an aggregate to resin ratio of 
6 :1. The glass plates were of approximately the same thickness 
as the epoxy resin specimens (5 mm as against 6 mm for the 
epoxy resin) . By means of thermocouples buried in the epoxy 
resin mortar at the epoxy-glass interface it was ascertained that 
the specimens required three hours to come to equilibrium with 
a new temperature. Cycling was carried out as follows: 

Ambient (about 20"C) to O"C (3 hours) 
O"C to ambient (3 hours) 
Ambient to 50"C (3 hours) 
50"C to ambient (3 hours). etc 

It was noted that some debonding had occurred during cur ing of 
the mortars. This was recorded and the specimens w ere re­
examined after 10 thermal cycles . After assessing the debonded 

THE CIVIL ENGINEER in South Africa - August 1980 

~ 
l: 
<:: 
;, 
c:: .. 
~ 
V) 

~ 
" " .. 

;;:: 

~ 

.!': .. ... 
V) 

.. ... 
" 
~ 

50 

© Rtsin3 

,0 '0 
8 

~ 
30 

20 

I I 1 10 I 
2 6 8 2 6 

2 2 

8 

0 0 

2 6 8 2 6 

Mass Ra t io of Aggrrgat• to Res in 

A @ Aggrrgatr A 

A 8 T•sts a t 2 ,.C 

B@ Aggrogatt 8 

~ r .sts di o•c 

8 

8 

Fig 3: Variation of flexural strength and failure strain for four resins 
and two aggregates at various aggregate : resin ratios 

area visually through the glass from the back of the specimens. 
they were pried loose from the glass and the debonded area was 
again checked visually. 

Discussion of results from laboratory tests 

1. Coefficient of thermal expansion and contraction 
Figs 2 (a), (b). (c) and (d) show the results of measured coefficients 
of thermal expansion and contraction. It will be seen that for all 
resins the coefficient of thermal expansion tends to decrease 
with increasing aggregate to resin ratio ; however, the decrease 
is marginal when one considers that most of the coefficients of 
expansion are in the range from 40 to 70 x 10-5 per "C while the 
coefficient of thermal expansion of reinforced concrete is only 
1 0 to 12 x 1 o-6 per °C. It is therefore clear that relatively large 
differential thermal strains will develop in an epoxy resin bridge 
nosing as it cools from an average ambient temperature of say 
2 O"C to O"C. 
The resin showing the lowest coefficient of thermal expansion 
had a coefficient of about 40 x 1 0-5 per "C. In cooling from 
20"C to O"C a mortar with a coefficient of thermal contraction of 
42 x 1 o-6 per "C would experience a strain differential with 
respect to reinforced concrete of 0 ,06 per cent whereas a 
mortar with a coefficient of thermal expansion of 72 x 10-5 "C 
;,.,ould experience a differential strain of 0 , 12 per cent in cooling 
through the same temperature range. This will be looked at later 
when considering failure strains in tension of the epoxy resin 
mortars. 

2 . Flexural strength and failure strain 
The results of typical beam bending tests are shown in Figs 
3(a), (b), (c) and (d). 

Flexural strength: The flexural strength at O"C was generally 
greater than corresponding values at 24"C. In most cases 
flexural strength increased to a maximum at an aggregate to 
resin ratio of about 6 :1 with larger increases being recorded 
using aggregate B than aggregate A. The highest bending 
strengths were recorded with resin 4; however, the bending 
strength using this resin declines as the aggregate to resin ratio 
is increased. These tests showed that at aggregate to resin ratios 
of 6:1 and 8 :1 flexural strengths can be very large with 20 MPa 
easily attainable. 

205 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Failure strains: Failure strains are generally much less than 1 per 
cent but it will be noted from Figs 3(a). (b) (c) and (d) that it is 
perfectly possible to achieve a failure strain that is greater than 
the value of 0 , 12 per cent quoted in an earlier section as the dif­
ferential thermal strain that would be experienced between an 
epoxy resin mortar bridge nosing and the reinforced concrete 
bridge structure in cooling from 20"C to O"C. Surprisingly, with 
certain of the mortars (notably those using resins 3 and 4 to­
gether with aggregate 8) the failure strain at O"C was found to 
exceed that at 24"C. This is a factor very much in favour of the 
use of th is type of formulation. It is again noteworthy that the 
performance of mortars made w ith aggregate B tended to be 
superior to that of mortars made with aggregate A. 

3. Air permeability 
All of the mortars tested in this series were completely im­
pervious to air. 

4 . Differential thermal expansion - bond tests 
This appeared to be an extremely severe test. The thermal 
changes are so severe that in several cases the glass to which 
the epoxy was bonded cracked. As the test appeared to be so 
stringent. it was not included in the preliminary draft specifi­
cation. 

The laboratory work illustrated the importance of the grading of 
the aggregate used for epoxy resin mortar. Gradings can cause 
large differences in the behaviour of mortars which are otherwise 
identica l. It also illustrated that the coefficient of thermal ex­
pansion or contraction of epoxy resin mortars is very large compared 
with that of reinforced concrete. This showed that one of the major 
potential sources of trouble with epoxy resin mortar bridge nosings 
is the differential thermal strain of the epoxy resin mortar relative 
to the reinforced ' concrete bridge structure. 

The tests showed that the effect of low temperatures is to in­
crease the strength of epoxy mortars and usually to low er their 
failure strain. However, the use of combinations of certain resins 
and aggregates can provide a mortar, the failure strain of w hich is 
actually increased at lower temperatures. Finally, well compacted 
epoxy resin mortar can be completely impervious. 

The preliminary specification, based on the laboratory tests, 
called for minimum values of the: 

1. Density of the compacted dry aggregate 
2. Coefficient of thermal contraction from 25"C to 0° 
3. Flexural strength and failure strain 
4 . Air permeability. 

It also specified the: 

• 5. Minimum dimensions and shape of nosings. 

In addition, acceptable test methods for aggregate and mortar were 
described and acceptable methods of installation were also given. 

Field trials based on the preliminary draft specification 
A bridge on the Johannesburg Western Bypass was made 

available for field trials on nosings constructed in accordance with 
the first draft specification. The bridge had three expansion joints 
on each carriageway giving a possibility of six trial bridge nosings. 
The five suppl iers who had provided resins for the laboratory pro­
gramme were invited to install tria l bridge nosings in accordance 
w ith the draft specification. A ll accepted the invitation and after 
preliminary acceptance tests on the materials they proposed using. 
the trial nosings were installed during September and October 
1978. A number of defects became apparent within the first month 
after installation. The most important of these were: 

1. Disbonding of the nosings from the concrete bridge structure 
2. Interlayer bond failures where the epoxy mortar had been placed 

in two layers 
3. Transverse shrinkage cracking of the nosings. 

Disbonding from the concrete 
Four of the six nosings became disbonded from the concrete to 

such an extent that repairs had to be effected. Three of the nosings 
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became so badly disbonded that they were removed and replaced 
while the remaining nosing was partially replaced. 

In every case the disbonding had occurred by a horizontal 
fracture through the concrete leaving a 10 mm to 20 mm layer of 
concrete adhering to the epoxy mortar. This is clearly illustrated by 
Fig 4. This experience indicated that the failures had occurred as a 
result either of differential thermal movement between the epoxy 
mortar and the concrete or, possibly, as a result of curing shrinkage 
of the epoxy mortar. It also showed that the shear strength of the 
epoxy mortar exceeded that of the bridge concrete after a relatively 
short period of curing. 

Fig 4: Thin layer of concrete adhering to underside of epoxy mortar 
nosing after disbanding fail\!re 

The fact that two of the nosings did not suffer disbonding even 
though their coefficients of thermal contraction were similar to those 
that had become disbonded indicated that properties, additional to 
those that had been included in the draft specification, are required 
for an epoxy mortar to function satisfactorily when bonded to con­
crete. In fact. it appears that an epoxy mortar must be able to 
accommodate by creep the differential thermal movement that 
occurs daily (and possibly also curing shrinkage). If sufficient creep 
does not occur, the concrete w ill inevitably be fractured in shear as 
shown in Fig 4. 

Interlayer bond failure 
One of the experimental nosings that had been placed in two 

layers suffered an interlayer bond failure as shown in Fig 5. The 
nosing was placed on an exceptionally hot day and it is suspected 
that the heat caused the surface of the lower layer to partly cure 
before the top layer was placed. The lack of bond between the two 
layers became apparent within 14 days of placing. 

Fig 5 : Interlayer bond failure of a nosing placed in two layers 

Transverse cracking 
One of the nosings developed transverse cracks over its entire 

length with a spacing of about 0 ,5 m (see Fig 6). The crack widths 
were measured by means of feeler gauges and the strain derived 
from these measurements was found to amount to nearly 0, 1 per 
cent. Curing shrinkage appeared to be the most likely explanation 
for the cracking and a series of measurements were made in the 
laboratory to investigate this. 
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Fig 6 : Transverse cracking of nosing as a result of curing shrinkage 

Beams of epoxy mortar were cast and immediately stored at 
25°C. As soon as the mortar was hard enough, strain measuring 
targets were fixed to a pair of opposite sides of each beam and the 
shortening of the beams was observed (at constant temperature) 
for a period of a month. The results of these measutements are 
shown in Fig 7. The findings contradicted the statement by Shaw4. 
quoted earlier, as it was found that very significant curing shrinkage 
occurs w ithin the first five days of casting . It was also found that the 
mortar that had cracked (Fig 6) so badly did not by any means dis­
play the worst curing shrinkage. This reinforced the view that creep 
w ithin a mortar is important as a means of relieving stresses re­
sulting from therma l and curing movement. 

Comparison of results of acceptance tests with those of tests on field 
samples 

Prior to installing the trial nosings, the suppliers had submitted 
details of the mixes they proposed using and samples of their 
materials for acceptance testing in accordance with the prelim inary 
specification. During the installation of the nosings samples of the 
mortar were taken for laboratory check testing. For conven ience. 
1 50 mm cube moulds were used for this sampling and, after curing, 
each cube was sawn into four beam lets measuring 40 mm square 
and 1 50 mm long. These were tested for dens ity, coeffici ent of 
contraction. flexural strength, fa il ure stra in and, finally , resin 
content. The latter was established by ign iting samples of the 
mortar and separate samples of the aggregate at 1 000°C . 

A comparison of the results of the preliminary acceptance tests 
and the control tests is shown in Table 2. It will be seen that large 
discrepancies between specified and actual properties occurred in 
the resin contents. In one case the field resin content was only 63 
per cent of the specified value. Field flexural strengths and failure 

• 
stra ins were generally larger than those establ ished in the laboratory 
acceptance tests, as were field coefficients of contraction. . 

Table 2 both shows the difficulties of field control of materials 
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Fig 7 : Curing shrinkage of epoxy resin mortar beams stored at 25°C 

and emphasizes its importance. The last material entered in the 
table, for instance, performed unsatisfactorily but would probably 
have performed adequately, had It been to specification. 

Reintroduction of the thermal cycling test 
Prior to the experience of the field trials, the thermal cycling 

test• had been rejected as being too severe. It was later realized 
that this test is probably a good simulation of the stresses undergone 
by a nosing in the field and it was decided to perform thermal 
cycling tests on all of the materials used in the trial nosings. The re­
sults of these tests are shown in Table 2 and it will be seen that 
there is an excellent correlation between a low percentage de­
bonding in the therma l cycling test and satisfactory performance 
of a nosing. It was therefore decided to incorporate the therma l 
cycl ing test into the specification. 

Concluding remarks 
At the time of writing, the trial bridge nosings have been in place 

for 1 6 months. Most of the defects showed up in the first month 
after installation, whereafter the condition of the nosings appeared 
to stabilize. In recent months only secondary faults appear to be 
manifesting themselves. For example, the nosing with the low resin 
content is now chipping at the edges and beginning to crack trans-

Summary of resu lts of tests on cubes taken from material laid as experimenta l bridge nosings 
(All figures are the mean of four separate determ inations) 

M ean coefficienr Shrinkage 

of conrraction at 25 °C Debonding 
Mean density of 25°C to O"C x Mean flexural Mean failure Resin content after 30 days after thermal Performance 

mortar kgm..3 TO-" 0 C- ' strength MPa strain % (by mass} µe cycling test of nosing 
(Tµe= T.10-"} % of area on bridge 

Laboratory Field Laboratory Field Laboratory Field Laboratory Field Specified Actual 

2 083 2 071 36 37 23,4 33,6 0,58 0,89 Volume mix 14,9% 380 4,8 % Satisfactory 
after minor 
repa irs 

2 103 2 119 25 25 22,8 37,4 0,41 0,82 14,3% 12,6% 360 21 ,8% Unsatisfactory 

1 947 1 947 39 41· 18,6. 36,1 0,56 1,16 16,7% 17,4% 180 82,8% Unsatisfactory 

2 123 2 112 38 50· 16,5. 26,4 0.58 1,93 Volume mix 15,1% 700 4 ,3% Satisfactory 

2 146 2 129 31 35 22,4 35,8 0 ,56 1,09 12,5% 10,6% 370 0 Satisfactory 

2 250 2 243 17 20 26,4 33,3 0,44 0,69 12,5% 7,9% 190 0 Unsatisfactory 

• Did not comply w ith draft specifications 
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versely, signs of debonding are developing next to some of the cross 
cuts' in other nosings. etc. 

Only time will tell whether the long-term behaviour of the 
nosings will be satisfactory. However. it is believed that the specifi ­
cation in its latest form (the latest draft is attached as Appendix 1 ) 
goes a long way to resolving the problems of the epoxy resin mortar 
bridge nosing. 
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Appendix 
Draft specification for epoxy resin mortars for 
use in nosings to bridge expansion joints 

1 . Scope of specification 
This specification covers the required properties of 

(i ) aggregate 
(ii) epoxy resin mortars 

for use in nosings to bridge expansion joints and also the minimum di­
mensions of such nosings. 

In addition to the mandatory clauses of the specification which follow. 
notes for the guidance of the supplier and the contractor are given which 
deal with : 

(a) acceptable t-:st methods for aggregate and mortar; and 
lb) acceptable methods for the installation of epoxy mortar bridge nosings. 

2. Materials - general 
Aggregate and resin shall be supplied in pre-packed kits w ith clear in­
structions for mixing. The aggregate shall be supplied ready-mixed as a 
single material. 

3 . Aggregate 
3 . 1 General 

A sample of the aggregate it is proposed to use in the epoxy mortar 
shall be submitted to the engineer for inspection before proceeding 
with further testing. All testing shall be performed by a laboratory 
which is acceptable to the engineer and independent of the resin 
supplier and contractor. 

3.2 Aggregate particles 
Aggregate particles shall consist of fresh unweathered crushed rock 
or clean river sand containing no weathered particles. For example. 
sound quartzite, dolerite. granite and dolomite are acceptable 
materials for crushed aggregates. Shales, schists. mudstones and 
any materials showing visible signs of weathering are unacceptable. 
River sands and washed pit sands shall consist of quartz particles 
only. Sand containing particles of shale and particles of any 
weathered rock are unacceptable. 

3 .3 Aggregate grading 
Aggregates shall be graded from the largest to the finest particle 
size. The largest particle size shall be 9 ,5 mm and no aggregate 
shall contain more than 5 per cent by mass of particles wh ich pass 
a 0 ,075 mm mesh. If material finer than this is requ ired as a filler, 
only quartz flour shall be used for this purpose. 

There is now some doubt as to the efficacy of these cross-cuts. They may actually 
do little to rel ieve differential thermal strains. but instead act as starter flaws for 
the propagation of disbonding. 
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3.4 Compacted density of aggregate 
A sample of the graded aggregate shall be compacted in accordance 
with Method 1 described in Appendix 1: Acceptable Test Methods. 
The ratio of the mass per unit volume of the compacted aggregate 
to the average mass per unit volume of the aggregate particles 
shall be not less than 0 . 7. 

4. Epoxy resin mortars 
4 . 1 Mix proportions 

The ratio by mass of aggregate to resin in an epoxy resin mortar 
proposed for use in a bridge nosing shall be stated by the supplier 
and the contents of kits shall be in these proportions. 

4 .2 Therms/ cycling performance 
The mean of the disbanded areas of three separate specimens 
which have been subjected to the thermal cycling test described 
in Appendix 1 : Acceptable Test Methods shall not exceed 5 per 
cent. 

4 .3 Bending strength 
The bending strength of the fully cured mortar measured in a four 
point bending test as described in Appendix 1: Acceptable Test 
Methods shall be not less than 20 MPa at a test temperature of 25"C. 

4.4 Failure strain in bending 
The failure strain in the bending test described in 4 .3 above shall 
not be less than 0.40 per cent. 

4.5 Compacted density 
The compacted density of the epoxy resin mortar test specimens 
shall be recorded for comparison with the density of test specimens 
taken during installation of the nosings. The density of the field 
compacted specimens shall be at least 90 per cent of the mean 
density of the specimens compacted in the laboratory. 

5 . Minimum dimensions of bridge nosings 
The minimum width of a nosing measured normal to the expansion 
joint shall be 180 mm. The minimum thickness measured normal to the 
road surface shall be 50 mm. In the event that it becomes necessary to 
place a nosing in two or more layers of material, the delay between the 
placing of successive layers shall be minimized as far as possible. If the 
preceding layer is no longer workable by the time the next layer is placed. 
the interface between the two layers must be lightly primed w ith freshly 
mixed epoxy resin immediately before placing the next layer. 

6 . Shape of bridge nosings 
The ratio of the w idth of a nosing to its maximum thickness shall not be 
less than three. 

Appendix 1; Acceptable test methods 

A 1. 1 Density of compacted dry aggregate 
The object of using an aggregate wh ich is graded and not single 
sized is to achieve a high compacted density. There are many types of 
grading wh ich w ill ach ieve a high density, eg a continuous grading or 
a single or double gap grading. The grading selected in a particu lar 
case will depend on the aggregate available. For th is reason the 

specification calls only for a minimum compacted dry density but does 
not specify the grading curve wh ich is to be used to achieve th is. 
A standard proctor mould of measured mass is filled with the graded 
aggregate and then placed on the table of a Vebe· vibrator. The 
mould is vibrated for 5 minutes, adding material to keep the mould 
full. After 5 minutes the material is struck off level w ith the top of the 
mould and the mass of the mould of vibrated material is measured. 
Hence the mass per unit volume of the compacted aggregate is de­
term ined. To allow for differences in the mass per unit volume of the 
aggregate particles from one material to another, the mass per unit 
volume of the compacted aggregate is d ivided by the mass per unit 
volume of the aggregate particles (the particle specific gravity) and 
the resultant figure should be not less than 0 , 7 . 

A 1 .2 Pre-acceptance tests on epoxy mortar resins 
Thermal cycling tests are carried out on specimens of epoxy resin 
mortar that measure 1 50 mm long by 50 mm wide by 1 5 mm deep. 
The specimens are bonded in threes to pieces of 6 mm thick plate glass. 
Specimens for the thermal cycling tests are cast in a sheet metal 
mould such as that shown in Fig 1. The inside surfaces of the mould 
are wiped or sprayed with a releasing agent before placing the epoxy 
resin mortar. The surface of the plate glass is carefully de-greased 
by washing in tri-chlorethylene which is allowed to dry off before 
casting the specimens. 
Measurements of the bending strength and the bending strain at 
failure are carried out on prisms of epoxy resin mortar meas'uring 

• 851881 : Part 2. 1970 
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~~mm 
15mm Iii 

150mm 

Fig 1: Strip-metal mould for thermal cycling tests 

40 mm square in cross-section and 160 mm in length . For this 
purpose machined steel moulds with plane smooth surfaces should 
be used. The interior surfaces of the mould should be wiped or 
sprayed with a releasing agent before fill ing. 
After drying the graded aggregate at 1 05"C for 16 hours and then 
cooling to room temperature it is thoroughly mixed with the correct 
proportion by mass of resin. 
The moulds are then filled. the mix being compacted into the mould 
by means of rodding and vibration for a minimum time of 5 minutes. 
After completing the compaction the upper surface of each thermal 
cycling specimen or prism is !rowelled to as smooth a finish as 
possible. 

Alternatively, a slab of epoxy resin mortar 40 mm in thickness may be 
cast and. after curing, sawn into beams measuring 40 mm square by 
1 60 mm long for thermal contraction and strength testing. 

A 1.2. 1 Thermal cycling test 
After casti ng the thermal cyc ling specimens they are cured at 
25° C for 21 days to allow all cur ing shr inkage to take place. 
The specimens are then placed in a refrig erator at 0°C for 8 
hours. allowed to return to ambient temperature. placed in an 
oven at 50° C for 8 hours and aga in allowed to return to 
ambient temperature . The specimens are taken through 10 
such cycles of cooling and heat ing. 

The a~eas of mortar that have become disbonded from the 
glass can be observed through the glass to which the 
specimens are adhering.· The disbonded areas are outlined 
using a marking pen and the perimeter of the specimen and 
the outlines of the disbonded areas are transferred onto 
tracing paper. The shape of the specimen is cut out of the 
tracing paper and th is piece of paper weighed. The dis ­
bonded areas are then cut out and the paper is re-weighed. 
The loss of mass divided by the original mass represents 
the percentage of disbonded area. 
A minimum of three specimens of each mortar should be 
tested and the results of all three tests reported. 

A 1.2.2 Measurement of bending strength and failure strain in bending 
The prisms are supported on rollers over a span of 150 mm. 
One of the moulded sides of the beam should be placed in 
contact with the supporting rollers. A spreader beam with a 
pair of loading rollers having a spac ing of 50 mm is placed 
symmetrically on the upper surface of the beam and a dial 
ga uge graduated to 0.0 1 mm is arranged so as to record the 
mid-span def lection of the beam. (See Fig 2. The arrangement 

w 

SPREADER BEAM 

.------'----""'L----.LOA DI NG ROLLER 

EPOXY MORTAR BEAM 

LOADING ROLLER 

W;2 

DIAL GAUGE 

Fig 2: loading arrangement - bending tests 

of the dial gauge will differ depending on the testing system 
available .) The beam is then loaded to failure and the 
maximum load and the mid span deflection at maximum load 
recorded . The rate of loading should be adjusted to 5 000 kN 
per minute so that failure occurs within a period of 1,5 to 2 
minutes. The bending strength of the beam is then calculated 
from the relationship 

ob = 2,34 x 10-3 WMPa 
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where Wis the failure load measured in Newtons. 

The failure strain in bending is calculated from the relation ­
sh ip 

cb = 0 .71 l> per cent 

where l> = the mid span deflection of the beam at failure. in 
mm. 

In this test. also. the bending strength and failure strain in 
bending should be measured on at least 5 specimens and the 
results of all 5 tests should be reported . 

Appendix 2: Placement of epoxy resin mortar bridge nosings 

A2. 1 Preparation of joint 

(a) The expansion joint in the concrete structure is located by chopping 
away the premix over the joint in three areas. ie one at each kerb 
and one in the centre. 

(b) Once it has been established that the joint is straight. the desired 
w idth of premix to be removed is marked using a 3 mm nylon 
rope and white spray paint. Care must be taken to include the 
eventual expansion jqint with the desired widths of the proposed 
nosings on either side of it. 

(c) The premix is then cut right through to the concrete and removed. 
(d) The exposed concrete is lightly bush-hammered to remove all 

premix primer and laitance and to expose the aggregate in the 
concrete. Care must be taken in this operation to prevent spalling 
of the concrete at the joint faces. An absolute minimum of the 
structural concrete must be removed in this operation. Any loose 
or cracked pieces resulting from spalling or other breakage should 
be removed prior to priming the area. 

A2.2 Mixing of epoxy mortar 

(a) Mixing is to be carried out strictly in accordance with the res in 
supplier's instructions. These-instructions shall be clearly marked 
on all containers in which the pre-measured components of the 
mix are supplied. 

(b) No hand mixing shall be allowed. 
(c) Mixing machines shall be approved by the engineer and shall 

be specially suited to mixing epoxy resin mortars. 
(d) The two parts of the epoxy resin are mixed to the manufacturer's 

instructions and then added to the aggregate in the mixer. A 
minimum mixing time of four minutes is required for adequate 
dispersal of the resin and thorough coating of the aggregate 
particles. 

(e) While (d) is being carried out. the concrete surface which is to 
accept the mortar is cleaned of dust preferably by a jet of com ­
pressed air. Immediately before placing the mortar, a m ixture of the 
activated resin is applied to the clean dry concrete surface as a 
primer. The primer must be fresh enough to adhere to the 
fingers when the mortar is placed on it. 
Under no circumstances is the epoxy primer to be placed on a wet 
concrete surface. 

A2.3 Placing of the mortar 

(a) Where the joint former used in the construction of the bridge has 
been removed. rolled up paper is inserted into the expansion joint 
to prevent the mortar from fall ing into it. Where the ends of the 
nosing abut against the kerb or the concrete parapet walls of the 
bridge a strip of impregnated soft-board should be provided to 
prevent any bond developing between the epoxy mortar and the 
kerb or parapet. 

(b) The mortar is now placed on the primed surface and compacted 
with a road stamper in layers of not less than 25 mm and not more 
than 50 mm. The compaction should be vigorous enough to 
compact the mortar but not so violent as to crush the aggregate. 

(c) After placing and compaction the mortar is floated level with the 
premix surface with a steel floating trowel and left to cure. 

(d) As soon as the mortar has cured sufficiently to carry the weight of 
the cutting machine (the mortar should have hardened sufficiently 
at this stage to ring when tapped with a hammer) a 6 mm cut is 
made down the centre line of the mortar for the full length of the 
joint. This cut must be made to the full depth of the epoxy mortar 
and must be made on the same day as the mortar is placed to allow 
overnight movement of the structure to occur without cracking 
the partly cured mortar_ Alternatively, a strip of hard-board may be 
placed down the centreline of the nosing to act as a bond-breaker 
between the two halves of the nosing. In this case care must be 
taken that there is no difference in level of the epoxy mortar on 
either side of the bond-breaker strip. The mortar is now left to 
cure overnight. 

(e) On the following day the expansion joint in the mortar is cut to 
the specified width and the material in the joint space is removed. 

(f) Also on the following day 6 mm transverse cuts are made in the 
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epoxy mortar nosing starting from the centre of the roadway and 
at a spacing not exceeding 2 m. 

(g) The specified neoprene seal is installed with a neoprene adhesive 
which is applied to the joint surfaces as well as the seal. Under no 
circumstances is the seal to be stretched during installation. 

(h) For joint spaces of up lo 35 mm in w idth it is recommended that 
the seals be installed with their upper surfaces 6 mm below the 
riding surface whereas joints with spaces in excess of 3 5 mm 
should have the seals installed with their upper surfaces 1 2 mm 
below the riding surface. 

(i) Before the contractor leaves the site the nosing should be tested 
for soundness of bond lo the underlying concrete by lightly 
tapping with a hammer. A clear sharp ring indicates good bond 
whereas a dull hollow ring indicates the presence of disbanding. 

A2.4 Sampling of mortar 
A sample of the epoxy resin mortar should be taken for check testing 
in the laboratory. Ideally, beam moulds of the same dimensions as 
those used for laboratory testing (see A 1.2 above) should be used. 
If not available, 1 00 mm or preferably 1 50 mm cube moulds may be 
used. A minimum of two beam samples or one cube sample of mortar 
should be taken from the material used for each nosing. After com ­
pacting the mortar into the mould or moulds the sample should (if 
possible) be stored on the bridge. adjacent to the nosing from w hich it 
was taken, for a period of 24 hours so that it experiences similar 
early curing conditions. After stripping the moulds, samples should be 
sent to the laboratory for testing. 
The tests to be carried out will consist of: 

(a) A comparison of the density of the field-mixed and compacted 
rr>ortar with that of the laboratory specimens (see 4 .5 above) 

(b) The bending strength (4.3 above) and failure strain in bending 
(4.4 above) should be measured either on moulded beams or on 
beam specimens cut from test cubes. 

(i) If 1 00 mm cubes have been taken. beam specimens mea­
suring 40 mm by 40 mm by 1 00 mm long can be cut from 
them and tested in bending with a central point load over a 
span of 90 mm. 

(ii) If 1 50 mm cubes have been used, beam specimens measuring 
40 mm by 40 mm by 1 50 mm long can be cut from them and 
tested in bending over a span of 140 mm with a symmetrical 
pair of point loads spaced 50 mm apart. 

(iii) For (i) above ob ; 2.11 x 10-3 WM Pa 

"b ; 1 ,980 per cent 

For (ii) above ob ; 2, 11 x 1 0-3 WM Pa 

"b ; 0,820 per cent 

Where Wis the measured load at failure andOis the m idspan 
deflection at failure: W is measured in Newtons andOin mm. 

111111 111 11111 11111111 11 11 11 11111111 11 1111111 111 11 1111 1111111 1111111 11 1111111 11 1 11 1 

Notices 
111 11111 1111 1111 11 11 11 11 1111111 11111 11 111 11 11 11 11 111111 1111111 11 11 11 11 11 111111 11111 

Innovation in industry 
This will be the theme of a conference organized by SEIFSA and 

the CSIR in Pretoria on 25 and 26 February 1981 . The aim of the 
conference is the promotion of research and development and 
innovation in the steel and engineering industry in South Africa . 

All enquiries should be addressed to The Symposium Secretariat 
S. 233. CSIR. P 0 Box 395, Pretoria, 0001 

Water supply and drainage services in developing countries 
This CIB seminar. organized by the NBRI. will be held at the CSIR 

in Pretoria from 30 September to 2 October 1980. Further 
information from the NBRI at tel (012) 86-9211 x 3868. 

Tunnelling '82 
The British Institution of Mining and Metallurgy, with the co­

operation of the British Tunnelling Society, the Institution of Mining 
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Engineers and the Transport and Road Research Laboratory, will 
hold the third international symposium, Tunnelling '82, at the 
Metropole Hotel, Brighton, England, from 7 to 11 June 1982. An 
associated exhibition will feature plant, equipment, material pro­
cesses and ancillary services for all types of tunnelling and under­
ground excavation. 

Papers are invited on practical developments in safety, tech­
nology and cost-effectiveness of all types of tunnelling . The pro­
gramme of technical sessions will include the following principal 
topics: 

Methods and machines - shields, full-face boring machines, dril­
ling and blasting methods 
Geotechnical topics - site investigation, dewatering, grouting, 
freezing, lining and support, ground stability and practical measure­
ments 
Services - planning and surveying, contractual and legal aspects, 
ventilation, safety and health 
Complete projects - tunnels for mining and civil engineering pur­
poses worldwide 

'Abstracts (250 - 300 words) should be submitted to the Secre­
tary, The Institution of Mining and Metallurgy, 44 Portland Place, 
London, W 1 N 4BR. England, before 1 November 1 980. Completed 
manuscripts of approved papers will be required in November 1981. 
Further information is available from the South African member of 
the Organizing Committee. A A T Wilson, Keeve Steyn and Part­
ners, 26th Floor, Durban Bay House, 333 Smith Street, Durban. 

Konferensie oor ingenieursm!nnekragontwikkeling in die 
RSA vir die 21ste eeu 

Een van die grootste uitdagings waarmee die Republiek te 
kampe het en in toenemende mate gaan he, is die van werkver­
skaffing aan 'n snelgroeiende bevolking. Dit is seker die belangrikste 
vereiste vir vreedsame ontwikkeling in ons veelvolkige land. Die 
tegnologie kan hierin onteenseglik 'n belallgrike en trouens on­
misbare bydrae lewer. 

Om te besin oor hierdie bydrae en die optimale voorsiening, 
seleksie, opleiding en benutting van die nodige tegnologiese man­
nekrag word 'n konferensie gereel deur die FVPI in samewerking 
met die Universiteit van Pretoria en die lngenieursafdeling van die 
SA Akademie vir Wetenskap en Kuns. Die konferensie sal gehou 
word by die Universiteit van Pretoria van 4 tot 7 November 1 980. 
Dit sal deel uitmaak van die halfeeufeesviering van die Universiteit 
van Pretoria en die kwarteeufeesviering van die universiteit se 
Fakulteit van lngenieurswese. Ses sessies word beoog: 

1. Die paradoks van toenemende ongeskoolde werkloosheid en 
gelyktydig 'n toenemende tekort aan opgeleide werkers en die 
totale strategie nodig om die probleem die hoof te bied . 

2. Die rol wat tegnologie kan speel in die totale strategie om 
werkloosheid binne perke te hou, die behoefte aan opgeleide 
tegnologiese mannekrag en die opleidingsfasiliteite wat nodig is. 

3 . Akademiese opleiding van blanke ingenieurstegnoloe en teg­
nici. 

4 . Opleiding en benutting van ingenieursmannekrag in die praktyk. 
5. Opleiding van nie-blanke tegnologiese mannekrag, in diens, by 

nywerheidsopleidingsentra, bv tegnikons en universiteite. 
6. Voorligting vir en keuring van tegnologiese mannekrag : die in­

ligting en toetse ter beskikking van skoliere en skoolverlaters om 
hulle te help met die keuse van hulle hoer skoolvakke en loop­
bane. 

Die reelingskomitee vertrou dat sinvolle voorstelle vir impli­
mentering uit die konferensie sal vloei, tov: 

1. Die voorsiening van 'n gebalanseerde tegnologiese mannekrag­
garde van ingenieurstegnoloe, tegnici, ambags- en ander ge­
skoolde werksmanne om in die land se behoeftes te voldoen. 

2 . Beter voorligting aan skoliere en skoolverlaters. 
3 . Die doeltreffende opleiding van leerlinge en studente vir die 

verskillende funksies. 
4 . Die benutting van opgeleides. 

Verdere inligting kan verkry word van Mev M Cronje, Wen­
ningstraat 37, Groenkloof, 0181 · Pretoria (Tel 012-78 3719) . 
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FIELD TEST OF CATENARY NET TO PROTECT 
TRAFTIC FROM MINING SUBSIDENCE 

By Geoffrey Blight,' Member, ASCE, and Andrew Barntt1 

(R.evirwed by the Highway Division) 

· Aasnu.CT: It is often ncccssary to conslrUCt roads across areas dw have been 
undermined at shallow dcpdi or dw are subject to surface subsidence from other 
causes. Surface subsidences can be bridged by incorporating a continuous steel net 
into the road structure . If a subsidence occurs . the net will form a atcnary over 
the void and allow vehicles to pass safely . lbe paper describe the requirements 
for the design of such a catenary net and reports on the results of a near full-siz.c 
field test. 1bc design depends for its safety on the use of ductile annealed steel 
for the net and is intrinsically safe. as an mcrcase in the sag of the net reduces 
the forces it has to carry . 1bc field test showed that thcorcucal expectations can 
be realized in pracncc . It is coocludcd that on the basis of the field test a prototype 
catcnary-supponcd road can be constructed. 

INTRODUCTION 

There are many areas in the world where mining , especially for coal , has 
taken place at depths as shallow as I 0-15 m or less below surface. The 
areas may be extensive. or may only constitute a relatively narrow band 
along the outcrop of a reef. Both conditions exist in the Witwatersrand area 
of South Africa, where rich coal deposits overlie even richer deposits of 
gold. In the central Witwatersrand area, mining of the shallow gold and coal 
took place 80-100 years ago. There is now growing pressure to extend urban 
and industrial development over these shallowly undermined areas . 

There are many different ways of stabilizing ground undermined at shal­
low depth. One method is to fill the voids with mine tailings or pulverized 
fuel ash [e.g . . Blight (1984), Healy and Head (1984), and Stacey (1983)), 
another is to drill into the void, place explosives down the holes. and blast 
out the supporting pillars , thus filling the void with bulked broken material 
[e .g. , Braithwaite and Cole (1 986)]. A third method , particularly applicable 
to the protection of isolated buildings or roads crossing undermined areas , 
is illustrated in Fig. l . A layer of welded steel mesh is incorporated into the 
road structure or into a foundation raft for a building . If a sinkhole forms 
as a result of collapse of a pillar or of progressive collapse of the roof of 
the old workings , the mesh is designed to act as a catenary safety net, as 
indicated by Fig. l . This method has previously been considered by Parry 
(1983). 

FULL-Sc.ALE DESIGN 

An opportunity has recentJy arisen to design a road supported on the ca­
tenary net principle . The road will cross an area undermined for coal where 

'Prof. of Constr. Materials, Univ . of the Wirwatersrand , Johannesburg. P.O. WITS , 
2050, South Africa . 

2Partner, Steffen Robertson and Kirsten . lnc .. P .O. Box 8856. Johannesburg 2000 , 
South Africa . 

NO(e . Discussion open until August I, 1990. To extend the closing date one month, 
a written request must be filed with the ASCE Manager of Journals . The manuscript 
for this paper was submitted for review and possible publication on December 16, 
1988 . lllis paper is part of the J~ of Transpol'falion Engiluerilag , Vol. 116, 
No . 2, March/ April, 1990. OASCE, ISSN 0733-947X/90/0002-0!35/SLOO + S.1 5 
per page. Paper No. 244 i 4. 
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colloo5ed pillar causes 
collopse ol surloce 

AG. 1. Prlnclpal of Catenary Net to Protect Traffic on Ro.d CroHlng Under­
mined Area 

several sinkholes and surface subsidences have occurred in recent years . The 
road has been designed to carry 200 equivalent 80-kN (8-ton) axle loads per 
day with an annual growth of 8%. giving a total design traffic of 3.200,000 
equivalent 80-kN axle loads over the 20-year design life . The pavement has 
been designed conventionally and will have the section shown in Fig . 2 . The 
catenary net will be incorporated in the 300-mm-thick cement-stabilized sub­
base . The cement stabilization is intended to have the double function of 
improving the load-bearing properties and elastic modulus of the subbase 
and protecting the weldmesh from corrosion. Stabilization will be by means 
of 5% of ordinary Portland cement which , tests show . will provide a Cali­
fornia bearing ratio (CBR) of 100%. Eades tests have shown that a 5% ce­
ment addition will ensure a pH of 11 . 7 that is sufficiently high to passivate 
the steel against corrosion . 

Oii °'"*'1taona 01W mm 

i 
I 
I • 

lCll cement 1100.hted 

9'0"'9llY ~ 'UOOOMt 

FIG. 2. Section through Road Incorporating Catenary Net 
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The catenary net will consist of a double layer of annealed weldmesh with 
individual sheets lap-welded together so as to form an integral continuous 
net. The bar diameter for the mesh will be 16 mm and the bar spacing 200 
mm. The weld mesh will be annealed after welding so as to heat-treat the 
welds and improve the ductil ity of the mesh . The elongation at failure for 
the weld mesh over a 200-mm gauge length ;:; 15% before annealing and 
failure invariably takes place at a welded node . After annealing , the elon­
gation at failure varies from 35 to 45% with a mean yield stress of 255 MPa 
(37 .000 psi) and an ultimate tensile strength of 315 MPa (45 ,000 psi) . The 
failures occur randomly. seldom at a welded node . The average permanent 
elongation after failure over an original length of I m is 26'1t . 

Tests on JOO-mm-long lap joints welded from the top onJy , showed that 
fa ilure always occurs away from the lap . Hence the lapped welds do not 
weaken the mesh . 

The design of the catenary net caters for the possible formation of a l O­
m-diameter circular void occurring under the roadway . Under this circum­
stance. the net can carry a superimposed load of 6 .6 kPa (140 psf) over the 
entire 10-m-diameter area at a steel stress of 230 MPa (33 ,000 psi) . This is 
equ ivalent to a total load of 5 18 kN or 50 tons . 

If the load is concentrated towards the center of the collapsed area , the 
mesh may yield . However . the maximum depth of coal removed in mining 
is 2-1 /2 m in thi s area . The mesh can sag by 3.2 m before attaining an 
average elongation of 26%. Hence , if a sinkhole occurs, the load will at 
worst be gently let down to rest on the bottom of the sinkhole . At best, it 
will roll across the depression in the road surface and continue safely on its 
way . Before constructing the first prototype catenary supported road , it was 
decided to test the concept by carrying out a near-full-scale trial. This ex­
periment and its results will be described next. 

REASONS FOR CHOOSING STEEL CATENARY NET SYSTEM 

Consideration was given to two possible systems for spanning the surface 
cavity formed by a sinkhole. 

In the ~ slab system. " the road structure and any traffic loads would be 
supported by means of a reinforced soil-cement beam or slab that would 
span any sinkhole that might form up to a preselected design diameter. This 
system would carry its loads in bending . The system would be reasonably 
effic ient. in that load support would arise from a combination of compression 
in the soi l cement and tension in the reinforcement . However, it would have 
the disadvantage of initially being a rigid system. 

Voids of up to a certain size could form below the reinforced layer without 
being detected from the surface . If the void subsequently enlarged suffi­
ciently. a combination o f a heavy vehicle load and a critical span could cause 
the slab to fail. Once the slab had failed , the reinforced layer would act as 
a catenary membrane with a reduced load-carrying capacity . 

In the catenary net system , the net of reinforcing is incorporated into the 
road structure at approximately the neutral axis for bending. If a cavity should 
form under the road surface, the road structure would span the cavity until 
it failed as an unreinforced slab . This should occur for voids of quite small 
span , probably less than 2 m . The surface depression arising from such a 
failure would be evidence of the cavity underneath , and steps could be taken 
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to fill in the hole and repair the road surface. Provided the cavity did not 
develop to a diameter that exceeded the failure diameter for the design load. 
a safe situation wou!d exist until remedial measures could be taken . 

A number of materials was considered as candidates for the catenary net. 
Polymeric materials were eventually rejected because of their low elastic 
modulus and doubts as to their long-tenn durability when buried in soil. The 
only viable alternative material is steel. This also has the disadvantage of 
having a limited life when buried in soil. However. it is intended always to 
incorporate the steel net into a layer of cement-stabilized soil where the high 
pH environment will protect against corrosion by the same mechanism that 
protects the steel in reinforced concrete . 

Because loads and spans are difficult to estimate in this application . an­
nealed mild steel weldmesh will be used to given au additional margin of 
safety to the design . 

CONSTRUCTION OF EXPERIMENT 

Rather than search for a real mining cavity with which to experiment, a 
simulated cavity of 6 m span was created . This was done as illustrated in 
Fig . 3. A hole measuring 6 m2 in plan. and 4-m deep was excavated and 
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FIG. 3. Layout of Fleld Experiment In Plan and Section 
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FIG. 4(a). Surface Depression Caused under Catenary Net by Collapse-Settle­
ment of Fiii 

then loose ly backfilled to w ithin 400 111111 of the ground surface . A ft e r le v­
e ling the surface of the backfill, a 200-mm-thick layer of cuncre le -aggrcgate 
was placed o n it. This was follo wed by a 100-mm thic k layer o f cemcnt­
stabili zcd so il. A pair of anchor trenches was then excavated parallel to one 
pair of s ides o f the hole . A 100-111111 2 mesh formed of 8 .5-mm-diamcter bars 
was used. This was too heavy for the purpose, but was the onl y annealed 
wcldmesh that could be obtained al !he time . The annea led we ldmcsh was 
laid ou t with one opposite pair of edges turned down into the anchor trenches , 
which we re !hen backfi lled with concre le . The direction at ri ghl angles to 
the anchor trenches represented th(: direc ti on of the continuous catenary-sup­
portcd roadway that was being modeled . After welding and anchoring the 
stee l net, a I 00-mrn cover laye r of soi l-c lement was placed . 

The louse backfill in the hole was settled by cu tting hok s through the 
cemen t-stabi li zed so il laye r and fl ooding the backfill from a wat er tanker. 
The layer of concrete stone ass is ted in distributing the \Va le r over the surface 
of the backfill. The resultant vo id umler the slab was 400- 500-nun deep. 
The experiment was now ready for load testing. 

Fig. 4(a) shows subsidence under the catcnary net that occu1Tcd after heavy 
unseasona l rai ns had saturated the backfill in the ho le and caust:d rhe surface 
to co ll apse prematurely. T hi s shows the extent and nature of the a11ific ial 
surface subs idence . Afte r thi s had occ urred the ne t had to be cul away, the 
ho le was reex cavarcd and the construction of the expe riment was repeated . 

Fig. 4(b) shows the cav ity prod uced under the catenary-supported s lab by 
collapsing the backfill o f the re instat ed experiment. The cav ir y was 450-
500-mm dee p . 

LOAD TESTS 

The set of leve l pegs at the surface of the so il cement slab was leve led 

139 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

• AG. 4(b). Cavity under Catenary Net; Light Area above la Catenary Supported 
Roof; Dark Area below la Collapsed Top of Fiii 

to determine the shape of the catenary-supported slab under its self-weight. 
A light ,trnck was then driven onto the slab as a preliminary test and the 
leveling repeated . 

A twin-axle truck with a rear axle load of 64 k.N was then reversed onto 
the slab . The long axis of the truck was orientated at right angles to the 
anchor trenches and the rear dual wheels were stopped at the midspan of 
the catenary net. Thus the loading on the catenary nee consisted of the 100-
mm layer of surfacing material , plus 64 k.N . The surface of the net was 
leveled again while the truck was in place, and residual deflections were 
recorded once the load had been removed. This procedure was repeated with 
a truck having a rear axle load of 81 k.N . 

Not all of the surface points on the catenary net could be observed while 
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the trucks were in place as certain of the pegs were under the vehicles . In 
the cases of both the 64- and 81-kN loads , a check was made to ensure that 
the underside of the net had not bottomed on the backfill in the hole. In 
both cases there was a clear 150 mm between the underside of the net and 
the top of the backfill. 

ANALYSIS OF RESULTS 

The results of the load test s have been recorded in Fig. 5 in the form of 
level profiles for the catenary slab . The line of the profiles AA and BB is 
shown in plan in Fig . 3 . 

The tension T in a catenary net of width a spanning a distance L in one 
direction only is given approx imately by: 

(W + wal)L 
T=-----

40 
..... . .. .. ... . .. ... . . . .. .. .. ..... . ....... . ..... (I) 

in which w is the uniformly distributed load carried by the net. W is the 
concentrated load . f> is the midspan sag (and wal is small compared with 
W). The greatest difficulty in designing a catenary net lies in estimating the 
value off>. Clearly. other things being equal, the larger f> becomes, the smaller 
T will be. The approach that has been adopted so far. is to calculate the 
value of f> corresponding to yield stress in the steel and then calculate the 
corresponding value of (W + wal) and hence. by comparing with the design 
load to be carried. to establish the load factor for the net. 

In the present case. the sag o corresponding to yield of the catcnary net 
is 300 mm , which quite by chance equals the actual maximum measured 
sag. For the mesh used in the load test , the value of (W + wal) at yield 
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FIG. 5. Profiles A-A and 8-8 of Catenary Net under Lo9d 
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AG. 6. 81-kN Axle Load Supported over Cavity by Catenary Net 

would have been 723 kN as compared with an actual load of 110 kN . Hence 
the load factor was 6 .6. 

Note that for both the 64- and 81-kN loads , the profile under load and 
the profile of residual deflection were almost the same . and the maximum 
deflections for the two loads were not very different <-70 and 300 mm, 
respectively). The maximum stress in the net under the 81-kN load was only 
38 MPa (5.500 ps i). whereas the yield stress was 250 MPa (36.000 psi 1 and 
that under the 64-k.."J load was 36 MPa (5.200 psi ). Hence the movement 
of the net arose al most entirely from irre versible sources such as yielding of 
the anchor trenches , compression of the edges of the hole . and straighten ing 
of the steel forming the net . As the original estimate of the midspan sag of 
the net cannot take these additional sources of sag into account . the estimated 
load carrying capacity of the net will always be conservative . 

Fig . 6 shows the catenary net successfully supponing an axle load at mid­
span of 81 kN . 

EFFECT ON VEHICLE DRIVING INTO CATENARY 

NET-SUPPORTED DEPRESSION 

If a vehicle were to drive through a depression spanned by a catenary net . 
it would be subject to: ( I) Downward acceleration as its wheels entered the 
dip : and (2) upward acceleration as it emerged on the opposite side . 

The downward acceleration cannot exceed I g . but the upward acce lera­
tion would depend on the speed of the vehicle. the maximum sag of the net , 
and the distance over which the vehicle would climb out of that sag . 

A complicating factor would be that the net itself would change shape as 
the wheels rolled across it. An approximate analysis is given by: 
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.. . .. .. . .. . ........... (2) 

in which f = 1hc vertically upward acceleration of the vehicle; v = the con­
stant velocity of 1he vehicle in a horizontal direction; I = the distance over 
which the vehicle climbs out of the depr.::ssion; and o = the depth of depres­
sion climbed out of over dis tance l. 

This expression shows that the vertical acceleration can be severe and is 
approximately 2.5 g at a speed of 50 km/h (31 mph) and IO g at a speed 
of 100 km/h (62 mph) . These accelerations would, of course, be of short 
duration (0.1 s at 50 km/h and 0.05 s at 100 km/h). Because of the spring­
ing of the vehicle . the driver and any passengers would be subjected to less 
acceleration than the vehicle . 

To place these accelerations into perspective, a human blacks out if sub­
jected to a sustained acceleration of at least 8 g. Passengers in commercial 
aircraft are often subjected to short-term accelerations of 2 g without adverse 
effects. An acceleration of 8 g can be tolerated without ill effects if it is of 
short duration (less than 0 .50 s). 

The answer to the acceleration problem appears to lie in placing a per­
manent speed restriction of. say. 60 km/h (40 mph) on any road crossing 
undcnnined ground . This would limit accelerations to not much more than 
2.5 g for durations less than 0. 1 s. This level of acceleration should be 
tolerable to both driver and vehicle . 

CONCLUSIONS 

The load tes1 on the experimental catenary net has shown the following : 

I . Steel catenary nets can be used to suppon vehicles crossing surface cavities 
arising from mining subsidence . 

2. Almost all of the sagging deflection of the net in the case of the experiment 
resulted from sources other than the extension of the net under load . These ex­
traneous sources of sag increase the margin of safety of the net for carrying load . 

3. The acceleration to which a vehicle crossing a depression in a catenary net 
will be subjected will not he a cessive provided speeds are limited to about 60 
km / h . 

On the hasi s of this successful field test . construction of the prototype 
catenary-supponed road can proceed. 
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APPENDIX II. NOTATION 

The following symbols are used in this paper: 

a width of catenary net; 
f vertically upward acceleration: 
L span of catenary net; 
I distance over which vehicle climbs out of depression : 

T tension in catenary net; 
v velocity of vehicle in horizontal direction : 

W = concentrated load; 
w uniformly distributed load: and 
& midspan sag of catenary net. 
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Lowering of the groundwater table by deep-rooted vegetation - The geotechnical 
effects of water table recovery 

Abaissement de la nappe phreatique par la vegetation a racines profondes - Les effets 
geotechniques du relevement de la nappe 

G.E.BLIGHT, University of the Witwatersrand , Johannesburg, RSA 

SYNOPSIS : It has been found that deep- rooted trees s uch as eucalyptus species growing i n semi-arid e nviron­
ments , may depress the water table i n their imme dia t e v i ci n ity by many metres . Whe n planted as a f ores t , 
the wa t er table may be severely depressed over an e xtensive a r ea . Whe n t he t r ees are removed , as a prelude 
to build ing developme n t , the water tab l e starts to r e c over . Swelling of the soil r esu l ti ng fr om t he dec r ease 
in e f fective stress i n t he soil pro f ile as the wat e r rises , may cause ser i ous damage to structures . The 
paper wi ll describe f our case histories of such occurrences i n So uth Africa a nd identi f y procedures f or 
predicting the rate of recovery of the water table a nd the quantjty and rate o f heave of the soil profile . 

INTRODUCTION 

~esiccation caused by trees 

If the supply of water is not limiti ng , water 
losses from the surface o f extensive treed areas 
may exceed evaporation losses from a water sur f ace 
under comparable climatic conditions (Penman , 
1963 ) . If the water supply is limiti ng , trees 
wi ll cont inue to extr a ct moisture over the de p th 
of their root zone unti l their wi lting poi nt 
is reached . This corresponds to a soil suction 
of about 1500kPa although it is known that some 
trees and plants can continue extracting water 
from the soil at suctions greater than t h is . 

Even at the wi l ti ng poi n t , the work required 
for roots to extract water f rom the soi l i s 
only about 2J/g of water extracted whereas 2500J/g 
is required to evaporate water from the leaves 
of a tree. Hence if the evaporative e nergy 
is available , the extractive energy is easily 
supplied . 

.s 
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It i s also known t hat trees are c a pab l e o f 
extend ing the i r roo t systems i n sea r ch o f water . 
To quote Penman (1 963) " If root developmen t 
is such that the roots can cont i nue to g r ow 
dow nwards in pursuit o f a retreat i ng water tab l e , 
it will be possibl e to lower the water table 
permane ntly , provided that the mea n a nnual t r a nsp i r ­
at i o n i s a li tt l e greater from the deep - r ooted 
vegeta t ion t han that o f a ny shallow-roo t e d vege t a ­
tion it has rep l ace d : a nd i n s il ty soils o f 
high specific yie l d "little" need be only a 
f ew mil l imetres per year " . 

This s i tuation - dep r ession of the water tabl e 
over an extensive area - is difficu l t to recogni ze 
in a convent i o na l s i te i nvest i gat i o n. If the 
i nvest i gat i o n covers o n l y a s ma ll area , t he 
water t a b le depth wi ll be rea sonabl y un ifo r m 
over the site . Even though the desicca ti o n 
caused by the trees may be identified and noted 
as such , the pote n tia l prob l ems assoc i ated with 
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Figure 1. Examples of water table depression c aused by euca l yptus trees i n a n area having a n aver a ge 
annual precipitation o f 650mm 
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Fi gure 2 . East-West section through power station site showing depression of water table under area 
formerly covered by trees . 

a depr essed water tab l e may not be realized. 
Only if t he site invest i gation extends beyond 
the l imits o f the treed area a nd a gradient 
i n the water tabl e i s revealed , wi ll the depression 
caused by t he trees become ev i dent . 

EXAMPLES OF WATER TABLES DEPRESSED BY TREES 

Fi gure 1 s hows t wo examp l es of wate r- tab l es 
observed under treed areas and adjoi n i ng cultivated 
(but no t i rri gated ) la nd " I n both cases the 
trees were e uca l ypts and the adjo in ing f i elds 
were used to grow maize in summer and l ay fa llow 
in win ter. 

The upper d iagram shows an astonishing water 
tab l e depress i on o f 19m wh ile the l ower d i agram 
shows a depression o f at least lOm . 

Fi gu r e 2 shows groundwate r cond i t i ons under 
a power s t ation s i te which , prior to terraci ng , 
had been part l y covered by a eucalyptus plantation " 
Under the treed zone the water tabl e has been 
depressed by upwards of 20m. Live tree roots 
have been fo und in pile holes down to a depth 
of 15m below natural ground l evel. It is possib l e 
that ha i r roots extend to an eve n greater depth . 

I n a no t her case , l ess wel l docume nted , the 
water tabl e rose , after fe l ling a euca l ypt planta­
tion , by a t l east 13m over a period of 15 years . 
At th i s s i te t ree roots were observed to have 
penetrated to a depth of 27m below surface (Wo l pert , 
1952 ). 

Among t r ees g rown commerc i ally in South Africa , 
eucalypt species appear to be particularly thirsty . 
He nric i ( 1946 ) f or i nstance , quoted a r ate o f 
tra nspirat i on o f 500f/day for a e ucalypus tree 
(Euca l yptus macarthur i) , whi l e black wattle 
(Acaci a mo ll iss ima ) tra nspired at 250f/day and 
a typica l grass (Themeda) at H per m' per day . 
The s i ze of the trees observed by Henr i ci is 
unknown . I f the canopi es are assumed to have 
covered a diame t er of 5 to 6m , the rate of tra nsp i r ­
at i on o f the euca l ypt wo ul d have been about 
20f per m' per day while t hat o f the wattle 
would have been lO f per m' per day , ie rates 
o f transpiration o f 10 to 20 times that from 
grass l and . 

PROBLEMS ASSOCIATED WITH A DEPRESSED WATER TABLE 

Prob l ems do not arise from the water table depres­
s i on itse lf , but from the f act that i f the trees 
are partially or comp l etely f e l l ed over an extensive 
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area in order to accommodate an alternative . 
l a nd use , eg a housing or industrial estate 
or a power station , the water table will inevitably 
rise with time , as illustrated by the fourth 
exampl e above . Not only will heave associated 
with the re l ief of desiccation occur , but the 
entire cleared area wi ll heave as the effective 
stress is reduced at all depths in the profi l e . 
The situation is i ll ustrated by the pore pressure 
and suction profiles in Figure 3 . 

These prof iles represent cond i tions under 
a treed surface and subsequently when the trees 
have been felled and the ground water has come 
to a new equilibrium with a different land use. 

ad represents the suction in the root zone 
of the trees 

bd represe nts t he hydrostatic suction profi l e 
over the depressed water table , and 

ce the hydrostatic suction profile in equilibrium 
with the recovered water table . 

Dimension represents the suction that would 
be relieved if t he t rees were fel l ed and the 
water tab l e remained i n its depressed position . e 
Dimension 2 represents the suction that would 
be relieved as the water table rose to its new 
equi l ibrium pos i tion . 

If one were calculating the amount of heave 
for the profile on the basis of a static water 
tab l e , the calcu l ated heave would correspond 
to a decrease of suction suction 1 , whereas 
if t he potential r i se of the water table were 
recognized , one would ca l cu l ate the heave correspond-
i ng to a decrease of suction (suction 1 + 
suction 2). 

What i s particular l y i nsidious about this 
situation is that the rise in water table reduces 
the effective stress over the whole depth of 
the soil prof i l e , above and below the depressed 
pos i tion of the water table . 

Hence not only i s the depth to which expansion 
occurs unexpectedly large , but the initia l position 
o f the water table no longer represents a l evel 
below which expansion will not occur . Hence , 
for examp l e , te nsion piles anchored below the 
leve l of the depressed water table will heave 
as they will not be anchored i n stable materia l. 
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3.2 

e gure 3 . Suc t i on and pore pressure p r ofil es illustrat ing t he e ff ects o f r e covery o f a depressed wa t e r t a ble . 

CALCULATION OF THE EFFECTS OF RECOVERY OF A 
DEPRESSED WATER TABLE 

The qua nt i ty o f heave l ik e l y to occur as the 
water table r i ses to its new equili br i um posi ti on 
can be ca l cu l ated f rom the compressib i l i t y c harac t­
er i st i cs of the soil, the i nitial e ff ect i ve 
stress p r ofil e and the expected change of e ff e c tive 
stress as the water table recovers . 

The i nitial e ff ect i ve stress profil e may be 
est i mated from measureme nts of swe l l ing pr ess ur e . 
The compress i bili ty characterist i cs may be r epre­
sented by , f or example , the swe ll i ng index C , 
ie the s l ope of the vo i d rat i o versus log ( e ff ec~ 
tive stress) rebound l i ne i n a n oedomete r t est 
on the saturated so il . 

It i s d iff icu l t to estimate the f ina l equ i l i br i um 
pos i tion o f the recovered wate r tab l e , as th i s 
will depend on the character of the new l a nd 
use . However , if evidence ( such as tha t s hown 
in Fi gure 1 ) is ava ilabl e as to the dept h of 
the "und i stu r bed " water tabl e , t his wi l l serve 
as a va luable guide t o the estimat i on of t he 
~i l ibrium water t ab l e posit i on . 
~he q uant i ty o f heave is importa nt , but the 

t i me over which it wi l l occur may be eq ual l y 
so . The relationsh i p betwee n time a nd heave 
for a st r uc ture such as a road or a n i so l ated 
build ing over a stab l e water table ca n be ca l c ul ated 
by ass umi ng bou ndary conditio ns a nd a ppl y ing 
the theory of water flow in soil s (eg Bli ght , 
1965 ) . 

Th i s method breaks down whe n co ns i der ing the 
heave o f a n extensive area such a s that of a n 
industria l township or a power stat i on . I n 
cases l ike th i s , the onl y f eas i ble approach 
seems to be to ca l cu l ate a water ba l a nce f o r 
the site and hence to est i mate the rate at wh i ch 
water wi l l accumulate in the prof ile . Hence 
the "rate model " usual l y used f or problems o f 
th i s type must be replaced by a "capac i ty mode l " . 

I f the water i s deep (as it will be if consideri ng 
a depressed water tabl e ) , the contribution t o 
the accumulation of water in the pro f i l e fr om 
the water table itse lf will be neg li gib l e . 
The major component of recha r ge must be the 
net i nf i l tration ( ie i nfi ltration mi nu s evapotra ns ­
p i ration losses) into the soi l throug h the ground 
surface . 

Water recharg ing the profile f rom the sur f ace 

E 
~ 
I 
I­
C.. 
w 
0 

25 

Vs/v = ~ 
1 + e 

Va/v .= e (1-S) 

1 + e 

0 0, 1 0,2 0,3 

Vs/v 

EXPERIMENTAL POINTS RE PRESENT Va/v 

Fig ure 4 . Profil e of vo i d spac~ avail ab l e 
f o r r e c ha r ge in a r es i dual mudstone p rofil e . 

i s ass umed t o do so in the f or m of a s ha r p l y 
de fin ed we tt i ng f ront (eg Mo r genstern a nd de 
Matos 19 75) . The ti me t a ke n f o r t he r ec ha r ge 
t o occur ca n be assess e d by calc ula t ing t he 
t ime necessar y f o r t he avai l a bl e r echarge t o 
fill: 

( a ) a ir-f i lled pore space in t he pr ofi l e a bov e the 
water tab l e ; a nd 

(b ) addi tional vo i d space cr ea t ed by swe lling . 

287 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

3.2 

dVR = 10% precip. 
di 

15% prec ip . 

UJ 
> 
< 
UJ 
I 
_J 

< z 
u: 
u.. 
0 

100 

~ 

z 4 
UJ 
l) 
a: 
UJ 
Cl. 

western half 
of site 

UJ 
> 
< 
UJ 
I 
_J 

< z 
u.. 
u.. 
0 

!z 4 
UJ 
l) 
a: 
UJ 
Cl. 

dVR = 0.100 m 'y 
di 

eastern half of 
site (sur face 
infi lt ration only) 

0''~====;====::;===:::::;:====:;::::==:::;::==::::::;;=:==:::;::====; 
0 12 14 16 

T IME-YEARS TIME-YEARS 

Fi gure 5 . Predicted time-hea ve curves f or power stat i on site shown in Figu r e 2. 

The air-filled void space per un i t volume of 
soil is given by 

v e(l-S ) a ( l) 
v l+e 

The add i t i ona l vo i d space resulting f rom swell is 

Vs 
v 

I n which 

a nd 

v 
a 

v 
s 

v 

vo l ume of air- f illed pore space; 

vo i d space resu l ti ng from swell; 

vo l ume of soi l; 

e void ratio ; 

~es inc r ease in void ratio resu l ting 
from swe l l; 

s degree of pore space saturation . 

( 2) 

Figure 4 shows typi cal prof i l es of V /V and 
Vs/V f or the residual mudstone profi le a at the 
site ill ustrated in Fig ure 2. It will be seen 
fr om Fig ur e 4 that the cont r ibut i on of V /V 
is very s mal l a nd when one considers the scat~er 
of measured va l ues of Va/V , neglect of Vs/V 
is j ustifiabl e . 

The t i me tak"e n f or t he 
to fill the availabl e void 
by d i v i d i ng the available 
r echa rge rate , ie 

avai l a bl e recharge 
space is calculated 
void space by the 

t ime to fi l l pore space Available space 
Recharge r ate 

o r t ( 3) 

dVR 
i n which dt is the rate of recharge estimated 

f rom the wa t er ba l a nce model . 

To calcu l a t e the time - heave curve , the profile 
is subdivided i nto horizons and the time taken 
to recharge each horizon is calculat ed together 
wi th t he cont r ibut i on to heave of t hat horizon . 
Typi cal t i me - heave curves calcu l ated on this 
basis are given f or the site shown i n Figure 
2 i n Figure 5 . 
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It will be noted that the major portion of the 
heave occurs from the surface downwards . I n 
the case of any iso l ated structure on the surface , 
heave will have to occur by l ateral flow f rom 
adjacent recharged soil . Hence the heave of 
such a structure will usually occur more s l owl y 
tha n that of t he area as a whol e . 

Once the prof ile has been rec harged , the wate r 
table wi ll rise very quickly to its f inal equi l i­
brium position . Figure 5 also i ndicates the 
uncertainty attached to est i mating dV/Rdt f rom 
a water ba l ance model when the rate of recharge 
is unknown with any great precision . 

CONCLUSION 

This paper illustrated how the water table under 
an extensive treed area can become depressed 
and how the depression may be dif f icu l t to i dentify 
during the course of a site invest i gat i on . 
The e ff ects of recovery of the water tab l e once 
the trees have been fe l led have been described 
and a method given for calcu l ating the d i stribution 
of heave in time as the soi l water i s recharged . 
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DEPARTMENT OF CIVIL ENG INEERING 

Box 4089 • Lubbock , Texas 79409-1023 

Telephone (806) 742-3523 • Fax (806) 742-3488 

December 20, 1991 

University of the Witwatersrand 
P 0 Wits 
Johannesburg - 2050 
South Africa 

Dear Mr. Blight: 

The paper which you submitted for the 7th International Conference on Expansive Soils 
entitled: 

"Preheaving of Expansive Soils by Flooding-Failures and Successes" 

has been peer-reviewed and I am pleased to inform you that the paper has been accepted 
for publication in the conference proceedings without any changes. If your paper has a 
co-author, I would appreciate it if you would inform your co-author(s) of the paper's 
acceptance. 

The second bulletin for the conference will be mailed in February, 1992. The bulletin 
will include the conference schedule and will indicate when you are to present your 
paper. Good visual aids make a technical presentation successful. This is particularly 
important at an international conference where English (the conference language) is a 
second language for many of the attendees. Overhead projectors and 35mm slide 
projectors will be available for all presentations. Please try to make your projection 
material conform with the enclosed visual aid preparation recommendations. 

Specific information on hotel arrangements, conference registration, planned social 
activities , and information on things to do and see in Dallas and Fort Worth will be 
forwarded to you at the time the 2nd conference bulletin is mailed. As always , if you 
have questions on any aspect of the conference, please contact me. I am looking forward 
to the conference and to meeting you . 

Encl: Visual Aids Guide 

WKW:jl1 

Sincerely yours, 

~yt;D~,,--
Chairman, Conference Organizing 

Committee 

" An Equal Opportunity/ A ffirmative Action Institution" 
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Witwatersrand University, Private Bag 3, Wits, 2050, J ohannesburg , South Africa 

7th INTERNATIONAL 
CONFERENCE ON 
EXPANSIVE SOILS 

DALLAS,TEXAS(USA) 
AUGUST 3 · 5, 1992 

SUMM A:<Y: The technic:ue of ;ire- he.::ving a s~ t e 'Jy floo d in g the so• 1 ·11 ith wa ter ·11a s 'irst aJp l •ed ne ar ly 40 
years ago. Since then it '1as no t pr ove d a very pof.>ular r.ieasu r e. Howe ve r , s i x c:is e studies show that if 
the fundamental mechanics of oreheav1ng are understood, and if the :echn1que , s :ipp l ied co rrect ly, with 
adequate Goni coring, i t can be very successful . The technique ca n be ~s2d Joth t 2 or econdi: 1o n a site f or 
new construction, or 'Je app l ied as a remed i al r;;eas ure to structur.:s damage.: ::,y d i fferentia l :-i eave 
moveme ~t. 

1. IN DODl.Jt: f [ QN 

I t became a~p ar ent, in the ear ly l950 ' s , t hat hea ve 
of a cove r '"d surf ace occurs Jec au s e of gr adua l 
moistu r e accumu l atrnn jn a previousl:' de siccated 
unde r lying soi I profile. Prehe avi ng of expa nsi ve 
so i 1 by pr e-constructio n floodin g the n be c ame an 
obvi ous ca ndic a te sol utio n to th e pro ~lem of 
fo undi ng on exp ans ive soils. Bec au s e of the low 
pe r meabili t y of mos t expansi ve so i l s, e ar ly 
attempt s to i mpl ement prehe av i ng were not e nt i r e ly 
succ e ssful . For ex amp l e, Dawso n (l 95S) flood ed t he 
l . 5m deep fo un dat io n t r e nche s fo r a bu il d i ng o n 
exp ansive cl ay i n Texas. Af t er four months of 
f loodin g, o nly li mi ted penetra t i o n of water into 
t he soi I wa s fo und. McDowe l 1 (1959) attempt ed t o 
;J r eh eave hi~hway fo rma tio ns i n Tex as 'Jy s ur face 
f loodi ng, but reported t hat water conten ts had 
inc re ased to a dept h of on ly 1200mm aft e r a month 
of floodi ng . Howe ve r , i n a l at er paper , McD owe ll 
( 196 5 ) s~owed that c'."l anges of water co nt en t had 
ac t ua lly occur red down to a dept h of 6r:i, whi l e 
quite ma j or cha nge s had occur red t o 3.4m. 

A large- sc a l e f iel d experi ment, s tar t ed i n 1957 and 
r er.>or ted by Bl ight and de We t in 1965, was 
suc ce ssfu l i n demo nstr ating t he e ss ent i al 
r equiremen ts for effe ctive pr eheaving by f l ooding, 
a s well a s i ll ustr at i ng t he mechani sm of 
pr eheaving . de Wet, w ~o co ncei ved t he exper i ment, 
r e cognized that the only simple way t o acce l erate 
the penetr ~ tion of wate r into an impervious s o i 1 is 
to reduce : he length of t he max i mum fl ow pa t h. [ n 
t he expe r ir.:ent, this wa s ac hieved by drilli ng a 
gr id of vert i ca l hol es to f acil itate t he en t ry of 
wat e r in to th e soi 1 by ho r i zonta l radia l f low. By 
t his mean s, de Wet was abl e to i nduce a lmost ful 1 
heave of a 7.5.1. deep expansive cl ay prof il e within 
3 month s. Thi s demons trated t ha t preheaving by 
f looding c an be a practi ca l pre- const ~u ct i on 
pr ocedur e. L ~ ter work by Wi 11 i am s ( 1980 ) s howed 
t hat fl ooding c an al so be us ed a s a remed i al 
measure . 

Preheaving b~1 fl ooding does have two pot e ntial 
practica l drewbacks . Thes e are : 

( i) The time necessary to ac1i eve subs tan ·. i ally 
ful 1 heave of a orofi 1 e is of the order of 
two t o three months , even if a grid of holes 
is used to accelerate entry of water · into the 
soi 1. CJ refu l' planning i s r ec;uired to enable 
a period a s long a s t his t o be included at 
t he s t ar t of t he const r uct i on schedule . 

( ii) At t he e nd of flooding t he soil s ur f ace is 
soft, muddy and untr aff i cab l e. To pr ovid e 
i mmediate acces s t o th e s ite a p ioneer l aye r 
co ns i s ting of a ge ofabr ic s epara tio n l ayer 
co vered by a l ayer of c rus hed rock, c li nker 
or simi l ar free-draining , high ly fr i ct i ona l 
material must be pro vided . Alt e r nat i ve ly, a 
working platform of l ime s tab ili zed soi l c an 
be co nstructed (eg Mc Dowe ll, 1959 ). Po ss i b ly 
because of these di sadvantages, fl oo d i ng has 
not become a popular method of dea li ng with 
expansive soi ls . 

2 . CHARAC TERIS TI CS OF THE PREHEAV IN G PROCESS 

Fi gure l ( fr om Blight and de Wet ) ill ustrates the 
changes i n effect i ve stress that occur dur i ng and 
after the preheaving process: 
In t he virgin desiccated profi l e the pore water 
pressur.e at depth z is u (point a in Figure la ). 
u is in dynamic equi lib1~\um wi th the water t able 
a£ . depth h below the surface . The corresponding 
point on an effect i ve s tress ve r su s movement 
re l ationship (Figure lb ) would be A. At t he end of 
flooding a temporary perc hed water table has been 
established at the ground surface and the pore 
water pressure is uf (point d i n Figure 1 a ) . The 
surface has heaved and the effective stress has 
been reduced Point B in Figure 1 b describes the 
state of the soi 1 in terms of effective stress and 
heave. When the soil surface is covered by the 
structure, the profile will contain an excess of 
moisture which wi 11 gradual ly drain away until 
static equi li br i um is established with the 
permanent water tab 1 e. The pore wate r pressure 
will then be u~ (point b in Figure l a ). The 
effect i ve s tress wi 11 hav-e i ncreased somewhat, and 
the surface will have settled, br i ng i ng the soil to 
point C in Figure l b . The effects of the surf ace 
loading i mposed by the structure (ef in Figure la) 
wi 11 be to increase the effective stress further 
and cause further settlement to take place to point 
D i r, Figure lb. 

Figure 2 shows the time-heave-sett l ement curve 
observed in the de Wet exper i ment: 
Flooding was maintained for 96 days, after wh i ch 
period the surface of the test area was covered by 
a concrete slab. Heave was observed to continue 
for a furtller year, after whi ch a slow sett 1 ement 
corrrnenced. After 7.5 years the settlement had 
virtually ceased . Jn this part i cu l ar case, post­
flooding settlement amounted to about 20 per cent 
of maximum heave. It is likely that post-floodirog 
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settlement wil l be more in cases wher e th e 
permanent water table is dee9er or the su~e• i r.1 p osed 

loadi ng is greater. It would appear that particu l ar 
care is necessary not to ;:> 1 ant any deep- r oo ted 
vegetation 11ith a high evapo-transp ir at io n 
requirement (eg eucalypcus or po~lar trees I 0 ear t o 
the preheaved area. By re-desiccating the so• ' and 
causing local i zed settlement, such p l antings c J u ld 
be disastrous f or a light structure f ounded at the 
surface of a pre-heaved area. The ::ir oken c ur ·1e 
superimposed on Figure 2 shows the t ime-neave 
curve for a house constructed on the same ne aving 
profile. Here, heave occurred by gradua l sea s0 na l 
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accumu 1 at ion of 'lloi sture under the house. A 
compariso n of t~is curve with the experimental 
time-heave curve shows the marked acceleration of 
the heave process :hat ca n be t>rought about by 
f lo oding. 

3. OTHER DAMP~:;:s OF ACC:OLE~AT l NG HEAV::: BY 
r LooO !NG 

As stated ear l ier, the process of acce lerating 
heave by flooding has not become very widely used. 
Apart from ear ly ~x~eriments in the United States, 
the technique appears to have found most 
appl i cation in Southern Africa. Here, some attempts 
to .ipp ly the technique have res u lted in di sma 1 
failures. On closer examination i ~ has invariably 
been fou nd that failure of the ~echnique resulted 
from a lack of a:ipreciation of the soi 1 mechanics 
and the time i nv oi v~c in the :irocess. 

3.1 DOM:::STlC HOus:~G 

~notable fai l ur2 ~ f the method occurr ed when four 
b~io-!:>ui lt sing '. .: st orey houses were co nstrucced 
on residua 1 1:1udst o ~e in the Od endaa l srust area of 
So uth .\frica. 7h.e :rofile consisted of 0.5 to l m 
of sandy surface soi 1 overlying the expansive 
weathered mudstone. Th e site had former ly been 
covered by euca !y;:i:us trees. 7hi s tree species is 
notorious for the ct.e ep and intense des i cc at ion i t 
is capable of causing. ror examp l e Bl ight and 
Lyel 1, 1984, reported dra wd owns of the water table 
of up to 19m under ~ucalyptus plantations. 

The engineer's specification for preheaving the 
site of each house ~ead in part as fol lows: 
"2 . It is recommended that the desiccated c l ays 
over the area to be built on be first pre-expanded 
by means of dri11ing holes at approximate ly 3m 
cen~res into and through the topsoi 1 down to the 
clay strata. These holes thereafter to be 
continuously fil l ed wi~h water for approximately 3 
weeks or longer if ~ossible." 
"9. On ly trees and shrubs with tap roots should be 
planted in the vicinity of the dwelling." 

No monitoring of the heave was specified and none 
appears to have been car ried out. 

The houses were Jui lt on con venti onal strip 
footings and were compl~ted and occupied between 
September and October of 1981. The first signs of 
dist ress were recorded in mid-December 1981. By 
J anuary 1983 a 11 four houses were damaged, two of 
them serious Iv. 
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I 

?igure 3 :lis:ortions observed in a ho use bui i t on 
a ' :ir? - ::n.:~ded · s'. te 

C"igure 3 shows the re l at ive movement in ~ dnudry 
1S83 of the most seriously dd"-dged house. T:ie hedve 
shown dt the lef t hdnd side of the diagram wds up 
to 150mm more thdn that of the right hdnd side . The 
differentidl ':10ve!11ent ·,o1 as ei:her caused or 
exdcerbdted by the presence of d 1 arge eucal yptus 
tree that hdd been l eft near the right hand si de of 
the house to arovide shade, and by l eaking dr a ins, 
broken 'Jy the heave moveme.nt, as wel 1 as a 
soak-away drain, at the left hand side. 

I t is fairly obvious that the procedure for 
f loodi ng o,!t l ined by the engineer was quite 
inadequate, even if it was implemented :o t he 
l etter . The flooding holes did not ;:ienetrate the 
expansive strata and the recommended ::irocedur e was 
tantdmount to rdther inefficiently flooding the 
sub - surfdce of the residu a 1 mud stone. The 
recommended p:riod of f loo ding wds much too s hort 
for s i gni fi cant pre - heaving of the expa nsive 
mdteri a 1 to have occurred. The engineer d 1 so 
obviously dici not understand the implicatio n of 
a 1 1 owing 'only trees dnd shrubs with tdp root s · to 
be olanted close to the house. Most olants that 
are . capable of extracting water from so{l agai nst d 
high suction :1ave tap roots. Indeed, the eucal yptus 
tree that assisted in causing the severe 
different i a 1 heave had d tap root sys tern that 
probably extended lSm or more into the expa nsive 
soi 1. 

This case hi.story illustrates the great danger 
inherent i n only half understanding an enginee ring 
concept, and then misdpplying it. 

3 . 2 SHOPPING :OMPLEX~ S ------- --
The pre-heaving technique has been successfully 
applied in constructing a large shopping complex on 
expansive clay in the town of Vereeni ging, Sou th 
Africa . Thr soil profile consists of a thin 
surface ldyer of fi 11 underlain by l .Sm to 2m of 
stiff, slickensided sandy clay al luvitJTI. The 
alluvium in turn, rests on 9m to lOm of residua l 
shale, wea•hered to a stiff , slickensided cldyey 
silt. This overlies less weathered shale. The water 
table befor~ flooding was at a depth of llm . 

The main 
and the 
the soil 

structure was to be supported on piles, 
pre-heaving was intended to stabilize 
"~derlying the slab-on-grade floors. 
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?rewett i ng ho l es of 300mm d idmet er ~nd 6m deeo were 
cr ill e d on a 3m grid wi t:i a wider spdcing c• f 3 . 5m 
dd j acent to mdin column grid - l ines. The ho i es were 
fi l l ed wit h crushed rock to prevent them from 
collapsing. 

'.::xpans io n of the soil was monitored by medns of 
surface pegs and 4 multidepth extensometers . The 
ex~ensometers enab 1 ed the ::irog ress ion of he ave d t 
various depths in t:ie f.)rofi l e to be monitored. 
Flooding WdS maintdined for a period of Zi months 
between edrly June 1983 and late August 1983. 
C'i gure 4 shows avail ab 1 e records of surface 
heave versus time, while Figure 5 s:iows profiles of 
heave recorded at the four extensometers shortly 
before flooding was termin ated . 
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cigure 4 Time-surface heave relationships 
obser ved during flooding of the site for 
a shopping complex in Vereenig i ng, South 
Africa. 
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:igure 5 "e ave-depth re l at1 o nshi~s afte r f l oodin g 
of t~ e sit e for a shop:Jing comp l ex in 
Ver!eniging, Sout h Africa. 

The maximum re: orded surface heave varied from 12mn 
to 55mm o ver t he l lOOOm' a r ea of ~he site. The 
tir.oe - heave curves given · i n fig ure 4 sho·11 very 
s imilar features to those of the Blight and de Wet 
t i me-heave cur ve (;=ig ure 2) . Unfortunately, the 
surface :iegs 1:ere destroyed once constructi on was 
st arted and the extensor;;eters were des t royed 
short lv there aft er . Bv th i s time . ~he e xt ensometer 
c urve s" were showing a steady s'ett lement as the 
exc ess wa ter jra in ed out of t he soil. 
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Time-surface heave relationships observed 
during flooding of the site for a 
sho~ptng · complex i n Standerton , South 
Africa. 

cigur e 

10 

......, HEAVE AT 2• JAN 1990 

2C <O 60 
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FOR EX 2 
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: 2.+-~~~~~~~~~~~ 

80 

He ave-G e :~ re l ati onship after f !oodi ng 
of t he · te fo r a shopping com pl ex in 
Standert ~. South Africa . 

f i gure 5 shows t:i~ var iatio n of heave with depth 
recorded by the fo ur extensometers. These curves 
show that most of : he heave took pl ace wi th1 n the 
upper Sm of the p•ofi l e whe re desiccat io n should 
have been greatest. Unfortunate ly , no post­
construction monit or i ng has ~een carried out on the 
structure . It is unde rstood, however, that no 
~roblems of excessive settlement have been 
experienced and that the owners of the complex are 
s atisfied with the •esu l t. 

Th e pre-flooding t echnique was also used for a 
shopping complex in the town of Standerton, Sout h 
Africa. The site •as covered by O. 3m to l . 2m of 
fi 11 under l ain ~y t ransported soi 1 s to depths of 
2 . l m to 4 . 6m . T ~ e transported soi ls, in turn, 
rested on residua l soils derived from the 
weathering of muds ta nes. 

The tr ansported so' l s co nsisted of firm to stiff 
si lty clays and gravels of various colours wh ich 
were slickensided and potentially expansive. The 
residual mudstone C. ad weathered to a st i ff , grey 
to black, silty to s andy clay with slickensides and 
occasional shatter1ng (closely spaced open cracks) . 
This was potential ly expansive to highly expansive. 
The deepest test hole penetrated to 9.Sm and the 
deoth of the water t able varied from 2.Sm to 8.2m. 
Total heave mover..?nts of SSmm to 6Smm were 
~redicted on the ~asis of oedometer tests on 
~ndisturbed specime ns f rom the profile. 

Here a l so, t he ma i n structure of th e shopping 
complex was to be supported on pi l es, whi le the 
?re- heaving was used to stabilize the soil 
~nder lyi ng t he slab-on-grade floors. The 
gravel-fil led· pre- wetting holes were 4m deep and 
spaced on a 4m square grid . 

rigure 6 shows curves of surface heave versus t i me 
from the start of flooding for three multi-depth 
extensometers and three of . the surface movement 
monitoring pegs . The diagram shows the wide range 
of surface heave values that were recorded on the 
site (lOmm to 80mm ) and also that fu l 1 heave had 
occurrec within 50 days of the start of flooding . 
figure 7 shows the distribution of heave with 
depth, as recorded by the three multi-depth 
extensometers . Mos t of the heave at this site took 
:i l ace in the top 2~ to 3m of the profile. 
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he s ho pping comp l ex was subsequent ly successfully 
completed. Again, no post-construction monitor i ng 
f i gur e s are avai 1ab1 e , but the performance of the 
complex over t he year-and-a--ha l f s ince t he en d of 
fl ooding has been very s ati sfac t ory . 

3 . 3 AC C EL ~ RA T ED HEAVING OF EXPER IMENTAL PI LE SI TE 

Bli ght ( 1984a , 1984b l described a l arge scale 
exper i me nt on a grou!) of seven anchored t e nsi on 
pi Jes. The pi les were a ll lO SOnrn d iameter and 33m 
long . They were instal l ed i n a prof il e of r esi dua l 
si lt s t o ne •.hat ha s wea t hered to a s ti ff f i s sured 
clayey si ; t . The water t able befor e f looding was 
at a depth of 14m . 

The obj ec t of the exp e riment was t o rne asure the 
up l ift t e ns i ons i nduce d i n the pi l e s as t he :Jrofi l e 
he a ved . F~ oodi n g was us ed to ac ce l e r a t e t he he ave. 
The oi l es ·"'e r e i ns ta ll ed o n a 2 . 53m grid and t he 
f lood i ng hol e: bis ec ted t he gr i d. ih e flo odi ng 
~ ol e s were 75,nm i n di amet er and 25m cteep . ~ac h 
floo ding hol e con t a i ned a perfo r at ed hose pipe o ver 
it s fu l l de pU. Hea ve of t he soi 1 was moni to r ed 'Jy 
a si ng l e mu l t i poi nt exte nsome ter. 

Th e pi l e ~rou p wa s fi r st f loode d f or 10 d ays . 
After a 50 day in te rva l to s tudy t he effec t s of 
t his in iti a l we tt i ng, f l oodfog wa s re s umed , and 
ma i nta i ned fo r a further 50 days. 

C' i gure 8 shows a rec ord of' movement with time , at 
t he surface and at 7m and 14m bel ow surface. The 
diagram a lso shows the vol ume of water i njecte d via 
the watering system . There is a very c lear 
corre 1ati on betwee :: t~e volume of water injected 
and the heave curves. Unfortunately , the vo l ume of 
soi 1 abso rbin ~ the i njected water is no t known with 
any prec i si on'. Hence a meaningfu l re l ationsh i p or 
rat i o betwee~ the volume of water i njected an d the 
vo l ume of heave i nduced c annot be estab l i s hed. 
Approxi mate ca l cu l at io ns show that up to half of 
t he fl ood ing water must have been l ost from the 
test area by l ateral seepage i nto the surrounding 
soi 1. 

Figure 9 s ho11 s r e l a tio ns hips between depth and 
heave a t var i ous ti rne s af t e r t he start of f l oodi ng . 
The data is n t her s i mil ar in form t o t hat shown in 
Figures 5 and /. 
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Figure 8 - Re 1ationsh i ps between time and hea ve and 
ti m·~ and water injected for f 1 oodi ng of 
experi mental pile site . 
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C' i gur e 9 Heave- dept h r e l at i o ns hips dur i ng f loodi ng 
of expe r i menta l pi l e s it e. 

In this c ase, t herefo re, t he tec hn i que of f looding 
!Jroved ve r y successfu l as a means of ac ce le ra ti ng 
the deve lo pment of up l i ft t e ns i ons i n the pil e s . 

3 . 4 ~EMEJ ! AL FLOOD I NG OF AN APAR TME NT BUILD ING 

Much of the heave at a parti cular site wi 11 t ake 
place in the upper 2m to 3m of t he soi l profi l e , 
where des i ccation effects are l i xe ly t o 'J e most 
severe (rigures 5, 7 and 9) . This indicates t hat 
surface flooding or ir~igation shou l d also ~e 
effect i ve for preheaving, prov i ~ed suffic i ent time 
i s a I lowed for the water to ;ienetrate the soil. 
The t i me required wi 11 probably al so be of the 
order of 2 to 3 months. Wi 1 l i ams ( 1980) describes 
the use of surface i rrigat i on as a remedial measure 
for an apartment bui lding damaged by heave : 
A three storey load-bearing brick a;iar t ment block 
was erected on shallow strip footings on a soi 1 
profile that consists of lm of calcareous 
windb l own 

l _30mm 

t 

J_ 
6Qmm 

T 

cigure 10 Effect of surface ir ~i gation on 
distortion of a~artment block damaged by 
heave. 
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sane over1yirig a gr<?at d~?th of desiccated 
weathered shale . No water table was found within 
2Jm of the surface. The aoartment block · consisted 
of two buildings on either ·side of a courtyard, the 
two be i ng l in ~ ed by wa l kway~ on either side to form 
a ho I low square . Th,, co urtyard was surfaced with 
aspha l t co ncrete. 

Cracking of t he bui !dings was noticed befoce t hey 
were occup i ed and occupation was ·delayed because of 
t hi s . Wi t hin t hr ee years : he structures were so 
severe ly j i st:Jrted and cracked that it was feared 
they woul d have to be d~o li shed . Examinat i on of 
the complex, 3nd leve l measurements showed tha t the 
two apar:me nt bui ldings had heaved and t i lted 
outwards, moi sture having accumulated under the 
bui ldings and the paved courtyard 

I t was dec ~ de J t o a:tem?t : c r educe the di st or tion 
by wetting t :ie whol e ar ea using spray i r ng at i on. 
This was und er t aken an d '11thi n 60 days the 
dis t or t ion :1ad been mu ch . reduc ed. Figure 10 s hows 
the progres si ve ch an ge s of 1eve l of t he n r 1meter 
of the coriplex , whi le Figure 11 s hows ty pic a l 
t r ansver se sectio ns of th e s it e be fo re and after 
irr is a:ion . ~owe v er .. : t •11i :: Je notec fr om Fii;~re 
10 t~ at som~ of t he differ ent i al movements we r e 
mainta i ned , e.g . 30mm ac ross the fr ont s i de of t he 
bui l di ng in Figure 10 and 1 lOmm Jetwee n the r i ght 
and lef t hand co r ner s at t he bac ~ . To mainta i n the 
site in a heaved condit i on, the area ar oun d the 
a/artments wa ; '.) aved with O !Jen-jo~ ntec cMcrete 
b locks bedded in a sand l ayer. Thi s t ype of 
surfacing a llows rainfa l l t o penetrate i nto the 
soi 1, but min i mizes wa t er l osses by evaporation 
from :he surfoce. 

Ten years l ater the remedial measures co ntinue 
succes sfu 1, a 1 though there has been a s l ow 
settlement of the area s i nce irrigation ceased. 

4. CON CLUSIONS 

The origina l de Wet experiment, as well as the case 
histor i es descr ibed by 3. 2 and 3.3 have shown that 
preheaving of expansive si~es by f l ooding c an be 
suc cessful ly carr i ed out . ?reheaving i s a useful 
tec ~n i que i f done rat ionally, wi:h c areful 
monitor i ng of the ef feet s . There are certain 
disadvantages, the principal of which is the time 
taken for the water to penetrate the soi 1. 
However , careful planning and scheduling can 
overcome Lhis shortcoming. 

Case hi story 3.4 shows that surface flood i ng or 
irrigation can also successfully be used as a 
remedial or pretreatment measure. 

On the other · ~~nd, case hist ory 3.1 i llustrates the 
futility of t ~y ing to apply a tec ~nique that is not 
understood. 
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§. 200 
w 
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Figure 11 
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Effect of surface irrigation on ground 
profile unjer apartment block. 
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3. DETERIORATION OF REINFORCED EARTH STRUCTURES 

CONTRIBUTION TO LEARNING 

The Tweepad walls were not the first in the world to fail as a result of corrosion of the 

reinforcing, but this failure, of the highest complex of reinforced earth walls built so far, is 

the first to be described in the open literature. The occurrence and details of other failures have 

been suppressed. Collapse settlement of the backfill to a reinforced earth wall has also not 

been publicly identified before. It is believed that it will be to the eventual benefit of reinforced 

earth technology to expose these weaknesses in the technique so that they can be avoided in 

future . 
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3 . DETERIORATION OF REINFORCED EARTH STRUCTURES 

3.1 Blight, G E and Dane, M SW (1 989). Deterioration of a wall complex constructed or 

reinforced earth. Geotechnique, vol 39, No 1, pp 47-53. 

Discussion and reply: vol 39, No 3, pp 567-570. 

This investigation, carried out over a period of six years, was undertaken for a mining 

house. Mr Dane was the head-office engineer for the mine owning the reinforced 

earth wall complex. He played the very important role of facilitator in the 

investigation. I carried out the investigation and wrote the paper . 

Seeing the content of the paper as a threat to the reputation of their product, the 

Reinforced Earth Company Submitted a vigorous discussion of the paper. For the sake 

of a balanced view, this discussion and my reply have been included. 

3.2 Blight, G E (1987). Effects of collapse settlement of fill on reinforced earth walls . 

Proceedings, 2nd International Conference on Case Histories in Geotechnical 

Engineering, St. Louis, USA, vol 2 pp 929-934 . 
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Deterioration of a wall complex constructed of reinforced earth 

G. E. BLIGHT* and M. S. W. DANEt 

A gravity separation plant at a mine on the west 
coast of South Africa is flanked by a complex of 
reinforced earth waUs having a maximum overaU 
height of 41 m. Eighteen months after construction 
had been completed, it was discovered that the gal­
vanized reinforcing strips were deteriorating as 
a result of galvanic corrosion caused by the 
aggressive nature of the backfill. The process of 

•

rioration was monitored until the waUs were 
olished and rebuilt 8 years later. The progres­

sive deterioration of the wall complex is described 
in terms of the reducing strength of the reinforce­
ment and the continuing movement of the wall 
facings. The results of in-situ measurements of ten­
sions in the reinforcing strips are also presented. 
The Paper gives an important insight into the 
process of corrosion affecting steel buried in soil, 
and also into the behaviour of large reinforced 
earth walls. 

KEYWORDS: Case history; deterioration; field tests; 
reinforced soil; retaining walls. 

INTRODUCTION 
A complex of reinforced earth walls was built 
to support a gravity separation plant at the 
Tweepad mine on the west coast of South Africa 
(29°S, 21°E). The walls were designed by the 
Reinforced Earth Company and were reinforced 
- galvanized ribbed mild steel strips. Fig. 1 
9"s maximum height cross-sections through 
the walls. The blocks of reinforced earth have 
been indicated by cross-hatching. Fig. 2 shows 
walls H and G. Construction of the complex 
started in 1978 and was completed in 1979. 

During 1980 a failure of a reinforced earth wall 
at another mine on the coast resulted from corro­
sion of the reinforcing strips. As a result, it was 
decided to investigate the more recently con­
structed walls at Tweepad for signs of similar 
deterioration. It was found that the reinforcement 
of these walls was also deteriorating, as a result of 

Discussion on this Paper closes on 3 July 1989. For 
further details, see p. ii. 
• University of the Witwatersrand, Johannesburg. 
t Anglo American Corporation of South Africa 
Limited, Johannesburg. 
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Une installation pour la separation par gravite 
situee dans une mine sur la cote ouest de I' Afrique 
du Sud est entouree d'un complexe de murs en 
terre armee ayant une hauteur totale maximale de 
41 m. Un an et demi apres l'achevement de la con­
struction on decouvrit que les armatures galvani­
sees s'alteraient par la corrosion galvanique causee 
par la nature aggressive du remblai. La deteriora­
tion fut mesuree jusqu'a ce que les murs soient de­
molis et rebitis huit annees plus tard. L'article 
explique la deterioration progressive du complexe 
de murs par la resistance amoindrie du renforce­
ment et le mouvement continu des parements des 
murs et presente aussi les resultats des mesures en 
place des tensions dans les bandes de renforcement. 
Ceci donne un aper~u important sur la corrosion 
des aciers enrobes dans le sol et aussi sur le com­
portement des grands murs en terre renforces. 

severe p1ttmg corrosion. Monitoring exercises 
were subsequently carried out at regular intervals 
to follow the process of deterioration and to 
assess the safety of the walls. The walls were 
finally demolished and rebuilt in 1986, after 8 
years of the 30-year design life. 

SPECIFICATIONS FOR FILL AND 
REINFORCING 

The Tweepad area has a desert climate, with an 
average annual precipitation of 92 mm during the 
years 1978-86. The annual mean temperature at 
14.00 h is 26°C, with a minimum of l8°C and a 
maximum of 34°C. Evaporation from a free water 
surface averages 1940 mm. 

Available backfill materials consisted of ancient 
raised beach deposits of sands. The specification 
accepted for the wall backfill was : 100% passing 
the 300 mm sieve; more than 75% passing the 
150 mm sieve; less than 20% passing the 15 µm 
sieve. This specification was not always met as far 
as the fraction finer than 15 µm was concerned. 
The usual Reinforced Earth Company specifi­
cation for the electrochemical properties of back-
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Fig. 1. Maximum height sections through reinforced 
earth walls 

fill (French Ministry of Transport, 1978) at the 
time of the design was: pH 5-10; resistivity 
greater than 1000 !lcm; chlorides less than 200 
mg/kg ; sulphates less than 1000 mg/kg. As a 
result of difficulty with meeting this specification 
using easily available fill, the following relaxed 
specification was accepted : pH 5-10 ; resistivity 
greater than 500 !km; chlorides less than 1500 
mg/kg; sulphates less than 800 mg/kg. These 
requirements were expected to be adequate to 
give a working life of 30 years, instead of the 

70-year life expectancy of the more rigorous spe­
cification. The use of sea water for compaction of 
the backfill was agreed to by the Reinforced 
Earth Company. The reinforcing strips were 
designed with 1 mm of sacrificial steel all round 
and were galvanized. 

The ultimate tensile strength of the reinforcing 
strips was specified as 350 MPa. In fact , the 
average ultimate tensile strength of the strips as 
installed proved to be 450 MPa. 

MECHANISM OF ACCELERATED CORROSION 
Once monitoring of the progress of deterio­

ration was started, it soon became apparent that 
the fine fraction of the fill occurred as discrete 
lumps of clay, and was not uniformly dissemi­
nated through the soil. Wherever a clay II 
rested in contact with a reinforcing strip, se 
pitting corrosion occurred. It was obvious t t 
corrosion was occurring mainly as a result of the 
formation of differential aeration cells (Allen & 
Lewis, 1979) as shown in Fig. 3. The contact 
between the relatively pervious sand and the steel 
was well oxygenated, whereas that between the 
clay and the steel was oxygen-starved. This 
caused the steel near the perimeter of the clay 
lump to become anodic and corrode over a 
limited area, forming pits. 

This conclusion was confirmed when it was 
found that the reinforcement of a second re­
inforced earth wall complex (at the nearby 
Koingnaas mine) that had been backfilled with a 
uniform clean sand was quite free of corrosion, 
even though the chloride content was much 
higher than at Tweepad. 

EFFECT OF CORROSION ON THE 
REINFORCING STRIPS 

Initially, monitoring of the progress of corro­
sion was accomplished by breaking out faA 
panels and retrieving strips from behind the .r 
face. Replacement strips were then welded into 
place. As the safety condition of the walls became 
more critical, it was decided to sink a shaft 
behind each wall, located approximately on the 
locus of maximum strip tension, i.e. one third of 
the length of the reinforcing strips back from the 
wall facing. As each set of strips was exposed, 
usually two at each level, targets for a demount­
able Demec strain gauge were glued on. After 
taking an initial reading, the strip was cut at one 
end by means of an oxy-acetylene torch. The 
elastic shortening of the strip was then measured, 
and hence the in-situ tension deduced. Once the 
shaft had been completed, the shaft casing was 
progressively withdrawn and replacement strips 
were welded into place. The recovered strips were 
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• Fig. 2. View of reinforced earth walls H (above) and G (below) 

tested for strength, and elongation at failure was 
measured over a 100 mm gauge length straddling 
the break. The effect of the pitting corrosion was 
not only to reduce the load-bearing cross-section 
of the reinforcing strips, but also to embrittle 
them by introducing stress concentrators in the 
form of the irregularly-shaped corrosion pits. 

The influence of the corrosion on both strength 
and ductility is illustrated in Fig. 4, in which the 
strength values have been normalized with 
respect to the mean strength of new strips. The 
uncorroded strips taken from the Koingnaas wall 
show the usually expected relationship between 
ultimate tensile strength and ductility : an increase 
in ductility corresponds to a slight decrease in 
strength. 

Strips sampled from Tweepad after 3 years 
already showed a marked reduction in strength. 
They also showed the effect of embrittlement by 
the presence of corrosion pitting, in that ductility 
Aeased with decreasing strength. The results of 
l!'s on ?t-year-old strips showed this tendency 

Lump of clay 
adhering to steel 

Pitt ing occurs at 
oxygen-starved 
anodic areas 

Steel reinforcing 
strip 

Fig. 3. Mechanism of pitting corrosion of reinforcing 
strips 

even more markedly. The strength of certain 
strips was then only 30% of the original value, 
with negligible ductility. 

Figure 5 shows the observed deterioration of 
strip strength with time for 60 mm x 5 mm re­
inforcing strips. As in Fig. 4, the strength axis of 
the diagram has been normalized with respect to 
the mean strength of new strips. It is interesting 
to note that the 'most pessimistic estimated life of 
structure' was determined after a time of 4 years 
on a basis of linear extrapolation. This estimate 
did not require subsequent revision. Fig. 5 relates 
to average conditions for all the walls of the 
complex. Diagrams similar to this were drawn up 
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Fig. 4. Effect of pitting corrosion on strength and duc­
tility of reinforcing strips 
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Fig. 5. Deterioration of strip strength with time for 60 
mm x 5 mm reinforcing strips (error bars show standard 
deviation x 2) 

for each individual wall, and the sequence of 
demolition and reconstruction was decided on the 
basis of the estimated residual life for each wall. 
In Fig. 5 the best estimates of strip tension were 
based on the Reinforced Earth Company's con­
ventional analysis of strip tensions in the walls 
(McKittrick, 1978). 

DISTRIBUTION OF STRIP STRENGTH WITH 
DEPTH 

Figure 6 shows a profile of strip strengths with 
depth, as measured on strips recovered from the 
shaft behind wall A. The shafts behind walls H 
and K gave similar results. The diagram illus­
trates the large scatter in measurements, which is 
also reflected in Fig. 5. The shaft results showed 
that the deterioration of strength was by no 
means uniform with either depth or lateral extent. 

In the case of Fig. 6, relatively little deterio­
ration is shown down to a depth of 8 m. Below 
8 m, however, the deterioration became severe. 
The observed deterioration did not correlate with 
the salt content of the fill, or variations of mois­
ture content. The salt content varied roughly lin­
early with depth from 0·5% by dry mass of fill at 
the surface to 0·3% at a depth of 12 m. The mois­
ture content also varied roughly linearly with 
depth, from 11 % at the surface to 6% at 12 m. 
Hence the more severe corrosion between depths 
of 8 m and 12 m is not obviously explained by 
correlation with fill characteristics. In Fig. 6, the 
line representing calculated tensions was deter­
mined by conventional analysis of the wall 
(McKittrick, 1978). The steps in the line result 
from changes in the number of reinforcing strips 
at a particular level. 

Strength of reinforcing strips: kN 
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Fig. 6. Results of strength tests on reinforcing strips 
taken from shaft behind wall A 

Figure 6 also shows that the upper limit to the 
measured strip tensions in the reinforced earth at 
a 95% confidence level (see Fig. 11) exceeds two 
of the measured strip strengths. Hence, at the 
time this data was gathered, there was a danger 
that wall A could have failed within a short time. 

PROGRESSIVE MOVEMENT OF WALLS 
Monitoring of outward movement of the walls 

was started as soon as it was realized that the 
reinforcement was deteriorating. Initially, mea­
surements were made by conventional survey 
methods, observing targets fixed to the wall 
surface. Later, use was made of short-r~ 
photogrammetry. It was soon realized, how1!9 
that because of the increasing brittleness of the 
reinforcing strips as the pitting corrosion prog­
ressed (Fig. 4), it was unlikely that a record of 
wall movement would give any warning of immi­
nent failure of one of the walls by an acceleration 
of the rate of wall movement. It was therefore 
decided to base the decision on when to decom­
mission and demolish a particular wall on 
relationships such as that shown by Fig. 5. 

Figure 7 illustrates some of the observed move­
ments of wall K, the highest single wall in the 
complex. The movements shown are for two 
points at the same height on the wall. As the 
record shows, except for a few interruptions 
apparently resulting from survey errors, the wall 
moved steadily outward throughout the period of 
observation. Depending on the height of the 
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Fig. 7. Observed outward movements of two points at the same height on wall K 

point observed, the rate of movement varied from 
near zero at the base of each wall to a maximum 
at the top, indicating that the walls were under­
going rotational or leaning movement with little 
or no translation. This pattern was typical of the 
movement of all of the walls in the complex. 

Figure 8 shows a comparison of profiles mea­
sured in 1982 for wall K by conventional survey 
methods and by photogrammetry. The profiles of 
the lower walls in the complex were similar to 
those shown in Fig. 8, but the movements were 
less. 

Walls A, F and G were founded on rock 
(Fig. 1), hence progressive leaning of these walls is 
thought to have resulted from continuing elon-

30 

Qi 
~ 15 
Q) 
> _g ., 
:g, 10 
·a; 
I 

5 

Top of wall 

300 400 

Fig. 8. Comparison of profiles for wall K measured by 
two methods 

gation of the reinforcing strips as corrosion prog­
ressed and the strain in the strips increased 
accordingly. Walls Hand Keach rested on a con­
siderable thickness of fil l. As the conventional 
view of a reinforced earth wall is that the pressure 
under the reinforced earth block is greater 
towards the toe, differential settlement was also 
thought to have contributed to the outward 

Calculated or measured strip 
tension: kN 
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loads deduced from strain release measurements made in 
shaft behind wall H 
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Calculated or measured strip tension: kN 
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Fig. 10. Comparison of calculated strip loads with loads 
deduced from strain release measurements made in shaft 
behind wall K 

leaning. As the fill employed was basically a fine 
sand, this source of movement should not have 
been of a continuing nature. 

DISTRIBUTION OF STRIP TENSION WITH 
DEPTH 

Results (in chronological order) obtained for 
shafts sunk behind walls H, K and A are shown 
in Figs 9- 11 and 7 respectively. Each figure also 
shows the variation of strip tension with depth, 
calculated by conventional means. In each case a 
considerable scatter occurred in measured ten­
sions. It was quite common to find one of a pair 
of adjacent strips highly stressed while the other 
carried almost no load. This was evident not only 
from the spring-back measurements, but also 
from the note given out by individual strips when 
struck with a spade. This appears to be almost an 
inherent characteristic of reinforced earth that 
results from the method of construction. If a strip 
is bent by the passage of a piece of earth-moving 
machinery, while an adjacent strip is not, the bent 
strip, being effectively shortened, will carry more 

Calculated or measured strip tension: kN 
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Fig. II. Comparison of calculated strip loads deduced 
from strain release measurements made in shaft behind 
wall A 

load. Time and again, a more heavily loaded strip 
would spring back into a bent position, while a 
lightly loaded strip would remain straight. 

The general trend of the measurements follows 
the calculated line. This was particularly so in the 
case of wall K, where the calculated line forms a 
good average to the measured tensions. 

The data in Fig. 7 for wall A show unusually 
large tensions in the strips from the surface down 
to a depth of 5 m. This was initially thought to be 
due to stresses distributed downwards from wall 
K, which is supported by wall A (Fig. 11). 
However, on the basis of conventional load dis­
tribution theory, the tensions in the reinforcing 
strips of wall A should not be affected by al 
distributed from wall K above a depth of lR.. 
Hence the high stresses found above this depth 
cannot easily be explained. 

RECONSTRUCTION OF WALLS 
The walls have now been reconstructed in re­

inforced earth, this being both the most eco­
nomical option and the one that most easily 
allowed the plant to be kept operational during 
demolition and rebuilding. The specification for 
the backfill was changed to the following : 100% 
passing the 300 mm sieve ; more than 75% 
passing the 150 mm sieve; less than 10% passing 
the 75 µm sieve ; nothing finer than 2 µm. This 
specification eliminates the possibility of clay 
lumps occurring in the fill. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

DETERIORATION OF REINFORCED EARTH WALLS 53 

The geochemical specification was changed to 
the following : pH 7- 9; resistivity greater than 
2000 flcm; chlorides less than 200 mg/kg ; sul­
phates Jess than 200 mg/kg. Sea water was 
banned for compaction of the backfill. Instead, 
fresh water was trucked in for this purpose over a 
distance of 60 km. The concentration of dissolved 
solids in this water was 118 mg/I, including 17 
mg/I chlorides and 8 mg/I sulphates. 

CONCLUSIONS 
The Tweepad experience has been a traumatic 

demonstration of the importance that must be 
attached to corrosion processes when designing 
and constructing structures that incorporate 
buried steel structural elements. It has also 

•
onstrated that it is not always realistic to 
me that corrosive metal Joss will be uniformly 

distributed, or that the corrosion process will 
decelerate with time. These were commonly 
accepted views at the time of design. 

The experience has also emphasized the great 
importance of having a completely homogeneous 
fill. Unfortunately, a grading curve says nothing 
about how the particle size fractions are likely to 
be distributed within the soil mass. Only careful 
examination of the placed in-situ material will 
give this information. 

The monitoring studies have illustrated that 
pitting corrosion results in embrittlement of the 
reinforcement and that observations of wall 
movement alone may not be sufficient to evaluate 
the state of safety of a wall. It is imperative to 
monitor the actual state of the reinforcement. 

• 

The observations have also illustrated the sta­
tistical nature of the tensions generated in the 
reinforcing strips. The conventional method of 
calculation predicts the trends of the mean 
tension, but tensions in individual strips can be 
expected to vary widely about any calculated 
value. 

It has often been said that failures are the 
greatest source of advance in engineering. It is 
hoped that the Tweepad experience will help 
materially to advance the practice of soil reinfor­
cing. 
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DISCUSSION 

Deterioration of a wall complex constructed of reinforced earth 

G. E. BLIGHT and M. S. W. DANE (1989). Geotechnique 39, No. 1, 47- 53 

A. C. S. Smith, Reinforced Earth (Pty) Ltd. 
The design and supply of components for the 

Reinforced Earth structure was undertaken by 
the Writer's company Reinforced Earth (Pty) Ltd 
in South Africa. The Reinforced Earth group has 
also undertaken extensive research on the ques-

1
. of corrosion for 13 years and the Writer's 

ments include some salient points on this 
p c generally. As a result the Writer hopes the 

brief comment in this contribution will enable 
engineers to draw fairly based conclusions on the 
Tweepad structure and corrosion in aggressive 
backfills. 

The Writer feels it important to point out that 
the failure of the other Reinforced Earth wall to 
which the Authors refer, was, in fact, caused by 
the failure of an impressed cathodic protection 
system designed by a specialist consultant selec­
ted by the same Employer. The Authors might 
have given the impression that the two cases were 
similar. 

LOCALITY AND CONSTRUCTION 
ENVIRONMENT 

The project was constructed under particular 
and unusual conditions. Tweepad is situated in a 
vast and remote diamond mine on the desolate 
west coast of South Africa. The whole region is a 

I. h security area, and access to the site is 
ricted. Because of this kind of logistical diffi­

ty, the Employer was responsible for the 
supply of backfill to the Contractor who was 
responsible only for the construction of the struc­
ture according to the specifications for the erec­
tion. The Writer's company was not responsible 
within the contract for the construction nor the 
supervision of the construction. 

BACKFILL CHARACTERISTICS 
At both the feasibility and design stages, the 

backfill material of the site was known to be free­
draining (less than 5% passing the 80 µm sieve) 
with high chloride contents ranging between 100 
and 800 ppm. This material was outside standard 
Reinforced Earth chemical specifications but was 
considered suitable on account of its uniform 

567 

free-draining nature and the relatively short 
service life requirement of 30 years. At the request 
of the Employer the specification was amended to 
permit the use of sea water as opposed to fresh 
water for compaction purposes. 

This amendment was accepted on the assump­
tion that the sand was free-draining and because 
of the Reinforced Earth group's experience at that 
time which was 

(a) experience of a large temporary industrial 
structure, constructed in France where sea 
water was used for compaction of a self­
draining marine sand-good results had been 
recorded after four years of use (these walls, 
now 20 years old, are still in service, have 
been recently inspected and are performing 
well) 

(b) a one year laboratory test on corrosion cells 
and box tests using free-draining sand moist­
ened with sea water- the test results did not 
indicate that there would be a corrosion 
problem. 

Before the construction stage, several samples 
of backfill material had been taken from the site 
and its vicinity. These samples were mainly free­
draining wind blown sands with less than 5% by 
weight passing the 80 µm sieve. One 'calcrete' 
sample tested by the Employer with 13% passing 
the 80 µm sieve had also been approved by the 
Writer's company since the draining properties 
were still considered to be satisfactory. 

A test sample of the 'calcrete' type material 
with 32% passing the 80 µm sieve was rejected by 
Reinforced Earth (Pty) Ltd for use as Reinforced 
Earth backfill. 

After completion of the structure in 1980, 
further tests were carried out on the backfill and 
it became evident that the backfill was out of 
specification. It turned out that the backfill con­
tained up to 20% clay (less than 2 µm) in the 
form of lumps in the sand. 

CORROSION 
Ten years after completion and a great deal of 

analysis it is clear that the problem encountered 
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at Tweepad was caused by the combination of 
two factors 

(a) the presence of an irregular and excessive 
quantity of clay in the soil which was not in 
accordance with the Writer's company's 
specifications and 

(b) the use of salt water during compaction. 

The irregular distribution of the clay induced 
high local corrosion rates. 

This point is confirmed by comparison of Figs 
6 with Fig. 12. The first seems to suggest that cor­
rosion increases with depth, while the average salt 
content has been found to decrease slightly. The 
second diagram, relative to wall H and not 
included by the Authors, suggests on the contrary 
that corrosion decreases with depth, whereas the 
salt content remains in the same range. This dis­
crepancy can only be attributed to the random 
distribution of clay. 

An extensive study has been made of the 
behaviour of galvanized steel in aggressive 
environments. The study relates to soils contain­
ing up to 2000 ppm of sulphates and chlorides 
(Darbin, Jailloux & Montuelle, 1988). The 
Tweepad experience is in line with the results of 
the study. 

From this study it can be seen that a soil con­
taining 1300 ppm of chlorides and 600 ppm of 
sulphates (the average salt content found at 
Tweepad) is expected to corrode galvanized steel 
at a rate given by P = (100 + 20)T0

"
65 (where P, 

in µm, is the loss of metal, zinc and iron, for one 
side; T is the time in years; 0·65 is the deceler­
ation of the corrosion with time). In fact the 
average corrosion rate measured in the samples 
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Fig. 12. Results of strength tests on reinforcing strips 
taken from shaft sunk behind wall H 

Table I. 

Time : Number Average loss (iron and 
years of samples zinc per side : µm 

T 
Calculated Actual 

p p 

2 12 188 250 
3 15 245 245 
4 22 295 297 
6 21 385 392 
8 404 NA 

retrieved from Tweepad closely follows this equa­
tion, as shown in Table 1. This Table shows that 
the laws governing the corrosion of steel in 
aggressive environments are now defined with a 
greater degree of precision and understarnA 
than was possible at the time the Tweepad stiW 
ture was designed. 

MOVEMENTS 
The Authors make a number of comments con­

cerning movement of structures at the site and 
corrosion. The comments are unsubstantiated. 
The facts are 

(a) post construction rotational movements took 
place on wall K, which is 27 m high and 
founded on top of another 15 m high Rein­
forced Earth wall ; over the monitored period, 
the top of this wall moved out at the rate of 
8 mm per year 

(b) wall H founded on top of a 25 m high fill, 
moved in the same way 

(c) negligible post construction movement was 
measured on walls A, G and F which are 
founded on rock. 

The only conclusion is that walls K and H moved 
because of the normal amount of consolidatio~ 
the fill beneath it, and that no relationship e. 
between movement and corrosion of the re­
inforcing strips. 

TENSION IN REINFORCING STRIPS 
Over the years, a considerable number of mea­

surements of tension forces in reinforcing strips 
have been carried out by the Reinforced Earth 
group and by highway administrations in many 
structures and in many parts of the world. This 
type of measurement always requires the use of 
two strain gauges (one on each side of the strip in 
order to eliminate the effects of bending). The 
accuracy and consistency of the results are totally 
satisfactory and have enabled reliable design 
methods to be formulated for all types of struc­
tures including surcharged walls. 
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Fig. 13. Excavation on waU A-15 m high 

e 
The strain in the reinforcing strips at Tweepad, 

after excavating a shaft within the wall, was only 
estimated by measuring the relaxation of the 
tension on one side of the reinforcing strips, 
which does not give accurate results. In addition, 
the excavation of the shaft among the strips 
changed the state of stress in the strips and there 
is no basis to support that measurement made in 
such conditions can provide reliable results. 

RECONSTRUCTION OF WALLS 
Despite the problems and costs incurred 

through the use of corrosive backfill, it was 
decided to reconstruct the affected walls using 
Reinforced Earth for all structures where this was 
possible. One of the walls was completely disman­
tled and a new Reinforced Earth structure built in 
its place and other walls were buttressed with 
new Reinforced Earth structures. The Writer's 
company designed and supplied the components 
fAJI the additional Reinforced Earth structures. 
~ecifications complying with standard Rein­

forced Earth company requirements were strictly 
enforced, and it is interesting to note that a suit­
able backfill source was located close to the site 
of the works. 

During reconstruction deep and high excava­
tions in the Reinforced Earth structures indicated 
that failure of the total structure was not immi­

' nent. Fig. 13 shows a 15 m high excavation in 
wall A. 

CONCLUSION 
There is nothing in the Tweepad experience 

which contradicts accepted theory and knowledge 
derived from the extensive research and practical 
applications of Reinforced Earth technology in 

around 12 000 structures designed and built 
worldwide. 

Authors' reply 
Although the discussion appears under the 

name of A. C. S. Smith, it seems to the Authors 
that this is a corporate discussion by Terre Armee 
Internationale. We apologise if this supposition is 
incorrrect. Much of the discussion confirms and 
amplifies information given in the Paper. 
However, the Authors, in reply, do have some 
comments to make. 

The information given in Table 1 is interesting 
but quite irrelevant. Information or accurate pre­
dictions of average rates of thickness loss are of 
no value at all if galloping corrosion is occurring 
or is likely to occur at various isolated points, 
and will reduce the strength and ductility of the 
steel at rates five times quicker than average. The 
importance of the Tweepad experience is that it 
demonstrates the potentially disastrous conse­
quences of processes that do not proceed uni­
formly at average rates. Darbin et al. (1988) must 
have been aware of the Tweepad failure at the 
time their paper was finalized, yet they give 
support to the notion that the corrosion of galva­
nized steel buried in earth always follows a pre­
dictable course. Their information on corrosion 
heterogeneity is dismissed as 'unreliable', whereas 
it was probably of greater significance than their 
well-behaved data. In common with many engi­
neers, they appear obsessed with strength, 
whereas ductility may be a parameter of equal, or 
greater importance. An almost complete loss of 
ductility combined with severe localized loss of 
strength can spell disaster in a relatively short 
time, even if a formula based on average behav­
iour predicts a service life of many decades. This 
is a lesson that should be learned and publicized. 
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The Authors freely admit that they cannot 
completely account for the observed continuing 
movement of the Tweepad walls. However, to 
deny that the movement could have had anything 
to do with corrosion of the steel reinforcing seems 
akin to denying that the steel was corroding. 

The well-behaved measurements of strain in 
reinforcing strips referred to by Smith were no 
doubt made on carefully prepared and handled 
test strips that were then as carefully buried and 
compacted over. The diagrams in the Paper, 
showing observed variations of strip tension with 
depth, are, like it or not, what actually happens in 
a reinforced earth structure. The observations 
cannot simply be swept under the carpet and 
ignored because they do not fit in with precon­
ceived ideas of how Reinforced Earth behaves. 
Unpalatable as the fact may be, the performance 
of real structures depends on how they are con­
structed. The reality seldom matches neat, over­
simplified drawing-board notions. Those 
concerned with the design and reinforced fill 
structures would do well to note the statistical 
nature of the design concepts, as typified by the 
measurements made at Tweepad. 

It should be noted that the mode of failure 
most feared at Tweepad was fall-out of a facing 
panel. Had one of these panels crashed down, 
people working below could have been killed or 
injured. There was always less concern at the 
possibility of a general shear failure within the fill, 
for the simple reason that Tweepad is situated in 
a desert. The shafts sunk behind the wall had 
shown that the fill had considerable capillary 
cohesion in it. Smith's photograph shows a verti­
cal face that probably owed its apparent stability 
more to capillary cohesion than to the badly cor­
roded reinforcing strips embedded in the fill. 

Finally, if Smith and his colleagues really have 
learned nothing from Tweepad, we urge that they 
read the Paper carefully again. 
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Effects of Collapse Settlement of Fill on Reinforced Earth Walls 
G.E. Blight 
Proteaor of Construction MateNla, University of the Wltw•L•-ld, 
J~. South Africa 

SIMO PSIS 

Two case histories illustrate the effects that collapse settlement of the fill forming a Reinforced Earth wall can have 
on the structure . • Pre-requisites for collapse settlement are inadequate compaction, compaction at too low a vater content, or a 
combination of these. Collapse settlement occurs subsequently when the water content of the fill is increased by 
infiltration. 

The effects of collapse settlement identified in thi s paper are: 

(i) a temporary release of friction on the reinfor cing strips with t he result that the wall facing moves outwards; 
and 

(ii) relative settlement between the fill and the vall facing with the result that the reinforcing strips become 
inclined to the horizontal and their tension increa ses . 

nTECrS OF OOLLAPSE SEITU.MDn' OF Fn.L ON STRIP 
PRICTION 

A loose fill has an unstable structure that is 
maintained by capillary stresses. In clayey fills t he 
structure will consist of an assemblage of clod s that 
behaves like a granular mass. Each clod maintains i ts 
integrity by mean s of strength imparted by capillary 
stresses acting within it . The void space between clods 
is large relative to the void space within each clod , 
i .e. individual clods are compact relative to t he 
overall soil. In sand fills the unstable structure will 
be maintained by capillary stresses between individual 
grains or groups of grains . 

• When water later infiltrates the fill , the capillary 
stresses are released. Clods lose strength and compact 
into the surrounding voids and sand grain assemblages 
break down . The net effect is a settlement of the f i ll 
t.hat has been defined as collapse settlement. The 
amount of collapse settlement that occurs depend s on 
the quantity of water infiltrating and t he 
time- settlement relationship depend s on t he 
distribution of the infiltration with time. The 
transient effect of the settlement on f riction between 
the reinforcing strips and the soil will be illustra t ed 
by a case history : 

A reinforced earth wall was built at Koingnaas on t he 
west coast of South Africa. The climate is desert with 
an average annual precipitation of 90 mm and an annual 
pan evaporation of 1950mm. The wall supports a fill of 
uniform fine dune sand which was placed without control 
on moisture content and with little compaction. Short l y 
after a high pressure sea water hose had burst on t he 
platform at the top of the wall, the wall abrupt ly 
moved forward a distance of 150mm to 200mm and t hen 
again came to rest. 

The sand was unifo:na in grading , having a d10 size of 

O.lmm and a ratio dfi<Y'd10 = 3. 2. An investigation in 

the laboratory showed that the angle of shearing 
resistance of the sand vas high ( ~' = 43°) although the 
angle of frictioa of the loose dry sand on the surfaces 
of the smooth galvanized steel reinforcing strips was 
surprisingly low ( o=l 3° ) . When the sand wa s inundated 
in the shea r box, the angle of friction increased to 
19°. 

A re-analysis of the stability of the wall showed tha t 
for 6 =13° the fac t or of safety against pull- out of the 
strips from the fill would be a s low as 1 . 1 at a 
distance of 2.Sm below the top of the wall , increasing 
to 1.5 at 4.5m and l:o close to 2.0 at 6m, the base of 
the wall. Because the effect of wetting wa s ultimately 
to increase the factor of safety against a pull- out of 
l:he strips, it appeared that some transient phenomenon 
had occurred, prestnably a s the wetting front, arising 
from the burst hose , passed through the fill . 

The phenomenon wa s modeled in the laboratory by loading 
a dry sand-to-galvanized steel surface in the shear 
box , to a factor of safety of 2 against shear failure. 
The sand wa s then inundated and the movement of the 
sand arid the shear load vere recorded on a UV r ecorder. 
A typical result of such a test is shown in Figure 1. 

AB in the figure represents the stage during which the 
dry sand was loaded to a factor of safety of about 2 
(actual 6 = 6.1° ). At B the loading was stopped and the 
sand inundated. At C it appears that the water reached 
the sand-galvanized steel interface and the shear 
stress reduced (C to D) to an angle of friction of less 
than 1°. Simultaneously the sand settled, although most 
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EFFECTS OF COLLAPSE SETTLDl~T OF FILL ON REIN FO RCED EARTH WALLS 

<P= 6,1° 

(F.S. = 2) 

Sand dry shear _ 

stress Increasing 

Shear stress relaxing 
.. 1 
c 

Inundated/ 

10s 

<I>= 5,8° 

Shear stress foils 
as sand settles 

<i>=O 
</> = 0,74° .,.,.ir D 

0,68 mm ""' 2,68,. 

A •• Figure 1: Variation of shear load at sand-steel 
interface when dry sand is inundated. 

of the settlement occurred after the frictional 
resistance at the sand-steel interface had been lost . 

It can be inferred from Figure 1 that as the wett ing 
front moved downwards through the fill , successi ve 
layers of reinforcing strips temporarily lost their 
shear resistance and allowed the pressure in the f i ll 
to move the wall facing forward. As the wetting front 
passed , shear resistance was re-established, possibly 
at a greater angle of friction, and the wall facing 
re-stabili:z:ed. 

The effect of saturating the fill on strip friction ha s 
previously been investigated by the Reinforced Ear th 
Company· Although they found tha t saturati on 
reduces the frictional coefficient between a dune sand 
and a steel reinforcing strip , the t ransient phenomenon 
illustrated in Figure 1 appears not t o have been 
identified at that time. 

• 

A possible secondary effect of wa t er ent r y is tha t 
water pres sure may develop in t he f ill , thus reduc ing 
its shear strength and precipitating a r otat ional shear 
fa i lure. In t he Ko ingnaas case , this di d not oc cur 
because the quant ity of water wa s limited and the f i l l 
was relatively free-draini ng . 

DTECT OF CXlll.APSE SE'l"l'L»mrr OF Fill. Off STRIP T»ISION 
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The collapse settlement of a poorly compacted fill has 
its effect on strip tension by dragging t he reinforc ing 
strips down relative to the wall fa cing . If the lat t er 
consists of concrete panels , the facing is stiff in a 
vertical plane, relative to the fill , once the 20mm 
joints between the concrete elements have closed up . 
This closure corresponds to 1. 3% of post construction 
settlement of the fill. 

Figure 2: Strip tension T required to exert horizontal 
component Th for various inclinations e. 

There is also the possible secondary effect of wa t er 
pressure to consider, if sufficient water enters t he 
fill and if the fill is not free-draining. 

The effect of collapse settlement on strip tension i s a 
complex geometrical one, which depends on: 

the relative sett lement of the reinforcing strip to 
the tie strip taking into account the ability of the 
cladding to compress in the vertical plane 

the movement of the reinforcing strip required to 
mobilise the friction in the loose fill along the 
length of the strip. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

G E BLIGIT 
Professor of Construction Materials, University of the Witwatersrand, Joti.Mes,~g , South Africa 3 

EFFECTS OF (l)LLAPSE SETTLEHil\T OF FILL ON REINFORCED EARTH WALLS 

As a result of the relative settlement, the stri ps 
become inclined adjacent to the wall. For an inclined 
strip to exert a horizontal tension component Th ' t he 
tension in the strip has to be (see Figure 2) 

T : Th sec e 

monitored over a period of five months. The observed 
movement was only lmm and hence measurements were 
stopped. The observed movements of the north wall over 
the period 1979 to 1984 are illustrated in Figure 4. 
The 1984 mea surements seem to show that the rate of 
movement of the wall had been almost constant with 
time. 

Rgure 3: Frontal view of the failure at 
Grootgeluk Mine 

As shovn by Figure 2, T increases rapidly wi t h 
increasing e. If the design factor of safety agains t 
yield of a reinforcing strip is 1. 6, a str i p 
inclination of 51° will cause yield. If the factor of 
safety agains t tensile fracture is 2, an inclination of 
60° vill resul t in fracture. 

•

The occurrence of this effect of fill settlement will 
lso be illustrated by a case history: 

At the Grootgeluk Coal Mine in t he north-west Transvaa l 
province of South Africa , the two arms of a u- shaped 
crusher complex were constructed of Reinforced Eart h 
wall s . 

The walls support the earth ramps that provide acces s 
for 250T haul trucks to tip their loads from the base 
of the U into a primary crusher. Eight years after 
construction one of the side walls (the south wdll ) of 
the U failed , a wedge of fill sliding out together wi t h 
a section of the concrete panel facing. The height of 
the section that failed was 16m. A view of the failure 
is shovn in Figure 3. 

Early in the life of the wall complex there had been 
concern because the facing of the north arm of the U 
had been found to be moving outwards. The movement of 
the vall was monitored for fifteen months , but when t he 
rate of movement was seen to be moderate (between 10 
and 20mm per year), measurements were stopped. At t he 
same time, the wall that ultimately failed wa s 

An examination of the failure showed the following: 

(i) A water pipe in the failed area had been 
leaking for an unknown period , discharging 
water into the fill. 

(ii) 

(iii ) 

(iv) 

The fill consisted of a sandy gravel which 
contains a considerable proportion of clay. It 
was certainly ne t free- draining but had an 
estimated permeability of only lm/ year. 
Penetration of water into the fill by 
infiltration of rainwater would ha>e been slow. 
.Equally , \outer fed into the fill by the leaking 
pipe would not readily have dispersed. 

Several reinforcing strips had never been 
placed in the wall. For example, one facing 
panel was attached tc four. instead of the 
required six strips. In other cases 6omm x 3mm 
strips had been used instead of 80mm x 3mm 
strips . 

Strips in the wall adjacent to the failed 
section were found to be inclined at steep 
angle s to the horizontal. Inclinations a s steep 
a s 80° were found. It is sunnised that a 
similar situation applied to the section of 
wall that failed. Figure 5 shows a row of 
inclined strips uncovered in the post-failure 
examination. 
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EFFECTS OF COLLAPSE SE'I'TLD!FNT OF FILL ON REINFORCED EARTH WALLS 
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Agure 4: Observed movements of north wall at 
Grootgeluk Primary Crushing Plant. 
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The inclination of the strips may have resulted fr om 
setting the facing slabs too far ahead of the fill wi th 
the result that the unsupported reinforcing stri ps 
drooped down to rest on the fill surface. On the other 
hand , the observed progressive movements of the nor th 
wall were probably caused by a similar mechani sm, 
involving collapse settlement, to the movement of t he 

Koningnaas wall. Because of the relatively low 
permeability of the fill, the process of progressive 
release of friction would have taken place slowly over 
the years as each seasonal wetting front progres sed 
through the fill . The same process was probably taking 
place on the south wall, but was unobserved. 

Rgure 5: Inclined reinforcing strips uncovered 
during pest-failure examination 
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EFFECTS OF COLLAPSE SE1'TLF>t~T OF FILL ON REIS FORCED EARTII WALLS 

(v) 

(vi) 

A deep rut in the surface of the fill showed 
that a heavy wheel load had been applied to t he 
surface of the failed area shortly before the 
failure occurred. 

Several of the 
section had 
previously , as 
rusted. 

strips supporting the failed 
clearly broken some time 

the fracture surfaces had 

An engineering failure seldom stems from a sing le 
cause. It is usually the concatenation of a number of 
circumstances that results in a •ailure. The 
Grootgeluk failure was obviously no exception. All t he 
above factors would have pushed the condition of t he 
wall nearer to failure. 

Accepting 
above, a 
following: 

the various construction 
likely scenario for the 

errors mention ed 
failure is t he 

Because of progressive collapse settlement a.nd 
~ construction errors , the factor of safety of the 
• section of wall that failed may have been close to 

tmity before the water pipe started to leak. The 
penetration of the fill by water from the leak would 
have resulted in further collapse settlement and an 
increasing inclination of the reinforcing strips in 
this zone. Simultaneously , the accumulation of water 
would have reduced the shear strength of the fill. The 
last straw may have been the straying of a hea vy 
vehicle onto the surface of the fill above this zone, 
now in a critical state. As often happens in 
engineering failures, there wa s no coherent eye-"'itne ss 
accotmt of the failure. 

Observations at Grootgeluk indicated that reinforcing 
strips were dragged down over a distance of SOOmm to 
750mrn back from the wall facing . If one sets t he 
acceptable angle of inclination at 37° ( a 25 per cent 
increase in strip tension), then the maximum 
pennissible settlement of the backfill relative to t he 
wall facings is 375mm . Hence the limitation on 
settlement or mi splac ement of strips in elevation is 
no t severe. Relative displacements of less than 375mm 
over a fill height of 16m should be easily possible 
with good supervision and careful compaction • 

• CX>NCUJDiliG R»tARKS 

The case historie s described above, illustrate t he 
importance of applying the usual control norms during 
the construction of Reinforced Earth structures , a s 
well a s the necessi ty for adequate compaction of t he 
fill. As shown by measurement s on Reinforced Ear th 
structures, the tensions in reinforcing strips a t a 
particular level can vary widely (Blight, Dane and 
Smith (1)). Circumstances that result in increasing 
strip tensions may cause certain strips to break , t h u s 
reducing the overall factor of safety of the structure. 
Recognition of these facts will lead to the building of 
safe, durable structures. 

The infon:iation oo the Koningnaas wall is published by 
kind pennissioo of the Anglo American Corporation of 
South Africa Limited. 

The Grootgeluk c.ase history is published by permissioo 
of Iscor Limited. 

1. B~t, G.E. , Dane, M.S.W. and Smith, A.C. S . , 
"lhe progressive deterioration of a Reinforced 
Earth wall complex", sul::mitted to Geotechnique , 
1987 . 
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4. EROSION OF THE SLOPES AND SURFACES OF TAILINGS DAMS 

CONTRIBUTION TO LEARNING 

Prior to the study described in these three papers, no information was available on the 

rates of removal of material from tailings dams by wind and water. Actual erosion 

rates turned out to be very much larger than generally thought. It was also a great 

surprise to many to find that: 

. 1 most of the material is eroded from the slopes and very little from the tops of 

dams; and that 

. 2 almost as much erosion results from wind action as from rain . 

The third paper describes the current South African guidelines for environmental 

protection of tailings dams and the impact on these guidelines of measured rates and 

distributions of erosion . 
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4. EROSION OF THE SLOPES AND SURFACES OF TAILINGS DAMS 

4.1 Blight, G E (1987). Erosion of the slopes of gold tailings dams. Proceedings, ASCE 

Conference on Geotechnical Practice for Waste Disposal, Ann Arbor, USA, pp 294-

305 . 
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Blight, G E ( 1 991 ) . Erosion and anti-erosion measures for abandoned gold tailings 
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E~CSION JF THE SLOPES OF GOLD TAILINGS DAMS 

by 

. a 
Geoffrey E Blight , MASCE 

ABSTRACT 

A study has been made of rates of erosion from the slopes of gold­
residue dams in the South African Highveld region. Data is available 
for two years at this time and conclusio~s must therefore be regarded as 
tentative . Nevertheless, some use:ul correlations have been established 
that enable quant itati ve predictions to be made o: the annual tonnage of 
residue that will be lost from a slope. This information can be used 
for designing the capacity of erosion-containing structures, estimating 
desilting requirements and deciding on whet her or not a slope will 
require protection against erosion. 

INTRODUCTION 

Gold residue or tailings is a highly erodible, silty material which, 
if it escapes from the confines of a tailings dam, can cause extensive 
siltation of streams, rivers, low-lying areas and adjacent agricultural 
land. Dus t pollution emanating from gold tailings dams ma y also reac h 
unacceptable levels. 

The bulk of the taili ngs particles fall i nto the silt particle size 
range. The mass proportion finer than 74 microns is typically 70 to 90 
per cent and that finer than 2 microns is 5 to 25 per cent. 

The topography of the South African gold mining areas is relativel y 
flat with virtually no sites suitable for valley dam tailings i mpou nd­
ments. As a result, the tailings dams serving t he t hirty-odd gold mines 
are all of the ring-dyke impoundmen t type. The dams are raised by the 
upstream method and maximum use is made of sun - drying t o consolidate tne 
slopes and outer beaches of the impoundments. One consequence of this 
is that a large area of tailings is maintained in a dry state and is 
susceptible to dust generation. 

Figure l s hows a typical large (200 hect are or 480 acre) gold tail­
ings dam. The dam is divided in two , each half having its own decant 
facili ty and being capable of separate operation. It will be apprecia­
ted that the large flat top surface of such a dam ?r ov ides a consider ­
able potential for dust pick-up by wind . The e xposed slopes of the 

a Professor of Construction Ma t erials, Department of Civil Engineering, 
University of the Witwatersr a nd, Johannesburg, Sout h Africa. 

l BLIGHT 
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ring-dyke are susce?ti~le to both wind and water eros:on. 

The slopes of gold tailings dams cannot be vegetated to provide 
protection against erosion as the dam rises. Pyrite contained by the 
tailings oxidizes near the surface, creating an acid environment that is 
hostile to plant life. Unt~l the period of acid generation has passed 
(typically between 5 and 10 years), it is only possible to contain the 
material eroded from the slopes oy water by means of a series of toe 
paddocks or silt traps such as those to be seen encircling the dam in 
Figure 1. 

The purpose of the work debcribed here was to investigate actual 
rates of ~rosion from gold tailings dams with the object of acquiring 
data for the design of erosion-containing structures, estimating desilt­
ing requirements for these containments and deciding on whether or not a 
slope requires protection against eros ion over and above vegetating. 

MEC HAN:cs QF S0IL EROSION 

Extensive research into the mechanics of soil erosion has been car­
ried out in the field of agric ultural science, river mechanics and 
related areas. 

Because agricultural field s , river beds, etc invariably have flat 
slopes, it is generally not pos s ible to extrapolate the results of agri­
cultural or riverine erosion studies to the very steep slopes of mine 

Figure 1 Aerial view of ring-dy ke gold tailings (~esidue) dam. Note 
large top and slope a r ea exposed to wind and water erosion. 
Darn is ringed by silt catchment padd ocks 

2 Blight 
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tailings dams. For example, a s lope of 15° would be excessively st eep 
in agricultural practice, but impractically flat for the sides of a 
tailings dam. 

Lack of space precludes an exhaustive survey of the literature on 
soil erosion. What follows is a brief introduction to the mechanisms of 
soil erosion and the factors that affec t it. 

Erosion by water can be de f ined by two sub-processes 

detachment by rainfall 
detachment by runoff . 

Raindrops hitting the surfa ce dislodge particles which are then 
carried downslope in increasing quan ti ties as the flow rate increases. 
A single drop falling on a slope in still air cond itions has components 
of momentum normal to, and down the slope . The downslope component of 
the weig ht of the dr op is trar.s f erred in full to t he s urface but only a 
small propo rti on of the compo~e~t r. orma~ to the s~rface is transferred, 
the remainder being reflected. The transference of momentum to the par­
ticles has two effects : 

It provides an impact f orce , compacting the surface; and it im­
parts a velocity to some of the loosened particles and launches them 
into the air. This process of sa ltation or skipping of particles is 
continued down the slope by transfer of momentum and the saltating 
process is repeated. 

The bulk of the water eros i on from residue dams probably arises 
from detachment by runoff. Runoff occurs during a rainstorm when the 
moisture storage or infiltrati on capacity has been exceeded. For the 
fl ow of water to detach the par t icles a certain tractive force, related ­
to the flow velocity has to be r eac hed. 

Bagno ld (1 974) related the tractive force to the fl ow velocity and 
particle size . He f ound that the critical f low velocity required f or 
particles to become detached decreases with decreasing grain size, but 
below a certain particle size (about O, lmm, and the bulk of gold tail­
ings particles are finer than this) , the critical velocity increases 
again. 

Hjulstrom (1976) determined a relationship between particle size 
and critical velocity f or erosi on. His data supports that of Bagnold 
and shows, f or instance, that t he critical velocit y f or a particle size 
of O,lmm is about 0,2m/ s , f or l mm it is 0 ,3m/s , but for O,Olmm the 
critical velocity rises t o 0,8m/ s. 

The process of erosi on by wi nd is basically similar co that by 
water. In order to be eroded, a particle must be detached by tractive 
f orces . To be transported, it must acqui re kinetic energy from the 
wind. Once t his has occurred , solid particles above a certain size will 
saltate and finer particles may be carried in suspension. 

Bagnold (1 959) showed that the rate of saltation in wind is direct­
ly proportional to the square r oo t o f the particle size and to the c ube 

3 Blight 
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MEASUREMENTS ON A TIED-BACK RETAINING WALL 

MESURES IN SITU EFFECTUEES SUR UN MUR 
DE SOUTENEMENT ANCRE PAR TIRANTS 

G.E. BLIGHT 
University of the Witwatersrand, Johannesburg (South Africa) 

~ In order temporarily to retain the embankment on either side of a new 
rail-over-road bridge being c onstructed under an operating suburban 
railway line, the contractors designed a flexible tiedback retaining 
wall. The paper will describe the instrumentation of the 10 m high 
wall and give the results of the measurements. The bending moments in 
the vertical channels and the loads in the tied bars were used to 
deduce the pressure distributi on on the back of the wall. 

• 

Afin de retenir, temporairemen t, le talus de part et d' autre d' un 
nouveau pont pour voie ferree suburbaine, franchissant une voie rou­
tiere, la construction du pon t se faisant avec la ligne ferroviaire 
restant active, les entrepreneurs ont conc;u un mur de sou tenement 
souple ancre par tirants. Cet article decrit la procedure d'instru­
mentation du mur, haut de 10 metres, et donne les resul tats des 
mesures effectuees. Les moments flechissants dans les fers en U verti­
cau x et les forces dans les bar res d'ancrage furent utilises pour de­
duire la repartition des pression au dos du mur. 

INTRODUCTION 

In order temporarily to r e tain the embankment on either side of 
a new rail-over-road bridge being constructed under an operating 
suburban railway line the contractors designed a flexible tied-back 
retaining wall . The wall consisted of vertical double channel 
members at a horizontal s pacing of 915mm supporting horizontally 
laid 76mm thick by 300mm wide prestressed concrete planks , The 
vertical channels were suppo rted at their lower ends on two layers 
of galvanized steel sheet resting on concrete strip footings and 
were tied back by means o f mild steel tie rods to beams buried 
at two levels in the retai ned fill. The anchor beams were located 
well beyond the 'active' zone of the fill, as indicated in Figure 
1 

At short notice it was de c ided to instrument the walls in order 
to measure the actual forces and bending moments developed in 
the tie-bars and vertical channel members . 

Figure 1 shows a section of the portion of wall that was instrumented 

513 
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(b) Variation of resisting lTla7leT1t in double channels with height of 
retained fill at a point midway between upper and lower tie-bars. 

(c) Variation of resisting lTla7leT1t in double channels with height of 
retained fill at level of upper tie-bars. 

The fill was replaced with only nominal compaction and it is inter­
esting to note that replacement of the fill had relatively l ittle 
immediate effect on tie-bar loads and bending moments. 

The fill reached its full height within 10 days. Subsequent to 
this, strains were monitored for a further 98 days after which 
the wall was dismantled. Figure 3 shows the variation with time 
of the top t i e-bar load and of the bending moment in the channels 
midway between ties . In both cases very little change occurred, 
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indicating that the relatively non-plastic fill retained by the 
wall crept very little in the three-month period of observation. The 
e ffect of the removal and replacement of fill on tie-bar loads 
and channel bending moments is also illustrated in Figure 3 . 

The load in the lower tie - bars was determined by transferring 
the l oad from the tie-bar to a jack and noting the load at which 
the slope of the load- deflec tion curve changed. This was at a 
l oad of 45kN. The total wall deflection at a 45kN load was l,1 9mm 
which corresponds closely to the calculated elastic extension 
o f the 7m long tie-bars of l,2 2mm under this l oad. 
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MEASURED MOVEMENTS OF WA LL 

Horizontal movements of the wall were monitored by means of an 
optical plummet . To make t he measurements of each channel member, 
the plummet wa s set up over a reference peg in a concrete datum 
s lab at the toe of the wall . Offsets from reference points on 
each channel to the vertica l line of sight of the plummet were 
then measured by holding a steel rule graduated in millimetres 
against the channel so that it projected horizontally and reading 
the offset through the plummet. In thi s way it proved possible 
to measure offsets with a repeatability of less than ± 0,5mm. 

figures 4a and 4b show the progressi on of the wall movement as 
the leve l of the fill ros e . Althoug h the movements appear to 
be fairly large ( 20mm) they represent only a small average strain 
in the backfill when expr essed as a percentage of the tie-bar 
length or the wall height (about 0 , 3%). Figure 4a shows the elastic 
extensi on of the top tie-bar s as the level of the fill rose (calcula­
ted from Figure 2a). It is obvious from a comparison of the wall 
movements with the tie-bar extensions that the anchor beams must 
have slightly moved within the fill as the anchorage force developed. 
The curvature of the wall between the upper and lower tie-bars 
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from the analysis as it could not affect the value of H). Hence 
for horizontal equilibrium of the wall 

uh 
(W sina - [w cosa - - .-Jtanip' )cosa 

s1na 
H ( 6) 

If H can potentially exceed the right hand side of equation (6) 
the term tanip 1 need not be fully developed, i e shear strains 
in the fill may be (and probably were) less than failure strains , 

Equation (6) can be used to evaluate the average pore pressure 
on the potential sliding surface that would correspond to the 
measured tie-bar loads . If a i s taken as 45° + ip 1 /2 = 62,3° and full 
development of tanip' is assumed, the pore pressure ratio · 

r 
u 

u 
yh 

0,05 

Considering that seepage was issuing from the lower part of the 
wall this is an entirely reasonable value. At the time of install­
ing the strain gauges, the phreatic surface in the partly comp l eted 
fill was about 2m above the base of the wall. If it maintained 
this height once the fill was complete, r would in fact have 
had a value of 0,05. If tanip 1 is assumed to uhave been only half 
developed, r = 0. 06 showing that r is not particularly sensitive 
to the angleuof friction actually dev~loped . 

RECOMMENDATION FOR DESIGN OF SIMILAR WALLS 

In view of the reasonable values given by the wedge analysis 
outlined above, the author would be satisfied to adopt this approach 
for the design of similar walls in future. The most important 
question to be answered at the design stage is, "What v11lue of 
ru should be used"? As shown by Equation (6), H i ncreases linearly 
as r increases . It is therefore important to carefully assess 
groun~wa t er conditions in the vicinity of a proposed · wal l so 
that a value of r can be chosen that is conservative, but not 
unrealistically lar~e , The apportionment of H between individual 
tie-bars obviously depends on the location and number of ties 
and the profile of the retained filL Experience with this wall 
indi cates that apportionment of H should be based on the assumption 
of either a trapezoidal or rectangular earth pressure distribution 
on t he wall. 
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Prediction and Performance in Geotechnical Engineering I Calgary I 1 7-19 June 1987 

The concept of the master profile for tailings dam beaches 

G.E.Blight 
University of the Witwatersrand, Johannesburg, South Africa 

ABSTRACT : The profile of an hydraulic fill beach may be non-dimensionalized to give a 
master profile which is the same for a ll beaches o f a specific material deposited at a 
~cifi c solids conc e ntra tion , Hydrauli c particle sort ing along a beach may also be 
1l'dicted from a simp l e expression and he nce the variation o f tailings permeability may 
be found . From this , the position of the phreatic surface in a dam may be predicted . 

INTRODUCTION 

Studies in Russia (eg Me l ent'ev et al 
1973) which are not generally known or 
available in the West , have shown that the 
profile of an hydraulic fill beach for a 
particular fill material , so lids concent r a­
tion at placing and (probably) rate of 
placing , can be represented by a si ngl e 
dimensionless "master pro f ile" , The mas t er 
profile applies regard less of the l e ng th of 
the beach or (within limits) the differe nce 
in elevation between the poi nt of deposi ­
tion a nd the pool , Re ference to this phe ­
nomenon was discovered by the author a nd 
colleagues in a n English translation of 
Melent ' ev ' s paper , As the concept appeared 
to be a most useful one, research into the 
subject was started . 

Thi s paper i s a summary of the present 

l
e of knowledge of master profiles 
ght and Bentel (1983), Blight, Thomson 

an Vorster (19 85 ), Abadjiev (1985)). 
There are two other phe nomena which are 

closely related to the master profile 
concept: 

(i) The profile appears to be generat ed 
by gravitational sorting of particle si zes 
as the tailings slurry moves down the be ach , 

(ii) The resu lta nt gradient of partic l e 
sizes down the beach produces a gradient of 
permeability, the permeability of the t a il­
ings deposit decreas ing fr om the poi nt of 
deposition towards the pool . 

Th e l atter phenomenon , in particular , has 
i mportant consequences f or the stabi lity of 
a tailings deposit . 

361 

THE MASTER PROFILE 

Figure 1 shows beach prof iles measured at 
s i x different locations on a large complex 
of platinum tailings dams . It wi l l be not­
ed that each profile has a d iffer ent length 
H and a difference in e l evat i on Y between 
the point of deposition and the pool. In 
Figure 2 the profiles have been non-dimen­
sionalized by norma lizing the elevation and 
distance down the beach of each point on 
t he profi l e , The result i s a single master 
beach profile with the equation 

(l) 

Each different tailings product can be cha ­
racterized by a different exponent n, as 
illustrated in Figure 3 . The exponent is 
also affected by the solids concentration 
of the s l urry and the fineness of the 
material . 

The concept of a master pro file enables 
the designer to predict the position of the 
pool , to assess the storm-water capacity of 
the top of the dam and more accurately to 
assess the tailings storage capacity. 

What makes the concept practica lly useful 
is the fact that the master pro f i l e appears 
t o apply a l most regardless of the length of 
the beach . As a result the master profile 
for a new product can be established by 
means of beachi ng tests in a sma ll labora­
tory flume. This enab l es the designer to 
establish the master profile on samples of 
tailings produced during pilot p l a nt opera­
tions. What is more , the influence of such 
variab l es as solids concentration at depo­
sit i on , finenes s of grind and the presence 
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H = DISTANCE ALONG BEACH (m) 

Fi gure 1 : Measured beach profiles on 6 
p l at in um tailings dams 
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Figure 2 : Dimension l es s beach profiles for 
6 pl atinum tailings dams 
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Fi gure 3 : Di mensionless beach profiles for 
dams of var i ous types of ta il ings 

o f f l occ ul ation can easi l y be stud i ed . 
Figure 4 shows a se t of observations t hat 

il lustrate the above statement . The fi e l d 
p r of il e i n these figures was established on 
a gold taili ngs dam where the beach l e ngt h 
was 125m a nd t he differe nce in e l evation 
between the po in t of depos iti on and t he 
poo l was 0 . 7m . The sol i ds concentration at 
deposition was 50 per cent . The othe r pro­
files i n Fi gure 4 were estab l ished i n a 
laboratory fl ume only l . 82m i n overa l l 
l e ngth with a n actua l beach l e ngth of l . Sm 
and a d i ffere nce i n e l evat i on of l OOmm . 

Fi gure 4a s hows that the mode l -sca l e 
beach profi l e a l most exact l y matches th e 
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Figure 4 : Comparison of fi e l d a nd mode l 
beach pro f iles for gold ta i l ings 

f ie l d profi l e , if the same materia l and 
so l ids concentrati on a r e used . As the 
so l ids concentrat i on i s increased , the ex ­
ponent n in the ~quat i on to the profil e 
(see Figure 3 ) increases . Varyi ng the 
so l ids concentration produces the same 
effect i f materia l e i ther finer or coarser 
than the total tai lings of t he prototype 
beach is depos ited , (F i gures 4b and 4c ) . A 
beach of f i ner mater i a l has , i n t his exam­
ple , almost the same pro f ile as a beach of 
tota l tai l ings , whereas a beach of coar illiii. 
materia l has a greater expone nt n . ..., 

MECHANICS OF PROFILE FORMATION 

As the ta ili ngs slurry fl ows down t he beach 
there is a te ndency f or partic l es to gravi­
tate to the bottom of the s l urry stream a nd 
to deposit out . Accord i ng to the l aws of 
gravita t ional settli ng , l arger pa r tic l es 
will sett l e out higher up the beach whi l e 
fin er pa r t i cle s wi l l trave l fu rthe r t owards 
the pool. At a ny po in t a l ong the beach , 
the beach s l ope i wi ll be given by the 
equation for t he stabili ty of a n i nf inite 
slope 

1 . - 1 T 0 
i = 2 s in Yo 

i n wh i c h -r i s the shear st r e ngt h of the 
0 

( 2 ) 
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just-settled tailings , y is its unit weight 
and o the thickness of material having 
shear strength T • Because the coarser 
material wil l 0 tend to drain more easi l y , 
it will have a higher strength as it depos ­
its and the s l ope i of the beach will 
decrease continuously from the point of 
deposition to the pool . 

Figure 5 shows the variation of shear 
strength down a model beach of gold tail­
i ngs just after deposition. Unfortunat ely , 
the correspondi ng beach s l opes ca nnot be 
calculated via equation (2) as the thick­
ness o is not known with any precision . It 
is known, however , that the average s l ope 
of a beach, expressed by Y/X in Figure 1, 
increases with the solids concentration . 
Also, as the solids concentration increases , 
there is an increasi ng degree of interfer­
~e between particles in the slurry whi c h 
'lli'ibit s the settli ng process described 

Tota l Tailings, 501. solids conlent 

0,1 0,2 0,3 0.4 0,5 0,6 0,7 0.8 0,9 1,0 

H/ X 

. Figure 5: Variation of shear strength down 
a model beach of gold tailings 

above . Ultimately, beyond a certa in solids 
concentration, the flow regime changes and 
instead of progressive partic l e sorting 
occurr ing, with the average particle size 
decreas ing towards the pool, the slurry 
starts to flow as a homogeneous material . 
This cha nge of regime is illustrated in 
Figure 6 which shows the variation of Y/X 
i111111l~odel beaches as the solids concentra ­
t'!l!!'n of a fl y ash s lurry is progressive l y 
increased. The pronounced maximum slope 
that occurs at a so lids concentration of 
40 per ·cent marks the change from a "pa r t i­
cle sett ling" to a "mud-flow" regime. Note 
the sudden decrease in Y/X as the "mud- f low" 
condition i s established between solids con­
centrations of 40 a nd 50 per cent . As t he 
solids concentration is increased furth e r, 
it is surmised that Y/X will agai n incr ease 
progressively . To the l eft of the ma xi mum 
slope in Figure 6, the particle sett ling 
regime, under which most conventiona l tail­
ings dams operate, applies . To the right , 
the mud-flow regime, under which thickened 
discharge type dams (eg Robinsky (1978)) 
operate , appli es . 
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Figure~ : Variation of average beach slope 
with so l ids concentration for mode l beaches 
of fl y ash slurry 

It appear s likely that as the rate of depo­
s i tion on a beach increases , as measured in 
terms of tonnage discharged per unit of 
beach area, so the disconti nu ity between 
regimes will occur at progressively l ower 
so lids concentrations. This would follow 
because the ve l ocity of flow down the beach 
would increase, and probably also the depth 
of flow . There wou ld therefore be l ess 
opportunity f or a "particle sett ling" 
regime to become established . 

PARTICLE SORTING ALONG A BEACH AND ITS 
CONSEQUENCE 

Figure 7 illustrates the partic l e size 
sorti ng that has taken place a l ong a 280m 
long beach of diamond tailings . The inset 
shows s imilar information for the same 
beach taken 12 months later and expressed 
in dimensi onless f orm . It wi ll be noted 
that, although there is a lot of scatter , 
the profile of relative particle sizes is 
very similar in shape to that of a beach 
profil e . 

A study of pa rticle size profiles such as 
those shown i n Figure 7 has indicated that 
the size of particle at a dis t a nce H along 
an hydrauli c fill beach from the point of 
deposition can be roughly predicted f rom 
the relationship 

A= e-B . H/x 

in which A i s given by 

A = ~;~ (at H down the beach) 
(of total product) 

( 3 ) 

B is a characteristic of the tailings (and 
probably also of the rate of deposition) 
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of the dif:erence betwee~ the wi nd speed and the thresholc wind S?eed 
for particle pick-up. The thres hold wind speed is directly proportional 
to the particle size or diamete r. However, this only applies to parti­
cles larger in size than about O,lmm . Finer material becomes airborne 
when kinetic energy is imparted to it by saltating larger grains. The 
rate at whic h dust goe s into sus pension thus becomes roughly propor tion­
al to the rate at whic h larger particles are saltating (Gilette e t al 
(1972)). 

By far the most widely used method of predi ct i ng soil erosion is by 
means of t he semi -emp iri cal Universal Soil Loss Equation (USLE) deve lop­
ed by soil conservationists in t he United States and modified for 
regional use (eg Evans and Kalkanis (1976)). The equation is : 

E = AR KLSCP 

In which 

E is the soil loss i n mass ?er area units . 

A is a constant usua lly taken as 2 , 24 . 

R is a rainfall fac t or related to the ki netic 
energy of falling r ain. 

K is an erodi bility index. 

LS is a topographic f actor accounting f or the 
c ombi ned effect of slope length L and slope 
angle s. 

c is a cropping-management factor 

and P an erosion control factor. 

( 1 ) 

Of these fac tors R is the most importan t as AR represents the soil 
loss whereas K, LS, C and P are all modifying fac tors . 

Although it was not intended to establis h a USLE for gold tailings 
dams, it was decided to use the terms in the USLE as a guide to para ­
meters that would probably be importan t in the study , 

For t he presen t investigation , it was decided to select those slope 
paramet e rs that can be control l ed or measured by the engineer and to 
a ttempt to establish correlations between them and measured rates of 
erosion . 

The parameters and dimensi ons selected f or correlat i on were the 

s hear strengt h o f the slope (probably analogous to K) ; 

slope lengt h ; 

slope angle; and 

ETCOM erosion i ndex ( f ormerly the COMZT index 
men~ioned by Blight e t al, 1981) . 

The ETCOM instrument direc ts a jet of water O, Bmm in diameter onto 

4 Blight 
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the soil sur face . The 
surface is penetrated. 
is the eros i on index. 

pressure behind the jet is inc reased until the 
The pres s ure required for penetration, in kPa, 

Figure 2 shows the ETCOM in use. 

Figure 2 ETCOM erosion tester in use 

EXPERIMENTAL WORK 

Ten experimental plots were set up on seven gold tailings dams on 
the Highveld . The plo ts each me a sur ed 9ra by 9~ a nd were chosen to have 
differing aspects, slope lengths and slope angles . 

Smm Diameter steel pegs , each lm in leng th were driven nor mal to 
the slope at 3m intervals giving a 4 x 4 peg arra y o f 16 pegs in total . 
250mrn Of each peg, accurately measured , was l eft pr oud of the ground 
surface . The erosion loss could t he n be assessed by measuri ng th e 
retreat o f t he slope surface aga i nst the dat um o f the to? of t he pegs . 
The posit ion i ng o f the plot is i mportant if measurements a re to be rep­
resentative, so plots were posit i oned approx i mately in the middle o f the 
slope leng th . It was assumed that erosi on would be least a t the top o f 
the slo?e and most at the botto~ . The r e : ore an ave ~ase value shou ld be 
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obtained at the centre of the sl ope. Pess were driven o~ an exact grid. 
As a result, some were located in erosion rills, some on the ridges 
between rills and some in intermediate positions. Observations confirm­
ed the expectation that rates of erosion would be higher for peg s 
located fur ther down the slope and also that more rapid erosion occurs 
in rills, where the quantit y of r unoff is larser, than on t~e ridges 
between rills. 

From the average measured surface retreat on the experimental plots 
and the measured tailings dry density a t each plot, the rate of erosion 
in T/ ha / ybwas calculated for bot h summer and winter. (Summer was 
def i ned for this purpose as the months of October t v Marchc while winter 
was taken as the months Apri J to September.) Most of the rain falls in 
summer. Winters are generally d r y. 

In additi on to measuring the retreat of the residue surfaces, meas­
urements were also made of the ETCOM erosion i nde x and of the s hea r 
strengt h of the residue surfa ces . 

Shear strengths were measur ed by means of a ha ndhe ld miniature vane 
(Tor va ne ) which penetrate s the surface t o a depth of Smm and thus meas­
ures the shear strength of the s urface skin that is directly affected by 
erosion . To eliminate capilla ry stresses that would have unrealistic­
ally increased the shear strengt h , the test area was pre-soaked by pour­
ing water over it and allowing t his to seep awa y before using the va ne. 
Apar t from strength i~parted by capillar y stresses, the surface of a 
gold tailings slope is usuall y weakly cemented by gypsum produced by the 
reaction of weathered pyrite in t he tailings with lime residual from 
gold extraction. 

At the time of writing, only two calendar years ' results are avail­
abl e . These span from April 1984 to Marc h 1986 . The total rainfall for 
the test period was 600 mm f or the firs t year a nd 760mm f o r the second. 
The average rainfall for t hese two years wa s 7 per cent less than the 
loca l 30 year aver age, henc e the rainfall f or t he test period while 
below average , does not appear to have been abnormal . 

Surpr isi ngl y , the measured erosion rates showed that erosion in the 
first winter averaged only slightly less than that in the fi r st summer . 
Alt hough winter rainfall was only 10 per cen t of summer rainfall, winter 
erosi on exceeded summer erosion in some cases. For the ten test plots, 
the aver age summer erosion was 145T/ ha whereas the average winter 
erosion was 120T/ha , ie the winter erosi on averaged 83 per cent of the 
summer erosion . For ind ividual plots, winter erosion varied be twee n 45 
and 1 38 per cent of summer erosion. Hence ther e is a large component of 
wind eros i on in the total erosion f igure . It is likely that wind action 
al so causes a significan t proportion of summe r erosion. 

CORRELATIONS BETWEE N EROSION LOSS AND VARIOUS PA..RAMET ERS 

Erosi on versus ETCOM erosion index 

b T/ ha/y = metri c ton per hectare per year . lOT/ha/y 
c s outhe rn hemisphere seasons . 

6 

1 kg/rn 2 /y . 
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Figure 3 shows t wo correlati ons - between averase ETCOM erosion 
index measur ed i n summer a nd in winter and residue loss by erosion. (In 
this case e xpres sed as e r osi on los s per sea s on.) 

It will be noted that ETCOM r eadi ngs taken in summer are generally 
higher than those taken in winter . ~his is indicative of the generally 
higher capillary stresses at the s lope surface when the weather is hot 
and r a tes of evapor a tion high. Unlike th~ va ne measurements, ETCOM 
~easuremen ts are not made on a pr e -wetted surf ace . 

The co r relations are positive , showing that erosion loss i ncreases 
with increasi ng ETCOM readi ng. The expl2nation for this is not entirely 
clear . ETCOM measurements are made on a desic cated surface for whi ch 
~uch of the strength and penetration resista nce probably arises from 
c api l lary stresses . Hence f iner material in which capillary stresses 
can be larger would be expected t o give higher ETCOM readings. When 
rain wets the su rfa ce , the capill a ry stresses disappear and finer mater ­
ials then become mo r e erodible tha n coarser . 

Figure 4 shows annual residue loss plotted against the mean of the 
average summer and winter ETCOM r e adings . Although there is a lot of 
scatter and some outlying points , the dashed correlati on line could be 
used as a basis for predicting er osion losses . 

Erosion versus shear strength 

The correlation between eros i on loss and surface shear strength 
measured by hand vane on a satura t ed surface , is shown in Figure 5 . 

The measur ements made over t he first year gave a poor correlation , 

• 

/ 
Readings token in: ) •Summer 

OWinter 

200 / 
/ 

• / • 
/ • 0 . / • ~ 

~ / 
~ / 
0 / • 

/ 0 / u 0 :..-" ,_ e/ / 
UJ 100 / 
UJ 

/ 0 / 

?~ 
/ 

(!) / 
<( 0 / 

/ 0:: / Oo / 0 
UJ / 0 
~ 9/ / 0 

/ 
/ 

0 
0 100 200 300 400 

RESIDUE LOSS BY EROSION, E,T/ ha/ SEASON 

Figure 3 Correlation between ETCOM erosion index and residue loss by 
erosion 
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Figure 5 Correlation between surface shear strength and residue loss 
by erosion 

Erosion versus slope angle 

The correlation between slope angle and erosi on loss is shown in 
Fi gure 7. In this diagram the slope angle has been expressed as a 
gradient in per cen t , (whic h is how S in the USLE is expressed) eg an 
angle of 45 ° corresponds to 100 per cen t . 

As the fig ure shows , the correlation is double valued. For a slope 
angle of 70 per cen t , f or example , the ave rage erosi on loss could either 
be of the order of 200T/ha / y or 400T/ ha / y . 

A similar dependence of rate of er osion on slope angle wa s identi ­
fied 50 years ago by Renner (1 936) who observed t ha~ ve ry little erosion 
occurred on natural slopes steeper than 80 per c e nt or flatte r t ha n 5 
per cent. Other things being equal , progressively steeper slopes will 
present ever decreasing catchme nt areas. Very l ittle precipitation will 
impinge directly on a vertical slope , and if no runoff cascades over the 
slope f rom above, there should be no water erosi on . Wind erosion could, 
of course , still occur. 

USING CORHELATIONS TO PREDICT EROSION rtATES 

Because of the uncertainty in the correlations that have been est­
ablis hed so far, it i s recomme nded that Figures 4 , 5 , 6 and 7 be used 
in conjunction to predict erosion rates. For example, for a typ i cal 
slope : 
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ETCOr. 209 kPa .. E 380T/ha/y from Figure 4 

Mean T = 260 kPa .. E = 390T/ha /y fr om Figure 5 

L = 49m .. E 350T/ha/y from Figure 6 

s = 64% .. E = 290T/ha /y from Figure 7 
(ignoring lower value on graph) 

Mea n estimated E 350T/ha / y 

Observed 2 year average E = 294T/ha / y 

As i ndicated ear l i e r , the value of erosion rate given a bove 
i ncludes components of wind and wa ter e rosion . The present s tate of 
knowledge does not allow of accurate apportionment of the total be tween 
the t wo components . As a n i n t er im measure it is s uggested t ha t t wo 
thirds of the total erosion rate be assigned to water erosion a nd one 
third to wind erosion . Silt containments would obviously have to be 
designed to contain the water erosion component , but not that due to 
wind erosion . 

As a design value , two thirds of either the mean estimated , or the 
largest estimated E could be adopted for designing the capacity of silt 
con t aining structures such as toe paddock dams . The data could also be 
used as a basis for estimating de - silting requirements and hence mai n­
enance costs for erosion-contai ni ng structures and for decidi ng on 
whether or not a given dam or slope needs to be protected , by some mea ns , 
against erosion . 

The correlation may a lso i n pr incipl e be used t o optimise the 
profile of a slope t o r edu ce erosi on l os ses . Fi gur e 6 i ndi cates that it 
may be preferable to break a l ong continuous slope up into a series of 
shorter , steeper slopes separated by berms . However , the designer would 
have to be sure which branch of the corre lation in Figure 7 applied to 
the o riginal slope before taking this s tep . Measures wou ld also need to 
be taken t o prevent water from cascading over the edge of a berm onto 
the slo2e below . 

CONCLUSIONS 

The research described int his paper has identified the more i mpo rt ­
an t fac tors affecting erosion from the slopes o f gold-residue dams o I t 
has demonst rated that wind erosion must be a very significant component 
of the total ann ual erosion from a slope . It has , for the first time , 
provided quantitative informati on on rates of erosion from gold-residue 
dams . 

This information is, as yet , tentati ve and may apply both qualita­
tively and quantitatively , only to condit ions in the Hi gh veld region of 
South Africa. 

CURRENT RESEARCH 

As stated earlier, this paper is based on the data f or only two 
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years. Measuremen ts 2t the vari ous sites will be cor.tinued for at lea st 
another three years to confirm t hese preliminary fin di ng s . Additional 
sites have been se t up to measur e rates of accretion in silt containments, 
Not only should these measuremen t s support those made on the slopes from 
which the silt is derived, but s hould give a useful indication of the 
split, both in summer anj winter, ~etween wind and water erosion. 

Measurements of erosion rat e s from the top surfaces of dams are also 
bei ng made, including some on cement-stabilized and stone-mulched sur ­
faces and others on vegetated su r faces. A num~er of vegetated slo?es 
are also being monitored . The r e sults wi ll be reported when they become 
available. 
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Erosion losses from the surfaces of gold-tailings 
dams 

by G.E. BLIGHT* 

SYNOPSIS 
Rates of erosion have been measured for the slopes and top surfaces of a number of gold-tailings dams in the 

Germiston-Johannesburg-Roodepoort area of the Transvaal. Preliminary results were given in an earlier paper . 
The present paper gives results for a four-year period of observation , and identifies the major factors affecting the 
rates of erosion from the surfaces of gold-tailings dams. 

SAMEVA TTING 
Erosietempos is vir die hellings en bokante van 'n aantal goudu itskotdamme in die Germiston-Johannesburg­

Roodepoort gebied van Transvaal gemeet. Die voorlopige resultate is in 'n vroeere referaat verstrek. Hierdie referaat 
gee die resultate vir 'n waarnemingstydperk van vier jaar en identifiseer die belangrikste faktore wat die erosie­
tempo van die oppervlakke van gouduitskotdamme bepaal. 

• 
Introduction 

W ays and means of preventing surface erosion from 
gold-tailings dams and the difficulties of doing so were 
described in two papers by Blight et al. 2 and Blight and 
Caldwell3

• Those papers describe various defences that 
were devised to reduce erosion losses and the problems 
that arise with their implementation. At that time it 
became clear that not enough was known regarding the 
rate at which material can be removed by erosion, or the 
relative importance of wind and water erosion. The 
distribution of erosion losses over the slopes and top sur­
faces of tailings dams was also not known. There was 
a n impression, gained from the observation of dust clouds 
emanating from tailings dams during windy weather, that 
wind erosion affected mainly the top surfaces of tailings 
dams and water erosion the slopes. This impression was 
reinforced by the observation that the slopes of gold­
tailings dams are usually hard and crusted, and are ap­
parently impervious to the effects of wind, whereas there 
are often pockets and areas of loose material lying on 
the top surfaces of dams. F inally, the efficacy o f various 

~easures proposed to reduce erosion losses was not 
~nown . 

In 1984 the writer, with the assistance of the Chamber 
of Mines of South A frica, initiated a programme to 
measure erosion losses from the slopes of gold- tail ings 
dams in the Transvaal. The programme was subsequent­
ly extended to include measurements of erosion losses 
from the top surfaces of dams, and the rates of accre­
t ion of material lost fro m slopes a nd caught in erosion 
catch- paddocks. The preliminary resul ts of these obser­
vations were published after two years by Dorren and 
Blight1 and by Blight4

• 

The purpose of the present paper is to give the results 
of fo ur years of observations. W hereas the previous two 
papers described only the rates of loss from the unpro­
tected slopes of tailings dams, this paper also describes 

• Head of Department o f Civil Engineering, University of the Wit­
watersrand, 1 J an Smuts A venue, Johannesburg 200 1. 

© The Sou th African Inst itute of Mining and Meta llu rgy, 1988. SA 
ISS N 0038- 223 X/ $3 .00 + 0.00. Paper received 3rd . ugust, 1988 . 

the rates of loss from top surfaces and grassed slopes. 
It also discusses the efficacy of some measures that have 
been proposed to reduce erosion losses. 

The Measurement Programme 
The two previous papers1

•
4 summarized the theoretical 

mechanics of erosion by water and wind, and the reader 
is referred to those papers and others5

-
9

• In brief, the 
variables under the control of the engineer that, accord­
ing to theory and empirical knowledge, affect the rate 
of erosion of a soil are as follows: 

• the strength of the soil surface, 
• the length of a slope, and 
• the slope angle or inclination of the surface. 

The surface roughness or micro-relief is also known to 
affect rates of erosion (e.g. Jennings and Jarrett10

). 

Two means have been used to measure the strength of 
tailings surfaces. 

E TCOM Penetration Resistance 
The ETCOM instrument directs a jet of water 0,8 mm 

in diameter to impinge normally on the tailings surface. 
The pressure behind the jet is increased until the sur face 
is penetrated, and the pressure in kilopascals at which 
penetration occurs is used as an index of erosivity. A t 
first, correlations were made with values of ETCOM 
measured on initially dry tailings surfaces. Later, ETCOM 
values were also measured on surfaces that had been pre­
wetted by having water poured over them and had then 
been allowed to drain of free water before measurement 
of the index. This was to eliminate capillary stresses that 
may fal sely have enhanced the strength of the surfaces. 

When the ETCOM instrument was developed, it was 
expected that the erosion resistance of a surface would 
be directly related to the ETCOM reading, and that ero­
sion loss would decrease as the ETCOM reading increas­
ed. However, it has since been found that high ETCOM 
readings correspond to high erosion losses, and vice versa. 
The reasons for this apparently anomalous result were 
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3 had much lower maximum values, but also higher Surface Shear Strength and Erosion Loss 
minimum values, than those measured in year l. The 
reason for this effect is not clear. It is probably because 
the slope surfaces were not as dry in year 3 as they were 
in year l, and were therefore generally not as rc::istant 
to penetration by the water jet. Whatever the reason, the 
change in ETCOM values converted correlation to in­
dependence for these data. 

The correlation between surface shear strength and 
erosion loss is shown in Fig. 3. 

• 

50 

,...... 
a?. 
~ 40 ........ 
:I: ,_ 
<..!) 
z 
w 
a:: ,_ 
tJ) 

a:: 
~ 30 :I: 
tJ) 

w 
(.) 

~ 
a:: 
::::> 
tJ) 

20 

10 
/100 

SUPPRESSED 
ZERO 

0 

0 

"" "'0 0 

e0 ""' • • 
• 

0 

~ • ~ 
0 

The surface shear strength was measured at the end of 
each summer and winter period, and the values represent 
a running average over 1, 2, or 4 years as the case may 
be. The data show a similar trend to that for dry ETCOM, 
i.e. shear strength shows a progressive decrease with time. 
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Fig. 3-Correlation between surface shear strength and tailings loss by erosion 
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distributed over the entire length of each slope, instead 
of being located at midslope. 

Grassed Slopes 
Three grassed slopes were included in the programme. 

Fig. 4 shows 2-year average results for the erosion of two 
of those slopes, a west- and a south-facing slope. The 
results lie well to the left of the data for untreated slopes. 
The result for the third slope, north-facing, is not shown 
because it is not eroding but is accreting at an annual rate 
of 35 t/ ha (2 mm). Material blown off the other slopes 
of the dam is apparently trapped by the grass on the north 
face, and the rate of erosion by water is insufficient to 
remove this entrapped material. The maximum observed 
accretion rate for this slope during the winter was 90 t/ha 
per year (or 5 mm per year). 

Slope Angle and Erosion Loss 
Bare Slopes 

All the available data relating erosion loss to slope angle 
are shown in Fig. 6. Once again, the data can be regard­
ed as showing no correlation at all, or they can be regard­
ed as showing the two-branched relationship indicated 

en the diagram. As pointed out earlier, the USLE indicates 
that a positive correlation can be expected between slope 
angle and erosion loss. A qualitative two-branched corre­
lation between slope angle and erosion loss was previous­
ly noted by Renner11

, who observed that very little 
erosion occurs on natural slopes steeper than 80 per cent 

Fig. 6-Correlation 
between slope angle 
and tailings loss by 
erosion 
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(39 degrees) or flatter than 5 per cent (3 degrees). 

Terraced Slopes 
Blight et al. 2 and Blight and Caldwen3 suggested that 

the erosion of a slope can be reduced if it is terraced in 
a series of steps with vertical and sub-horizontal surfaces, 
as illustrated in Fig. 7. Each sub-horizontal surface slopes 
back towards the vertical step above, and is hydrologically 
designed to retain precipitation on it without spilling 
down to the next step. The erosion of two terraced slopes 
was observed as part of this programme. 
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Fig. 7-Design section for a terraced slope 

The results of the measurements, shown in Fig. 6, con­
firm that erosion losses from terraced slopes are relatively 

• 

0 
0 

• Measured a~er 1 year 
0 Average over 2 years 

• Average over 4 years 

• 

• 

UNTREATED, BElWEEN 
0 - GRAVEL-MULCHED SURFACES 

400 500 600 
TNLINGS LOSS BY EROSION T/ ha/y 

RETREAT OF SLOPE (mm/ y) 

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY JANUARY 1989 27 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4. BLIGHT, G.E. Erosion of the slopes of gold tai lings dams. Geo­
technical practice for waste disposal. ASCE Publication, 1987. pp. 
294-305. 

5. BAG NOLD, R.A. The physics of blown sand and desert dunes. Lon­
don, Methuen, 1959. 

6. EVANS, W .R., and KALKANIS, G. Use of the universal soi l loss 
equation in California. Soil Erosion: Prediction and Control, Pro­
ceedings, National Soil Erosion Conference. Soil Conservation 
Society of America, 1977 . pp. 31-40. 

7. GREGORY, J.M., BORRELi, J., and FEDLER, C.B. Team: Texas ero­
sion ana lysis model. Summer Meeting, American Society of Agri­
cultura l Engineers, Rapid City, S.D., 1988. Paper 88-2 121. 

8. KIRBY, M.J. , and MORGAN, R.P.C. Soil erosion. New York , 
Wiley, 1980. 

9. WOODRUFF, N.P ., and SIDDOWAY, F.H. A wind erosion equation. 
J. Soil Sci. Amer., vol. 25, no. 5. 1965. pp. 602- 608. 

IO. JENNINGS, G.D., a nd J ARRET, A.R. Laboratory evaluation of 
mulches in reducing erosion. Trans. Am. Soc. Agric. Engrs, vol. 
28, no. 5. 1985. pp. 1466-1470. 

11. RENNER, F.G . Conditions influencing erosion on the Boise River 
watershed. US Department of Agriculture, Tech. Bull. 528. 1936. 

12. JOHNSON, C.B. , MANNERING, J .V., and MOLDENHAUER, w.c. In­
fluence of surface roughness and clod size and stability on soil and 
water losses. J. Soil Sci. Amer., vol. 43, 1979. pp. 772-777. 

The SAIMM Council 1988/1989 

Council Members 1988/1989, left to right: 
Row 1 (seated): H.E . James, P.W.J . van Rensburg , Dr H. Wagner, B.C. Alberts , C.E. Fivaz (President) , H.G. Mosenthal , A.O. Beck, 
Professor A.N . Brown, Dr P.R. Jochens 
Row 2 (standing): P.C. van Aswegen , J.P. Hoffman, D. Wilson , P.M.T. White , K.A. van Gessel, Dr L.A. Cramer, J.S. Freer, V.J . 
Moore, G.A. Brown, R.A. Snodgrass, J.D. Austin 
Row 3 (standing): Dr G.A. Fourie , Dr J. Lurie , A.M.P. Henderson, R.P. Mohring, J.A. Cruise, J.L. Nel, H. Scott Russell, J.P. Deetlefs, 
D.A.J. Ross-Watt 
Inserts, top row: K.R. Beard , N.J. Devine, R.J. Dippenaar, G.T.G. Emere, Dr J-P. Franzidis , Professor R.P. King , J.G. McCallum. 
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EROSION AND ANTI-EROSION MEASURES FOR 
ABANDONED GOLD TAILINGS DAMS1 

by 
Geoffrey E. Blight2 

Abstract. This paper brieny describes geotechnical measures for the abatement 
of air and water pollution from abandoned gold-residue dams. The measures 
were speeified by a set of guidelines for environmental protection formulated 
for the Chamber of Mines of South Africa in 1979. The results of measured 
rates of erosion of unprotected tailings surfaces arc then given and the effect of 
various anti-erosion treatments is reported. These treatments include surface 
stabilization with cement, grassing, and gravel mulching. 

Introduction 

Unlike Canada and the United States of 
America, the Republic of South Africa has no 
legislation specifically directe.d towards the protection 
of the environment from the effects of mining. 
However,there are a number of statutes that affect 
the design, operation, and abandonment of tailings 
deposits. To comply with the requirements of these 
statutes and to achieve effective environmental 
control over the tailings deposits owned by its 
members, the Chamber of Mines of South Africa, in 
1978, commissioned the author to draft a 
comprehensive set of guidelines for the design, 
operation, and closure of tailings deposits. These 
guidelines were adopted in 1979 and revised in 1983. 

Whereas valley darns are common in the U nitcd 
States, most tailings dams in South Africa are 
ring-dyke structures constructed on relatively nat 
ground. Because they protrude above the natural 
ground contours, these dams are particularly exposed 
lo the erosive forces of the atmosphere. Figure 1 

· shows the layout of a typical ring-dyke gold tailings 
dam. 

The guidelines for the closure of tailings deposits 
require, prior lo the closure of any tailings deposit, 
an inspection by a geotechnical engineer, who should 
report on the existing state of the deposit and list all 
actions needed to ensure that the deposit complies 
with the provisions of the guidelines. In addition to 
the state of the tailings deposit itself, the report 
should note the presence of any adjacent structures 

or development, and the extent to which they may be 
affected by abandonment of the deposit. 
Recommendations to mm1m1ze the impact of 
abandonment, or of possible failures of the deposit 
after abandonment, should also be made in 
consultation with professionals of appropriate related 
disciplines 

Specific Requirements or the Guidelines 

The Chamber of Mines Guidelines have a number 
of specific requirements. 

Erosion or Top Surfaces.The guidelines require the 
best practicable means to be adopted to prevent 
erosion of top surfaces. Among the measures that 
have been suggested for control of wind erosion are 
the following: 

(a) the establishment of vegetation on top of a 
deposit, either by planting directly into the tailings 
material or by first covering the surface with a layer 
of top soil of suitable thickness. 

(b) covering the top of the deposit with a suitable 
thickness of broken waste rock . 

Water erosion of top surfaces, as well as a 
requirement that all precipitation should be held on 
the dam and not discharged into any stream, has been 
addressed by a system of crest walls that subdivide the 
surface of the dam into a series of paddocks as shown 
in Figure 2. The crest walls also prevent precipitation 

1 Paper presented at the 1991 National Meeting of the American Society for Surface Mining and 
Reclamation, Durango, Colorado, May 14-17, 1991. 

2 Geoff Blight is Professor of Construction Materials and Head, Department of Civil Engineering, 
Witwatersrand University, Johannesburg, Private Bag 3, 2050, South Africa. 
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Figure 1 Layout of a typicaJ ri ng-dyke tailings dam. 

on top of the dam from cascading down the outer 
slopes and incr~asing the potentiaJ for slope erosion. 

• The height of the crest and division waJls is designed 
hydrologically so that the walls will contain the 
maximum probable precipitation over a period of 24 
hours, with a frequency of once in a 100 years. A 

· freeboard of 0.5 m is required throughout the system 
above the predicted maximum· water level. In the 
Witwatersrand area, as the annual evaporation from 
a free-water surface vastly exceeds the annual 
precipitation, there is usually no need to decant water 
from the top surface of a deposit. 

Paddocks must be carefully shaped to prevent 
water from standing near the crest wall of a dam. 
Numerous cases of piping erosion have occurred 

when water has been held on the surface near to the 
crest of a dam . 

The penstocks used to decant water during the 
operation of a residue dam are plugged when the dam 
is closed because they otherwise tend to collapse and 
provide channels for piping erosion. Old dams often 
have a number of steel delivery or penstock pipes 
buried in them at various positions. The steel has 
usually corroded away and the resulting void has been 
enlarged by erosion. Such a collapsed pipe can result 
in severe internal erosion and gulleying of the tailings 
dam. 

Erosion of Slopes. The slopes of old residue darns are 
extremely steep (usually 35° or more) and the 
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Figure 2 Anti-erosion walls and cathchment paddocks on an abondoned 
ring-dyke tailings dam 

protection of these steep slopes again5t erosion is 
very difficult. Sheet erosion of the slopes can be 
reduced, and gulley erosion virtually eliminated, by 
the provision of crest walls, which prevent water from 
cascading off the top and down the slopes of a 
residue deposit. Slopes can be protected against 
erosion by being covered with a layer of waste rock. 
However, this requires a large quantity of rock 
because the angle of repose of the rock seldom, if 
ever, equals the slope angle. Vegetation has also 
been used to provide protection against erosion. 
This practice has not proved entirely successful: some 
of the steeper slopes are gradually denuded of grass 
as erosion progresses . 

Containment or Precipitation and Eroded 
Material. Run-off and eroded material are contained 
by a series of catchment paddocks around the 
perimeter of a dam. These paddocks are designed 
hydrologically to ensure a freeboard of at least 0.5 m 
above the maximum predicted water level, which is 
based on the average monthly rainfall for the area 
concerned, less the gross mean evaporation for the 
area plus the maximum precipitation to be expected 
over a period of 24 hours for a frequency of once in 
100 years. To this is added an additional capacity to 
allow for the siltation resulting from erosion off the 

slopes. 

Control or Access. It has been found essential to 
prevent access to abandoned tailings deposits by the 
public, especially those seeking recreation by 
horseriding or cross-country motorcycling. The trails 
left by these activities often reduce the freeboard of 
paddock walls and result in gulley erosion. It is, 
therefore, considered essential that each abandoned 
tailings deposit be surrounded by a properly 
constructed, well-maintained security fence. 

Stability of Slopes. The retention of water on the top 
surface of a tailings deposit, as well as measures such 
as erosion protection by covering of slopes with rock, 
may lead to instability of the slopes. The guidelines 
require an investigation of potential slope instability as 
part of the closure report. 

Preparation of the guidelines exposed a number of 
areas in which knowledge was either inadequate or 
non-existent. The most important of the areas of 
ignorance were the actual rate of erosion of tailings 
dams, the parameters that affect erosion, and means 
of preventing erosion. Rates of accretion in 
silt-trapping structures were not known either. The 
relative importance of wind and water ·as agents of 
erosion was also unknown. There was an impression, 
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gained from the observation of dust clouds emanating 
from tailings dams during windy weather, that wind 
erosion affected mainly the top surfaces of tailings 
dams and water erosion the slopes. This impression 
was reinforced by the observation that the slopes of 
gold-tailings dams are usually hard and crusted, and 
are apparently impervious to the effects of wind, 
whereas there are often pockets and areas of loose 
material lying on the top surfaces_ of dams. 

Rates or Erosion from Gold Tailings 
Dams 

In 1984, the author initiated a programme to 
measure erosion losses from the slopes of 
gold-tailings dams. The programme was 
subsequently extended to include measurements of 
erosion losses from the top surfaces of dams, and the 
rates of accretion of material lost from slopes and 
caught in erosion catch-paddocks. 

Measurements of the rates of erosion were made 
in the field at 10 different sites. At many of these, 
measurements were made on more than one slope or 

.surface. This was because it was initially thought that 
the aspect of the slope with respect to the direction 
of the sun and prevailing winds might be important. 
However, in only 1 case was such an influence 
detected. 

The experimental measurement plots were each 
9 m by 9 m in plan, and consisted of a grid of steel 
pegs 1 m long and 8 mm in diameter. These were 
driven in normal to the surface at 3 m intervals to 
give a 4 x 4 array of 16 pegs. 50 mm of each peg was 
left protruding from the ground. The erosion loss 
(or gain) could then be gauged simply from 
measurements taken at successive times of the 
distance from the tip of each peg to the tailings 
surface. 

The erosion-measurement plots on slopes were 
positioned approximately in the middle of the slope 
length. All pegs were driven in an exact grid. Thus, 
'iome were located in erosion rills, some on ridges 

~etween rills, and others in intermediate positions. 
• The results are reported as average values for the 

whole of each plot. However, observations on 
individual pegs confirmed the expectation that rates 
of erosion tend to be progressively higher from the 
top to the bottom of a slope, and also higher in rills, 
where the quantity of runoff is larger. In each case, 
a crest wall was present at the crest of the slope to 
ensure that no water cascaded down the slope from 
the top of the dam and that any measured erosion 
was thus the effect only of water precipitated directly 
onto the slope. 

Originally, each test area was equipped with a 
rain gauge. However, these were all vandalized within 

a few weeks of installation, and information from the 
nearest official meteorological stations was therefore 
relied on for rainfall data. 

For the first year of the experiment, April 1984 to 
March 1985, the rainfall was 20 % less than the local 
30-year average of 750 mm. For the second year, up 
to March 1986, the rainfall was almost equal to the 
30-year average. For the final 2 years, from April 
1986 to May 1988, the rainfall was 11 % and 
29 % above the 30-year average. For this reason, 
most of the results are reported in terms of 1-year, 
2-year, and 4-year averages. 

Distribution of Erosion between Seasons. Figure 3 
shows the seasonal distribution of erosion loss from 
tailings slopes observed over the first year of the 
experiment. Most of the rainfall occcurs in summer, 
but there are usually at least 1 or 2 precipitation 
events during winter. These account for about 10 % 
of annual precipitation. In Figure 3, the erosion loss 
quoted in terms of retreat of the slope in millimeters 
per season, and tons lost per hectare per season has 
been plotted against the ETCOM index measured on 
dry surfaces. 

The ETCOM index is measured by directing a jet 
of water 0.8 mm in diameter to impinge normally on 
the tailings surface. The pressure behind the jet is 
in~reased until the surface is penetrated and the 
pressure (in kilopascals) at which penetration occurs 
is used as an index of erosivity. 

When the ETCOM instrument was developed (by 
the Chamber of Mines of South Africa), it was 
expected that the erosion resistance of a surface would 
be directly related to the ETCOM reading, and that 
erosion loss would decrease as the ETCOM reading 
increased. However, it has since been found that high 
ETCOM readings correspond to high erosion losses, 
and vice versa. 

This is essentially because high ETCOM indices 
occur on surfaces of fine-grained, desiccated material. 
Once such a surface has been wetted by rain, it 
becomes soft and easily eroded. Probably for similar 
reasons, no correlation was found between the shear 
strength of tailings surfaces and erosion losses. As 
Figure 3 shows, erosion loss during the winter 
amounted to about 80 % of the loss during the 
summer. For individual plots, the winter erosion was 
measured at between 40 and 140 % of the summer 
erosion. This shows that there is a large component 
of wind erosion in the total annual erosion loss. The 
visual impression referred to earlier is thus erroneous, 
and the slopes of tailings dams are indeed subject to 
considerable erosion by wind. 

Figure 3 also shows that erosion losses are very 
considerable, -whether reported in terms of slope 
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Figure 3 . Correlation between seasonal erosion loss and ETCOM erosion index · 

retreat or tons/ha/yr. Annual erosion losses from 
agricultural fields rarely exceed 10 to 15 t/ha, 
whereas annual losses from the slopes of tailings 
dams are measured in 100 tons/ha. 

Slope Length and Erosion Loss. The 
Universal Soil Loss Equation (USLE) gives the soil 
loss E as 

E = ARKL.5CP, 

(e.g. Evans and Kalkanis 1977) in which LS is a 
topographic factor to account for the combined effect 
of slope length (L) and slope angle (S) and A, R, K, 
C, and P are factors accounting for other effects. 
Because the slopes of agricultural land are generally 
flat, the USLE is not regarded as being valid for 
slopes steeper than 25 % (about 14°). 

Figure 4 shows the measured relationship 
between slope length and erosion loss. Part of the 
data show a positive correlation between slope length 
and erosion loss, and part do not. 

The portion of Figure 4 that indicates no 
correlation between slope length and erosion loss is 
believed to arise because of the stronger influence of 
other factors such as surface shear strength or slope 
angle. It may also arise because certain of the test 
plots were too small to adequately represent average 
erosion over the length of some of the slopes, or 
simply because certain slopes were subjected to more 

precipitation and, therefore, eroded more than others. 
Three grassed slopes were included in the 

programme. Figure 4 shows 2-year average results for 
the erosion of 2 of those slopes, a west- and a 
south-facing slope. The results lie well to the left of 
the data for bare slopes. The results for the third 
slope (north-facing) is not shown because it is not 
eroding but is accreting at an annual rate of 35 t/ha 
(2 mm). Material blown off the other slopes of the 
dam is apparently trapped by the grass on the north 
face, and the rate of erosion by water is insufficient to 
remove this entrapped material. The maximum 
observed accretion rate for this slope during the dry 
winter was 90 t/ha per year (or 5 mm/yr) . 

Slope Angle and Erosion Loss. All the available data 
relating erosion loss to slope angle are shown in 
Figure 5. The data can be regarded as showing the 
2-branched relationship indicated in the diagram. As 
pointed out earlier, the USLE indicates that a positive 
correlation can be expected between slope angle and 
erosion loss. A qualitative 2-branched correlation 
between slope angle and erosion loss was previously 
noted by Renner (1936), who observed that very little 
erosion occurs on natural slopes steeper than 80 % 
(39°) or flatter than 5 % (3°) . 

The reduced erosion loss at steep slope angles 
suggested that the erosion of a slope can be reduced 
if it is terraced in a series of steps with vertical and 
sub-horizontal surfaces. Each sub-horizontal surface 
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Figure 4 Correlation between slope and tailings loss by erosion 

slopes back towards the vertical step above, and is 
hydrologically designed to retain precipitation on it 
without spilling down to the next step. The erosion 
of 2 terraced slopes was observed as part of this 
programme. 

The results of the measurements, shown in 
Figure 5, confum that erosion losses from terraced 
slopes are relatively smalJ. However, the measure is 
not very practical as severe gulleying occurs if one of 
the steps overflows. A terraced slope is also not 

• sually pleasing. 
Five test plots were established on the untreated 

horizontal top surfaces of dams. The results of chese 
measurements (see Figure 5) show that there is little 
or no erosion loss from untreated top surfaces. In 
some cases, a small accretion occurred. These 
measurements represent an average over years 3 and 
4 of the experiment. 

These results, taken with those shown in Figure 
3, appear to indicate that the major losses from 
tailings dams due to wind and water erosion take 
place from the slopes and not from the flat top 
surfaces. The dust clouds that appear to emanate 

from the top surfaces are in reality blown off the 
windward slope and other slopes that are subjected to 
a component of wind shear. 

The Effect or Anti-erosion Measures 

Grassed Slopes. The data for grassed slopes arc also 
shown in Figure 5. Losses for the west and 
south-facing slopes do not appear to be unusually low 
when compared with the trend of the other data . 
(Prevailing winds in winter are south to southwest). 

However, the north-facing grassed slope is the only 
non-horizontal slope for which an accretion was 
recorded during this investigation. 

Gravel-mulched Surfaces. Two sets of measurements 
are available for the rates of erosion of gently sloping 
surfaces (11°) that were covered by a layer 1 particle 
thick of 16 mm crushed rock. As shown in Figure 5, 
the gravel-mulched surfaces eroded considerably less 
than the untreated adjacent control plot. However, 
the position of the data in relation to that for other 

I 

\ 
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Figure S Correlation between slope angle and tailings loss by erosion. 

slopes suggests that the control plot was unusually 
erosive, rather than that the gravel mulch was very 
effective in preventing erosion. However, 1here is 
evidence in the literature that surface obstructions 
such as closely spaced gravel particles and clods 
decrease the rates of erosion of soil surfaces by 
reducing the kinetic energy of runoff passing over 1hc 
surface (Johnson et al 1979, Jennings anJ Jarret 
1985). 

Effect of Stabilizing Dam Ton Surfacn. alight ct 
a1(1981) and Blight and Caldwell (1984) reported on 
the experimental stabilization of 1he horizontal 
surface of a tailings dam with Portland cement and 
road lime. Erosion-measuring plots were set up on 
these surfaces and on an intervening un1rc:a1ed 
surface. Measurements on these plois over years J 
and 4 gave the result that the cemenl·stabilized 

surface is eroding at a rate of 18 t/ha/yr (a rate c 
retreat of slightly more than 1 mm/yr). The 
lime-stabilized surface is eroding at a rate of 3 
t/ha/yr, and the adjacent untreated surface is 
accreting at 6 t/ha/yr. This set of measurements has 
simply confirmed the conclusion reached above that 
near-horizontal surfaces are relatively unaffected by 
erosion. 

Accretion in Erosion Catch-paddocks. Rates of 
accretion were measured in a number of erosion 
catch-paddocks at the toes of tailings-dam slopes. The 
measured rates varied from 70 to 150 mm/yr. These 
accretion rates could not be reconciled with, and 
generally appeared to be greater than, the losses from 
the slopes above the paddocks. This is presumably 
because more material is eroded from near the toe of 
a slope than from the mid-length area. With 
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hindsight, it would have been better to have 
measured erosion losses over the full length of the 
slopes. 

Retreat of Crest Walls. The top surfaces of crest 
walls made of compacted, unstabilized tailings 
decreased in height by up to 200 mm/yr. The rate of 
height reduction of crest walls with cement-stabilized 
crests (5 % nominal cement con~ent) is only about 1 
mm/yr. Cement stabilization of the tops of crest 
walls therefore appears to be well worthwhile as a 
stabilizing measure. · 

Conclusions 

The main conclusions drawn from this study are 
as follows: 

(1) Both wind and water are major agents in eroding 
the slopes of gold-tailings dams. Under South 
African conditions, roughly half of the total 
erosion loss may result from wind action. Annual 
erosion losses may exceed 500 t/ha/y (a rate of 
retreat of 30 mm/yr). 

(2) The horizontal top surfaces of gold-tailings dams 
are relatively little-affected by erosion. 

(3) There is a weak positive correlation between the 
length of a slope and the rate of erosion. The 
rate of erosion appears to increase from top to 
bottom of a slope as the volume of run-off 
increases. 

( 4) A 2-branched correlation exists between the slope 
angles of gold-tailings dams and the rate of 
erosion. Very flat slopes and very steep slopes 
erode less than slopes of intermediate angle. At 
the limits of slope, horizontal and vertical 
surfaces erode very little. 

9(5) While more data is needed on 
measures, it appears that 
gravel-mulching, or terracing of 
considerably reduce erosion losses. 

anti-erosion 
grassing, 

slopes can 
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5. GROUNDWATER POLLUTION CAUSED BY SANITARY LANDFILLS 

CONTRIBUTION TO LEARNING 

The first paper shows that with correct siting in areas of perennial water deficit, it is 

possible to operate a sanitary landfill without generating leachate, and therefore 

without causing pollution of the groundwater. The second and third papers explore 

this theme further and the third paper shows how the water balance for a site can be 

used to predict the generation of leachate. This last is not original, but it is believed 

to be the first time that predictions based on the water balance have been tested by 

direct sampling of landfills. The second paper also explores the leakage of leachate 

from sanitary landfills and shows that this can only be predicted if the complete flow 

system is considered. 

These findings will be incorporated in new regulations for sanitary landfilling in South 

Africa. 

The fourth paper starts to examine the complexity of moisture movement through 

landfills and the effects of the differing field capacities or moisture storage capacities 

of refuse and cover material. The fifth and final paper considers the design of clay 

liners for sanitary landfills and sets out a method of analysis whereby large-scale 

ponding tests can be analysed and liners designed. 
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5. GROUNDWATER POLLUTION CAUSED BY SANITARY LANDFILLS 

5.1 Ball J M and Blight, G E (1986) . Groundwater pollution downstream of a long 

established sanitary landfill. Proceedings, International Symposium on Environmental 

Geotechnology, Allentown, USA, pp 149-1 5 7. 

5.2 

5 .3 

This paper is based on work done for the MSc( Eng) degree by Mr J M Ball. I planned 

and supervised the work and w rote the paper. 

Blight, G E, Vorster, Kand Ball, J M (1987). The design of sanitary landfills to reduce 

groundwater pollution. Proceedings, International Conference on Mining and Industrial 

Waste Management, Johannesburg, Vol 1, pp 297-305 . 

The paper is based largely on work done towards a PhD degree by Mr Vorster, but 

includes material from Mr Ball' s MSc(Eng) research. I planned and supervised the 

work and wrote the paper. 

Blight, G E, Hojem, DJ and Ball, J M (1989). Generation of leachate from landfills in 

water-deficient areas. Proceedings, 2nd ISWA International Landfill Symposium, 

Sardinia, pp XXVl-15. Also to be published as Chapter 2 of Landfilling of Waste: 

Leachate, Ed: Christensen, T, Cossu, Rand Stegman, R. Elsevier Scientific Publishers 

(1992). 

The paper is based on work for MSc(Eng) degree by mr DJ Hojem. Sampling of gas­

filled test holes in the landfills was carried out by Mr J M Ball, probably the only 

person in the world able to do this. I planned and supervised the work and wrote the 

paper. 
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GROUND WATER POLLUTION DOWNSTREAM OF A LONG ESTABLISHED 
SANITARY LANDFILL 

J. ~I. Ball 
C. E. lllight 
U11i1·e rsily of tht Witwattrarand, SOUTH AFRICA 

ABSTRACT 

The Waterval landfill was established in 1928 and was operated for 50 years , until closed 

in 1978. Op.erations started b y primitive "wet-tipping" into abandoned water-filled brick 

pits and concluded with a well-managed sanitary landfill operation that was well separated 

from the water table. The study described in this paper shows that the early operations 

produced s ignificant pollution of the gro undwater downstream of the landfill. In contrast, 

the later operation produced no, or at worst, negligible groundwater pollution. 

INTRODUCTION 

In South Afri~a, as in many other countries, landfill has been found to be the most cost­

effective method of refuse disposal. 95 Per cent of the 11 million tons of domestic solid 

waste generated arnually in South Africa is disposed of in landfills, which are operated by 

both the public and private s ectors. 

Noble ( 1976) drew attention to the need to establish whether or not o~herwise acceptable 

landfilling procedures are adequate to prevent the pollution of underground water in South 

Africa, and the study descr ibed in this paper was i n itiated in the f o llowing year , in order 

to answer this need in the inland area o f the country . 

THE STUDY SITE 

As po l lution of groundwater can occur bo th by the generation of leach a t e and b y g roundwater 

encroachmen t into a fil l , a site was chosen where bo t h mechanisms are possible and one, 

groundwater encroachment, certainly does occur. 

According to van Onselen (1982), the Wa t erval site was operated as a brick pit from 189 6 

until a bandoned for this purpose i n 190 6 . Fitzgerald (1974) records ~hat landfilling, b y 

"wet-tipping" into the partially water- f illed brick pit commenced i n 1 928, and the landfill 

remained in operation until closed in 1 978. The estimated volume of the landfill is 

between 3 and 4.5 million cubic metres. Waterval received predominantly urban domestic 

refuse as well as garden refuse and sma ll amounts of business and inau strial refuse. 

Liquid wastes were never (officially) a c cepted at the site. 

In the latter years of its life the composition of the refuse was as shown in Table 1. 

Early in its operation, the content of plastic would have been negl igible , and that of ash 

considerably greater. 
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Table 1 

Refuse Composition 

Fraction Percent bi'. Mass 

Organic putrescible 33 

Paper _ 38 

Plastic 4 

Glass 9 

Metal 4 

Ash 3 

Rags 2 

Bones 2 

Unclassified 3 

Tailings 2 

TOTAL 100 

The floor of the Waterval valley is composed of clays and sandy clays residual from dioritic. 

gneisses and ultramafic schists. The v a lley forms a catchment, drained b y a small stream 

that runs through the site of the landf i ll, and trends towards the north-east. The study 

of groundwater pollution was made along the banks of this stream . 

Figure 1 shows the position of the landf ill in relation to the geology and surface contours. 

Where the stream crosses the landfill s i te, it is now culverted, but the culvert contains 

weepholes to prevent flotation. Hence, any leachate generated in the fill has direct 

access to the stream. 

GROUNDWATER POLLUTION 

A series o f boreholes, equipped with slotted c~sings, wrapped in filter fabric and 

surrounded by clean sand were put down on either side of the stream downstream of the land­

fill s ite. Figure 2 shows the l ocation of the boreholes GW1 to GW21, as wel l as the 

pos ition of a 1 .2m diameter auger hole (ment ioned later) and an indication of the urban 

development surrounding the fill . 

To assess the permeability of the s oil downstream of the fill, bailing and recovery tests 

were carried out on 6 of the bore holes with the results shown in Table 2 . 

Table 2 

In situ permeabilities of soil downstream of Waterval site 

Borehole Permeability 

No. m/y 

GW 7 6.8 

10 15. 6 

14 37.2 

15 14. 8 

1 6 11. 0 

18 7. 7 

Mean 15.5 m/y Std. Devn : 11. 2 m/y 

Figure 3 shows contours of conductivity (an indication of total dissolved salts) in mS/m 

for the boreholes. The contours were drawn up as average values recorded over a period of 

two years during which there was little change in observed values : Figure 4 shows contours 

of chloride in mgC1/! for the same samples, while Figure 5 shows corresponding contours of 

ammonia expressed as mgN/!. 
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It is quite clear from Figures 3, 4 and 5 that significant pollution of the groundwater has 

occurred downstream of the fill. The shape of the contours indicates that given a genera l 

downstream movement of the groundwater, far less pollution is currently entering the ground­

water than was the case some years ago. 
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FIGURE 1: Waterval valley topography and geology 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

0 

• 

/ 
/ 

500m 

G Landfill R Residentia l Areo 

~ Contours 

AGURE 2: Waler so Grouod Wo1 
contours downsn:~li~g boreholes and Sompnog ..:;,,, 

---------· _o_. Waterval Landfill phreatic surface 

I 
I 

I 
I 

-===~ 
0 ...:::o-==--=-~500m 

AGURE 3· C •Sampling Holes 

in th · onductMty~~;;;:;;-:;:---=:~::_ __ _ 
e groundwater 'I contours in mS/ m 

-=--IV~ __ :=!!.l 

AGURE A: Chlori • '°""'"'" ,_ 
er n contours in mgC in the groun~ concentrotio 

1/2 

\. 
30 

Cemeterv 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

• 

u 
0 

0 
Cl) 
w 
Q: ,_ 
w 
~ 
:::; _, 
~ 

I 
"' I 

(0.0 implies less !hon 
the defeclton limits) 
• Sampling Holes 

FIGURE 5: Ammonia concentration contours in mgN/ Q 
in the groundwater 

250 

225 

200 

175 

150 

125 

100 

75 

50 

25 

.. ·. · .... ·· 

········· .. 
····· ... 

.... ·· 
.... ···········" 

a~~~~~~~~~---~~~~~~~~---~.._~...._~ ..... 
Jon Feb Mor Apr Moy Jun Jul Aug Sep Oct Nov Dec 

MONTH 

KEY: 
E::J Precipitation 

r .... ~ Pan 
Evaporation 

E3Soil 
Evaporation 

B Temperature 

FIGURE 6: Water balance data for Watervol 

A c oncentrated "slug" of pollution shown by al l three sets of measurements at a distance of 

a bou t 1500m downstream of t he f ill is o f particular interest. Figure 2 shows approxima te 

contours of the phreatic surface downstream of the landfill. These indicate that the down­

stream flow gradient is approximately 1 i n 30. Hence, assuming that the likely upper l im i t 

t o the macro-permeability of the soil s t rata equals the measured mean value plus two stand­

ard deviations, i.e. about 40 m/y, the average calculated flow velocity down the valley is 

1.3 m/y . It is not possible to reconci l e the actual average minimum flow velocity of 15 00m 

in 50 years (or 30 m/y ) with this calcul ated velocity . However, the conclusion is inescap­

able that the slug of pollution was rele ased from the landfill approximately 50 years ago , 

when tipping of refuse into the flooded brick pits was commenced. The level of pollution 

then appears to have decreased, presumab ly because the level of the refuse rose above the 

water level in the pits and the rate of production of pollutant from the deeper material 

decreased. However, the contours also show a secondary slug of pollution situated about 

SOOm downstream of the fill site. This must have been released about the year 1960, but 

the reason for its occurrence is not known. 
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THE WATER BALANCE AT THE SITE 

The water ba l a n c e for the fi l l can be expressed in the following terms 

Ga in in f i l l moi s t u re + Percol ation 

+ Transpiration ) 

Pr ec i p i tat i on (rainfal l ) - (Runoff + Soil evaporation 

At Wa t erval , t he soil cover was bare o f vegeta tio n , hence t he " tran s pirat i on " t e rm can be 

di s r e garde d. Figure 6 shows mon t hly varia t ions for t h e s ite of : 

pa n evaporation , 

precipita tio n or. ra infal l, 

temperatur e and 

s oil e v a pora t ion . 

Soil eva pora tion wa s calcu lated f rom Turc 's equat ion (e.g . Pe nma n (1963)). 

As figure 6 s hows , calcu la t ed s oil e v a por atio n is genera lly eithe r equal to, o r e xceeds 

precipita tion , whi l e po t entia l e vapora tion ( i . e. pa n e v a por ation) always f a r exc eeds 

p r ecipitation . Henc e , on t h is ba s i s a l one (neg lectin g r unoff) percolation a nd g a in in fi l l 

mo i s ture s hould h a ve been negligible . It foll ows tha t a ny g roundwa ter polluti on must in 

gener al , occur through d i rec t c ontac t between re f use a nd gr o undwater, a l though the r e is 

a l ways a pos s ibili t y t hat r ain fal l ing on a n uncov ered c e ll of re f use c ou l d produce perco ­

lat ion loca lly a n d fo r a s hor t t ime. 

PROA LE 
COMPOSITION PERCENT MOISTURE TDS in mg/ kg Crin mg/ kg 
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MOISTURE AND DISSOLVED SALT PROFILES IN FILL 

To substantiate the above conclusion, a 1.2m diameter hole was augered through the fill and 

the hole sampled and carefully profiled. 

The profile and the results of tests on t he samples are shown in Figure 7 . The hole was 

augered -and sampled in October 1977, but only profiled (and re-sampled) in July 1978 . The 

reason for· the delay was concern for the safety of anyone entering the hole . The hoJ~ was 

entered eventually, after keeping it care fully covered for nine months, by means of a metal 

plate and a collar that fitted the entrance to the hole. A cage welded from large diameter 

reinforcing bars was lowered down the sha ft and the first author profiled the hole wearing 

a self-contained breathing apparatus. 

taken, took place in September 1978. 

A similar descent, during which further samples were 

Because of the delay between drilling and sampling, 

care was taken to remove the samples from about O.Sm back from the side of the hole, to 

avoid as far as possible, the influence o f any moisture and salt migration towards the hole. 

The moisture profile shows a very low moisture content in the upper O.Sm of cover as well as 

a tendency for moisture to decrease with depth in the upper 2m thick cell of refuse. These 

observations are indicative of seasonal upward flow of moisture under an evaporation gradient 

after earlier seasonal wetting. The tota l dissolved solids (TDS) and chloride (Cl) profiles 

do not show evidence of upward flow in t he top cell of refuse, but neither are they 

indicative of downward flow. 

Below a depth of 3m, one would not expec t much seasonal variation of either moisture or 

dissolved salts to occur. There appears to be no clear trend of either upward or downward 

movement of moisture or dissolved salts, except in the lowest cell of refuse and the base 

soil. Here there appears to be evidence of slight downward movement of both moisture and 

dissolved salts and the uppermost O.Sm o f base soil seems to have gained salts from the 

refuse. 

However, the general impression is that o f a reasonably static situation in wh i c h there ma y 

be localized seasonal movement of moistur e and dissolved salts, either upwards o r downwards, 

but there is no evidence for a continuing downward leaching of dissolved salts into the 

soil underlying the fill. 

The water table in the hole stabilized a t a depth of 13.Sm. Hence, at the time of sampling, 

at leas t 2.Sm of soil separated the refus e from the groundwater. It should be noted that 

this portion of the landfill does not ove rly the brickp i t area . 

It is interesting to note , that the refus e could be dated precisely from the dates of news­

papers included in the sampled material . These dates varied from 1969 at the bottom of the 

profile to 1970 at the top. Hence the r e fuse was 7 to 8 years old when sampled . 

The evidence presented in Figure 7 reinforces the conclusion arrived at by considering the 

water balance for the site, namely that g iven the climatic conditions prevailing at Waterval, 

leachate should not percolate from the ba se of the landfill, and if any groundwater pollution 

is occurring, it must occur as a result o f direct contact between refuse and groundwater. 

CONCLUSIONS 

The observations made in this study bear out the work of other researchers, e.g. Fenn et al 

(1975), Burns and Karpinski (1980) and Ho lmes (1980), to the effect that if climatic condi­

tions are such that a net water deficit exists at the site of a landfill, no percolation 

will exit from the base of the fill. Hence, if there is an adequate separation between the 

lowest level of refuse and the highest l evel of the phreatic surface or water table, no 

groundwater pollution will occur. 
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In contrast, if refuse is placed directly in contact with the groundwater body, pollution 

of the groundwater downstream of the _ fill is inevitable. This reiterates the conclusions 

of Zerone et al (1975), of the Sumner Report 19781 and others. 

Finally, the investigation shows how difficult it is to predict the rate of advance of a 

pollution plume. In the present case, the rate of advance on the basis of in situ permea­

bility measurements is underestimated by a factor of 30, even allowing for the effects of 

hydrodynamic-dispersion (e.g. Freeze and Cherry (1979)). 
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On the design of sanitary landfills to reduce 
groundwater pollution 
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K. VORSTER 
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J.M. BALL 
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SYNOPSIS 

The provisions of the recently drafted "Guideli ne> 
for the effective disposal dnd control of wdstc" 
(which relate to the proposed Regulations unde r 
the Environment Conservation Act of 1982) are 
examined in relation to their advi ce on th~ 
prevention of groundwater polluti on. It i s ~ hown 
that the water balance for a waste disposal site 
is a 11-important for design against groundwat er 
pollution and that the rules of thumb for 
acceptable site permeability given in tr.e 
guidelines are inadequate. 

INTRODUCTION 

At a recent workshop organized by the Nat 1ona 1 
Research Prograrrme for ~aste Management of t he 
CSIR Foundation for Research Development, a set of 
"Draft guidelines for the effective disposal and 
control of waste" was drawn up to "assist con tro l 
bodies, local authorities and private compani~s t o 
comply with cor.trol measures regard tng was t e 
disposal". The "contro 1 measures • "ere 
specifically those relating to draft regu lat ions 
in terms of Section . 12(2)(a) of the Environment 
Conservation Act, 1982 (Act 100 of 1982). 

In these guidelines, waste disposal s ite s ar e 
divided into three classes 

"Class I A containment site for the di spn, . l 
of special waste," which is de scrib".i 
as: 

"material in this cat :?gnry i s 
considered to be dangerous and 
detr imenta 1 to man dnJ / or t toe 
environment and cause s s~r1o~s 
pollution i f released uncontroll~J · . 

The guideline continues "This clH ; sit e 
requires an impermeable membrane c;r J r e 111 Iv e 
impermeable strata (sic) that will erf i.:u:nt l , 
conta in both the waste and the lea chate in t hP. 
site or in the lrrmedi3te surroundings th tr eJf 

In the case of a relative imperrr.eable strHa 
being used, the nature ~nd thickness of the 
material will be the deciding factor. 

An acceptable . bottom layer can also be 
acquired (sic) through engineering by r.ean s 
of compaction techniques. 

- ~ ~l· 

A rule of thumh ir, th.it a site must hHe an 
in situ permcJbllity ~ f less thJn lU-n cm/~ 
to qu~l ify JS a Cla ~5 l site" . 

"C lass Il - A site for the disposal of general 
waste '', which is defined by : 
"Material in this category consists 
of material of low 
toxicity/pathogens that have ( sic) a 
limited pollution potential". 

The guideline then continues : "This 
site is known to emit leachate very 
slowly and continuously. Because of 
this an unsaturated zone is required 
under the site that can act as a 
biological filter that will allow 
air oxidation that will decompose 
the leachate. 

An acceptable rule of thumb is that 
a site witij a permeability · higher 
than 10- cm/s wi 11 be 
classified as a class II site ." 

There appears to be an error in the previous 1 ine 
which should presumably state_4"a site with a 
permeabi 1 ity of less than 10 cm/s wi 11 be 
cla~sified as a CTaSSII site". 

·c lJss 111 A silE: for the disposal of waste 
with an insignificant pollution 
potential (ie building material). 
This site is usually in hydr·aulic 
continuity with the groundwater and 
will emit any leachate that is 
formed in the site". 

In the sec t ion on "Siting of a Cla ss I and Class 
II si te " , the guideline states 

"The es sent ia 1 property of the design of both a 
Class I anrl Class II site is to ensure that 
po 11 ut ion of the aquifer through seepage is 
limit~d to an acceptable level. The pres cribed 
levt:l that will be acceptable in most cases can be 
found in the genera 1 stJrHJards for waste ·~ater 
under the Water act. 

tn calcLJlating the acceptable minimum flow of 
lea\.hatc from the site th2 wa ter balance of the 
whole sjte with cover material, the disposed 
waste, the attenuation zone and the groundwa ter 
must be taken into account". 
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The object of th1 s paper 1s to exp lore the 
validity of the guideline reconmendatlons outlined 
above. Iri particular, the 1mpl1cat1ons of the 
water balance for a site w111 be assessed, as well 
as the cpnsequence of adopting the two rules of 
thumb relating to the permeab111ty of the 11ner or 
1mpermeaqle strata of a Class I site and the 
attenuation zone permeab111ty of a Class II slte 
1n cases where the water balance ls unfavourable. 

-296-

THE CLASS Ill &JT~ 

The Clan Ill •1U "" P• ~1smtned jn fairly 
short order I 

Either the w111tt tll bP dispose~ of 1s Inert and 
1nnoc11ous or 1f ~h1• 1• n11~ th• ""· then the 
site 11 un~~~~p~•~l•· 

However, It 1• worth lfl!llh••lilni th• tru~~ of the 
statemerit to the •ff•ct thot If a s1tl! ls •1n 
hydraulic cp~~tnutt1 with th11 grpundwater•. le 1f 
the grPundw*ter J1vt l el ther perman,nt ly or 
seasonally, 1• above th• lPWISt levtl of the 
refuse, thlln iht •1t• rw111 'mlt ony leachate that 
1s formed~, · 

Nwnero111 e~•ll'P 1111 of ~h 1 • type Qf poll 14t 1on are 
known frqrn othttr p•rU Qf th• world. In South 
Africa, • landfill In th• Tr•~svnl' provides a . 
prlme ex•f!!P l•, ~1r1 "l'let•t 1pptnv~ of refuse 1nto 
an abandoned part 1• llY water-fl lll!d brlck plt 
commenced 1n ,928, An triv11tlgatton of groundwater 
quality down$trearn of th• site carrltd out between 
1978 and 1984 brought to ll9ht the 'xtens1ve 
groundwater pollution phirne 1ll111tr1ted In Figure 
1. The co11duct 1vlty co"tours 1n th1 figure 
Indicate the variation of dhsolved solids in the 
groundw1t•r ~111 tnat a background v~ lue of less 
than lOm 1/m, Thi •one Of high conductivity 
located about 1,6 km to the north east of the tip 
ls lndlcattv1 of I '•lug" of pqllutlon that 
entered the 9ro1111dw1t1r at the t lme of the 
wet·tlpplng qperat1on, 50 years ago and has been 
slowly mov1ng do~natream •v•r since. There must be 
many cases gf 1lmllar groundwater pollutipn 1n the 
town1 and c1t1n of South Africa. P'lgure 1 
graphically shaw• l'lhY Class Ill sites are 
unacceptable for 1ny ~ut the most lrert and 
1nnocuo111 wa•t••· 

THE SIGNIFICANCE DF TH~ WATER BA~AlfCE 

The water ba 1anc• far a s 1 te can be expressed 1n 
the following terms 1 
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(Gain in f111 moisture) + (leachate lost th rough 
base of fill) = (Precipitation or rainfa l l) + 
(Added liquids) - Runoff - (Soil evaporation) -
(Transpiration by any plant cover). 

Figure 2a shows monthly vari ations iri "potential 
evapo transpiratlon " and rainfall for a site near 
Cape Town'. (The term p~tential evapotranspiration 
is not defined in the reference, but can probably 
be equated to pan eva poration or evaporation from 
a fr~e w~ ter surface). The important aspec t of 
Figure 2a is that from April to August each year, 
precipitation far . exceeds pote11tial 
evapotranspiratlon. It follows from the water 
balance equation that during this period the fill 
1~i ll gal~ In moisture and there will be a 
potential for the escape of leachate from the base 
of the lanrlf i 11. 

In contrast , Figure 2b shows similar data fo r a 
s I te on the Transvaa 1 h ighve ld. It wi 11 be seen 
that soi l evaporation alone generally e it her 
e ~uals or exceeds precipitation, and pan 
evapora tion or potent la 1 evaporation always far 
exceeds precipitation. Hence, providing there is 
no pond Ing of water In any low- lying areas on the 
surfac~. there can be no pe!tentia 1 for either a 
gai n in fill moisture or for the generation of 
lP.achate hy Infiltration. lhls conclusion Is 
substant lated by the data shown in Figure 3. This 
represents profiles of moisture content, t otal 
dissolved solids (TOSI and chlorides as Cl 
measur ed in material taken from a hole dri l led 

~:rs 

27' 

31' 

35"S 

15' E 21· 

through the sanitary landfill for which Figure 2b 
illustrates the water balance. Sampling occurred 
In October, 1972. 

The moisture profile shows a very low moisture 
content In the upper O,Sm of cover as well as a 
tendency for moisture to decrease with depth In 
the upper 2m of refuse. This seems to Indicate a 
pattern of residual moisture from infiltration 
during the previous wet season. Below 4m, the 
moisture profile appears random with no clear 
trend discernable. The profiles of TOS and Cl 
show a similar lack of systematic variation. 
Values In the top cell of refuse are somewhat less 
than those lower down, but the low values recorded 
in all of the intermedfate layers of cover 
material show that there has been no downward 
-leaching of soluble salts. The reasonably large 
values of TDS and Cl at the base of the top cover 
layer and the highest intermediate cover layer 
indicate that if anything, the soluble salts are 
tending to rise in the f i ll. 
Most importantly, there Is no evidence of salt 
contamination of the soil forming the base of the 
landfill, and hence no evidence of the formation 
or escape of leachate. 

Hence it may be concluded that the water balance 
for a Class I or Class II site ls of prime 
Importance. If there 1s a water surplus (as in 
Figure 2a), then there is a potential for tht 
formation of leachate and for contamination of the 
groundwater. If there is a water deficit (is in 

31• 

AGURE 4: Annuol water surplus areas of South Mico 
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Figure 2b) then the potent fa 1 for leachate 
formation and for groundwater pollution is almost 
eliminated. 

However, ft must be emphasized lhat t his 
conclusion may not be valid under the following 
circumstances: 

(i) after an unusually wet season; 

(11) if the surface of the landfill is 
suffic-iently irregular _ t<J allow rainwater to 
pond locally; and 

(iff) ff sufficient liquid waste is co-disposed to 
change the water balance to a surpl us, 
either on an annual basis or for les ser 
periods. 

b, .md large, therefore, it should be possible to 
satisfy the requirements of a Class I or JI s ite 
without much difficulty, except fn those areas of 
the country where there fs either an annual or a 
seasonal water surplus. 

As preliminary guide, Figure 4 f llustrates those 
areas of South Africa where an annual water 
surplus exists. Each case should, however, be 
treated on fts merits, as many areas do exist that 
have an annual water deficit, but seasonal water 

surp !uses, as illustrated in Figure 2a. Note that 
Cape Town is not an area of annual wafer surplus. 

CLASS I AND 11 SITES IN AREAS OF SEASONAL OR 
ANNUAL WATER SURPLUS 

A parametric study has been carried out to test 
the rules of thumb relating to the limiting 
permeabilities for Class I and JI sites that were 
referred to earlier. 

It f s 1 fke ly that the ru Jes came about from the 
assumption that ff the permeab111ty of a stratum 
fs k m/y, then the outflow from the site into the 
groundwater can 

6 
be no more than k m/ y. For 

example, if k • 10- cm/s (or 0.3 m/y), the out 
flow on this basis would not exceed 300 mm/y. This 
conclusion, which assumes a maximum hydraulic 
gradient of unity is usually quite incorrect, as 
the following examples will show. 

Figure 5 represents the results of flow analyses 
for the situation of a landfill consisting of !Om 
of refuse resting on a O,Sm thick liner which in 
turn overlies a 2m thick unsaturated zone. The 
refuse may or may not be covered by a O,Sm thick 
cover layer having the same permeability as the 
soil of the unsaturated zone. 

..1<3 = PERMEABILllY OF LINER cm/.!_ 

i 
Qi: 
w ;: 
~ z 
8 
Qi: 
<.!) 

0 
~ 
~ 

~ 
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0.1 

10~7 

- proftle ~ 
analysed ( 

10-6 10-5 10-3 10-2 

-no cover 

-~ "-.. 0.5m cover 7 (k,=k,) 
k,=300 m/v- 0 
(1<J3 cm/s) - no co11er 

' 0.5m cover (k, = k,) 

(10-2 cm/s & 1.7 x 10-3 cm/s) 

- 1.5 m/y = llkely maximum 
avollable ftow 

====== - 0 to 0.5m COiier (k,) 

- 1 Om refuse (ki) 

======- 0.5m !Iner (k3) 

- 2m unsard zone (k.) 

0.01 ...__ ___ ..._ ___ ...__ ___ ...__ ___ ...__ ___ ...._ __ 

0.01 0.1 1.0 10 100 

_!c3 = PERMEABILllY OF LINER mf.y_ 

0 Point at which pore pressure 
under liner goes negative 

1000 

FIGURE 5: Variation of flow Into the groundwater with 
llner permeablllty for a typlcal landfill profile 
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A search of the literature showed that very little 
seems to be known of the pcrmea~i 1 ity 
characteristics of refuse. Oweis and Kera give 
the following values 

Maximum permeability 

Minimum permeability 

Field average 

k2(max) 1500 m/y 

k2(min) 200 m/y 

k2 800 m/y 

For the present study ·limiting values of k7 of 
3000 m/y agd 500 m/y were · selected. (Noa! : 
1 m/ y=3. 10- cm/s). 

In the analysis, the permeability of the liner 
(k 3) was va1rled over a ra~ge of 0.01 m/y to 300 
m/y (3. 10- cm/s to 1.10- cm/s). The permeability 
of the cover mater la 1 (k 1) and that of t he 
unsaturated zon~3 (k 4 ) were tak~ij as either 300 m/y 
or 30 m/y (1. 10 c~/s or 1. 10 cm/s). 

The method of calculation will not be described 
here (see Appendix)'S but follows the analysis 
given by Bl lght . A free water surface 
was assumed at the top of either the refuse or 
the cover layer and Initially, saturated flow 
conditions have been assumed. In other words, the 
refuse has been saturated to its field capacity 
and leachate Is passing through the liner, into 
the unsaturated zone and thence Into the 
groundwater. 

As F\jlure 5 shows, for a liner permeability of 
1. 10- cm/s, the potP.ntlal flow under these circum­
stances is of the order of 8 m/y which Is a far 
cry from the JOOmm/y ment loned above. To · reduce 
the flow to JOOmm/y either the Hriy permeabll ity 
would have to be reduced to 6. 10 cm/s, or the 
liner would would have to be thickened to more 
than lOm. 

In reality, the situation would not be as bad as 
this because even in a water surplus area, the 
maximum excess water available to generate 
leachate Is most unlikely to exceed 1500 mm/y. But 
basically, in this situation, the liner will pass 
all the leachate that reaches it. The actual 
quantity of leachate generated will be decided by 
the water balance. 

Various other Interesting points are also evident 
from Figure 5: 

( i) 

ii) 

111) 

The presence of a cover layer has very 
little effect on the potential leachate 
flow . 

The permeability of the refuse plays little 
part in limiting the flow. 

The permeability of the unsaturated zone has 
a moderating effect on the flow, but only if 
it has more or less the same value as that 
of the 11 ner. 

! 3 = PERMEASIUTY OF LINER cm/s 
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AGURE 6: Effect on now Into the groundWater of Increasing 
the thickness of the unsaturated zone 
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!<J = PERMEABILITY OF LINER cm/s 
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FIGURE 7: Variation of pore water pressure at liner underside 
with liner permeability for situation of Figure 5 

' igure 6 shows the effect of changing the 
:hickness of tile unsaturated zone from 2m to Sm. 
'hlckenlng a relatively permeable unsaturated zone 
; 11ght ly increases the flow because of the 
increase of seepage head. Although the term 
•unsaturated zone• has been used above, the zone 
ietween the underside of the 1 Iner and the water 
:~ · - - w111 only remain unsaturated if the pore 
~~ pressure in this zone is negative. If the 
iore pressure is positive, this zone will become 
;aturated. 

:1gure 7 shows how the pore pressure at the 
Jnderside of the liner varies with liner 
Jermeability for the situation Illustrated by 
:1gure 5. The points at which the pore pressure 
Jecomes negative have also been marked In Figure 
5. Figure 7 shows t%at for this situation a liner 
permeability of 10 cm/s is sufficiently low to 
induce and maintain a state of unsaturatlon in the 
•unsaturated zone•. 

It Is known that a state of unsaturatlon can have 
a dramatic effec on the permeability of a soi~. 
For example, Figure 8 (reproduced from Blight ) 
shows the effect of negative water pressure on the 
permeability of a sand, a silt and a heavy clay. 
In the case of the sand and silt, a few metres of 
negat Ive water pressure dramat lea lly reduce the 
permeability, whereas there is relatively little 
effect on the permeability of a heavy clay. 

It might be thought therefore, that the effect of 
unsatur~tion would cause an equally dramatic 
decrr~se in the flow through the unsaturated zone. 
This, however, is not necessarily the case. 
Calculations were made for the situation of Figure 
5 assuming : 

(i) a cgnstant liner permeability of 3 m/y 
(10- cm/s) and a variable permeability for 

. the unsaturated zone corresponding to the 

-303-

curve for •sand" in Figure 8; and 

(ii) a c~stant liner permeab11 ity of 0. 3 m/y 
(10- cm/s) and a variable permeability for 
the unsaturated zone corresponding to the 
curve for "silt" in Figure 8. 

For case (i), assuming the saturated permeability 
was maintained led to a calculated outflow of 74 
m/y, whereas taking the variable unsaturated 
permeability values reduced the outflow by only 14 
per cent to 64 m/y. 

For case (ii) the completely saturated flow was 
7 .4 m/y whereas the flow reduced by unsaturation 
was 6.9 m/y (a 7 per cent reduction). 

The reason that unsaturation has such a small 
effect is that the flow gradient through the liner 
rP.mains relatively unaffected and also that 
appreciable negative pore pressures are only 
induced in a relatively thin zone of soil 
iJTTI1ediately under the liner. 

CONCLUSIONS 

The analyses just described have emphasized the 
following important point : 

The two rules of thumb relating to limiting 
permeabilities for Class I and II sites 
are meaningless statements unless they are read 

in conjunction with the later statement In the 
section on "Siting• which should read more 
correctly and comprehensively : 

( i) In calculating the likely flow of leachate 
from a site the water balance should first 
be es tab 1 i shed from meteoro log lea 1 data for 
the area and operating characteri~tics for 
the site. If there is a ~ater deficit at all 
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FIGURE 8: Effect of negative pore pressure on permeablllty 
of typical sells 

t Imes of the year, no . leachate wl ll be fo rmed. If 
there Is a seasonal water surplus, leachate will 
form, the quantity of which can be calcula t ed from 
the water balance. 

(ii) In calculating the rate of outflow of 
leachate, the thicknesses and 
permeabilities of cover, disposed wa ste, any 
liner and the unsaturated or attenuation 
zone must be considered as an integral flow 
system. 
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FIGURE 9: Dimensions and potential proftle for 
landftll ln water surplus situation 

APPENDIX - CALCULATION OF LEACHATE FLOW FROM A 
LAN OF I LL S !TE 

Figure 9 illustrates the dimensions and properties 
of the situation to be analysed. The potential s 
p , p2, etc represent the sum of pressure and 
e~evattonal head at the boundaries of the various 
layers. 

For continuity of flow tn a steady state 
situation: 

-305-

Also p
0 

• h1 + h2 + h3 + h4 
The unknowns are the four potentials and the 
outflow from the system, q. Having solved the 
system of equations, the pore pressure at any 
elevation is the potential minus the elevation, eg 
at the underside of the liner the pore pressure ts 

. . u • Prh4 

The perched water table tn the landfill can be set 
at the highest seasonal level Indicated by the 
water balance calculations. 
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SARDINIA '89 - 2nd International Landfill SYfTl>OSium 

GENERATION OF LEACHATE FROM LANDFILLS 
IN WATER-DEFICIENT AREAS 

G.E. Blight, DJ. Hojem, J.M. Ball 

Univasiry of the Witwaursrand.Jolu:JltMsburg. f .0 . WilS., 2050. SoMJhAfrica 

SUMMARY The water ba l ance method has been used to predict the 
ti me taken for two sanitary l andfills, s it e d in water defic i ent 
areas, t o reach the ir overa ll fie l d capacity. These predic tion s 
have been checked by direc t samp l ing of the l andfi ll s. .t i s 
c onc l uded that the water ba l a nce method i s a usefu l d es ign too l . 

l . I NTROOUC TiON 

Wate r is a scarce commodit y in arid 
po11 uti on o f surface and underground 
di sastrous to communities and households 
f or domestic supp l y. 

an d sem i -arid areas and 
wate r resources tan be 

depen d ing on these so urc es 

As the Southern African continen t i s l arge 'J a wate r def ici en t 
area, concern has arisen l est ex i sting and future san i :ary 
l and fills were causing, or had the potent i a l : o c a u se un a c cep ta J 1e 

1lia t er p o i l ution . Such poll ut io n · s a l so mos : c:os: i y a nc: di f ~':J l t 
: o c : ea r uo onc e it has occurre d . 
: rie sit "Jct iG " . : ne J o ; ;u : ~o r: may 
J eccces ' 3a ·· and 6 '. i ;n:, , 986 ; 
J O' >.it ~ O " r,a :; J ee n r em ov e d . 

: f no t h r : · s CG'1e t o ame > J '°at2 
oer5ist the sround wate ... '." o r 

tn ouc '" the sour:e :: n e 

. ~ J"" e·~:r:·'la,...! s:ua ~; : aa : ! a na 81i gnt, , 98c. 3 igi-i t, v'o r s ter ~ nd 

3a :9S7 : J .... JdJc e c st : on;; e vi aen c e t nat - - c l~ c:: i c ~ O'l u': ' ::ns 
a ... ::: 3uC"'. : :-i s: a peroetua . wa t e r ae; ~ c;: e x~ s : 3 at :ne s ~e o :=- :i 

ari c 7" · .. , 1c ·::"v e ry ;~ :t ; e i eacha:e w ~ ·. :ie f o r ,, e d o r ex ~ t : ne 
J a s :: ) .'." ':. n E : a n a f i : . . ~ e n c e , I ' : n e r ': , s 3 r a d .:; :. u .J t e s e p a r a : ~ 0 r. 
.:i etwee . tne ; owest 1ev e 1 of re fu se an d tne r : g he st l eve l 01 : he 
r eg 1o na . ;:>hrea: i c surface, no grounawate r po : : Jtior. w;; 1 oc cu r . By 
e xte nsioro, surfac e wate r rep l e ni s he C: t:Jy t he ; r o una water wi 11 ~·so 
r ema i n unpo : l utea by l ea cn a te fro m the ~ an d f '. ' · . 

Tn ere is co ns i derab l e support for this view in th e 1 it erature. ?or 
example, Keena n (1 986 ) give figures indicat i ng that landf i . l s 
receiv i ng mo re than 750mm of precip itat io n per annum wil l 
eventually produ c e l eac hate, while those in ar i d regions rece ivi ng 
l ess than an annua l 325mm are lik ely never t o exude pollut io n. 
Saxton (1 983 ) states that for climates where annual precipitation 
is less than 400mm, virtually all precipitation is evapotranspired. 

Earlier, Fenn et al (1975), Burns and Karpins ki (1980) and Hol mes 
(1980) a ll agreed that if a ne t annua l water deficit exists at t he 
site of a landfill, little if any leachate wil l exit its base. 
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Southern Africa includes a wi de range of climatic zones, from those 
on the arid west coast receiving less than 120mm of precipitation 
and having a potential ~apo t ranspiration of 3 OOOmm, to those with 
over 1 OOOmm of precipi t ation and almost equal potential 
evapotranspiration on the humid east coast. However, on l y 10 per 
cent of the land surface receives more than 750mm of annua l 
precipitation. Figure 1 sh ows the limited areas of annua l water 
surp l us (i.e. precipitation i n excess of potential evaporation ) i n 
Southern Africa. 

I t must also be recognised t hat good engineering and management of 
a l andfill can be used to maintain a perenn i a l water deficit wi thin 
the fi 11 even though there may actua ll y be an excess of 
precipitation over potential evaporation. This can be done by 
maximizing run-off and minimizing infiltratio n into the refuse. A 
su i tably sloping surface a nd the instal l ation of a carefulJy 
designed impervious cover l ayer can ach i eve thi s (e.g. Lundgren and 
t: l ander , 1987 ) . 

Th i s paper wil l describe a recent detai l ed i nvestigation i nto the 
movement and retention of wa ter within two sanitary l andfills in 

South Africa. The resu l ts largely cor ro borate the evidence 
out l ined above and have form e d the bas is for a se t o f guide l ines 
for the design of sanitary landfi ll s in th e Southern Af r ican 
region , to avoid water pol l ution. 

2. THE WATER BALANCE FOR A LANDFILL 

Th e water balance for a landfil l can be state d a s foll ow s: 

Wat e r In pu t + Wate r Production = wate r Output ~ Water Reta ne d 

:r: t his eauat io n. eac h t e: m repres e nts .: ra:~ of accum u l at ~:J'l or 
os~ . ~ate r inpu: :nc ! udes prec · oi tat ic n ( J and t~e water c on ~ent 

J :- ~ n e i ncoming wa s t e (W; . w, ho wever , ·"] " . y mai<e s a o nc e - off 
: Jn :r~ciut ion t o : n ~ ann ua. 1 water oa : ance Jf a give r: ma ss or 
: a nc f~ ·: . Wate r o r o auct ~o n 1s that prc:; uc e d o ~.1 :i icc he rn •c a 1 
;::i r o ·:esse ~ ( B : . :..la:er output inc 1 ud e s e vao o:r= nsp i ra: i Jr : :: ; , w-:::.e r 
1aJ ou r entra i nea J y gas ( G; , water l os t i1 i e~: h ate a nc ~ uno ff 

= ~ n a 1 i y , t ri e r e i s w a ~ e r a o s o r b e c :: n c - e t a i r. e ·: J y : n e " a. s t ~ 
, ;)_ ~ .e. for an :i nnua 1 water ba 1ance: 

!"' +W+B = E+G+L+ v ~s ( l ! 

In the present st ud y 8 and G h ave been ~ por e d, as the y are 
understood to be sm a 1 1 in comparison wit h tne o ther terms and the 
ann ua l water ba l an c e equat i on, as app iea to an es t ab li s he d 
l and fill, has been s i mp l ified to : 

P= E + L + V + S ( 1 a ) 

Figure 2 (after Naylor et al , 1978) illustrates the components of 
the water balance for a landfill in greater detail. ln equation 
(la), the only component tha t can be direct l y controlled by the 
engineer is the runoff V, and by limiting infiltration, the term S. 
In terms of equation (la) the leachate production L is given by: 

L = P - E - V - S ( l b ) 
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FIGURE 2: Details of water balance in a sanitary landfill 

SANITARY 
U\NOFILL 

UNSATURATED 
ZONE 

AQUIFER 

Ob v i ous l y the sma ll er t he precipitation (P ) and the l arger the 
evapotranspiration (E ) and runoff (V ) , -the le ss the potential for 
the generation of l eachate (L ). These terms are particular l y 
fa vourab l e in water.def ici ent areas. 

• 3. TH E FIELD CAPAC IT Y OF REF USE AND LANDF ILLS 

Th e fie l d capacity i s that wat er content (by mass of dry solids ) 
whi c h the refu se wi ll absorb a nd st ore or retain by c api ll arity. 

In concept, for an 
and the term L wi 11 
has been reached. 
mo i st u re, the term 
its pl ace. 

annua l wa t er balance, the term Swill persist 
be zero un til the field capacity of the refuse 
At this s t age, the refuse wi 11 absorb no more 
5 wil l disappear and the term L will appear in 

It is obvious that as decompo si tion and compaction of refuse occurs 
in a landfil 1, the field capa c ity will progressively decrease. The 
literature records values fo r the field capacity of refuse that 
v a r y from 8 O % . for fresh refus e ( Camp be 1 l , 1 9 8 3 ) to between 6 3 i and 
74% for refuse more than 4 ye a rs old (Holmes, 1980). These figures 
obviously depend both on th e composition of the refuse and the 
method of determining the dry mass. 

It was considered worthwhile t o mate a separate study of the field 
capacity of refuse from Johannesburg and the results of two 
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independent studies by Roper and Fongoqa and by the second author 
are summarized in Figure 3. The analysis of the refuse was carried 
out by Roper and Fongoqa (1988) and was as follows: 

Component 
Organic 
Paper 
Glass 
Plastic 
Metal 

Percentage of Ory Mass* 
54 
23 

9 
8 
6 

(*Dried at 50°C until constant mass was reached). 

Figure 3 shows an even wider variation of field capacity than that 
recorded above. As a conservative working figure, 1 field capacity 
of 60% by dry (50°C) mass of refuse has been assumed in this study. 

The theoretica l concept that refuse will conti ue to absorb 
moisture until the field capacity is reached and wil l thereafter 
release moisture at the same rate as it receives it, is obviously 
an over-simplification. It can be deduced from Figure 3 that the 
field capacity of refuse itself can be reaclled because of the 
accumulation of moisture, or because the field capacity is changing 
as the age and state of compaction and decompositio1 of the refuse 
increase, or by a combination of the two processes. 

225 

200 

i=" iELD i so 
CAPAC ITY 
:moisture 
content on 
ory we1gn: 125 
basis ; 

100 

50 

FRESH WASTES 

1 YEAR OLD WASTES 

5 YEAR OLD WASTES 

Roper & Fongoqa 

------ -----
... ----- - - - ---- - - - - - - - - --=..-=-::.:. -~-======~.:::..-::::a.,.__~ - -........... .... .... , - - - --"'"' -----~ .................... - -----~---- - --------------

Ropef&Fongoqa ~- - - - - - --- -
~ L-~~~~~~--1.~~~~~~~-'-~~~~~~~ ........ ~~~~~~~ ........ ~ 

750 t(D) 1250 

DENSITY ATFIELD CAPACITY (kglm3) 

FIGURE 3: Measurements of the field capacity of refuse. 
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A landfill may start to rel e ase leachate long before its overa l l 
field capacity has been reached beciuse certain interconnected 
zones within it have a lower field capacity than others. This is 
well illustrated by Figure 4 which shows a record of the 
precipitation on the surface and the corresponding release of 
leachate from a 20m square and Sm deep cell of refuse at a landfi l l 
near Cape Town. 

The cell was under l ined with a plastic sheet that 
leachate exiting the refuse and channelled it into 
which enabled the leachate production to be measured. 

trapped a l l 
a container, 

As at the end of 1988 the l andfill had received over lSOOmm o f 
precipitation, and had re l eased less than 150mm of leachate over a 
2 ~ year period. The water balance calculation (to be described 
l ater ) predicted that once the field capacity of the landfi l l has 
been reached , the annua l ou tput of leacha t e wil l be 200mm per yea r 
or 50 0m m in 2 ~ years. I t i s therefore c l ear th at the overa ll f i e d 
ca p ac it y has not yet been reached. At the same time, certa i n zo nes 
in the ce l l are re l easing l eachate and therefore must have reac he d 
t he ir l oca l i zed field capacity. Leac hate is, howeve r, o nl y 
generated during the coo l wet winter mont hs when there i s a 
seasona l water surp l us. 

1500 
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-------------------
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1986 1987 1988 
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FIGURE 4: Precipitation and leachate production at landfill in Cape Town 

4. WATER BALANCE FOR TEST LANDFILLS 

The experimental work to be described in this paper was performed 
at a landfill on the Witwat e rsrand and one near Cape Town (see 
Figure l ). The Witwatersrand landfill is in a summer rainfall area 
while that at Cape Town is in a winter rainfall area. The climatic 
parameters for the two sites have been summarized in Figure 5. 
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FIGURE 5: Summary of dimatiC parameters at two test landfills. 

At the Witwatersrand landfill, pan evaporation exceeds 
precipitation throughout th e year, while at Cape Town precipitation 
exceeds evaporation during the 3~ to 4 winter months. 30-year 
average annual figures for precipitation and rainfall at the two 
sites are: 
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FIGURE 6: Water balances for Cape Town and Witwatersrand landfills. 

Witwatersrand Precipitation = 
Pan Evaporation = 
Precipitation = 
Pan Evaporation = 

745mm 
l 5 50mm 

510mm 
l 11 Omm 

Cape Town 

Hence both sites are nominally in water deficit areas with 
potential evaporation exceeding precipitation by some 600 to 800mm . 

Figure 6 shows detailed water balances for the two sites calculated 
by Fenn et al's, (1975) adaptation of the method of Thornwaite and 
Mather (1957), and based on a weekly calculation interval. 
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Assumptions for both sites were the same. namely 
cover with lOOmm of availabl e storage in the cover. 
was taken as: 

lOOOmm of top 
Precipitation 

P = {mean rainfall + l s t andard deviation} 

and evapotranspiration as: 

E = 0 . 7 {mean pan evapor a tion - 1 standard dev i ation). 
Hence some conservatism was built into the calculations. 

Runoff for the Witwatersran d site, where the cover material is a 
clayey sand, was taken as : 

v = 0.11 p 

w h i l e that at Cape Town • whe r e the co v er i s a c l ea n f i n e sand , w.a s 
taken as: 

v = 0.08 p 

Both of these are probably a l so conservative figures. 

Figure 6 indicates that at Wi twatersrand it is only in the 2-mont h 
mid - February to mid-April period, that the refuse will be gain i ng 
i n moisture, while at Cape Town, moisture is gained for 3 month s 
from mid-June to mid-September. As mentioned previous ly, these 
ca 1 cu 1 ate d an nu a 1 water b a 1 a nc es w i 1 l usual 1 y be cons er vat i v e, and 
wi l l inevitably vary from year to year. For examp l e, the 
precipitation at the Witwate r srand site in 1984 was only 46 % of th e 
30 year average. I n 1986 i t was equal to the average , wh il e in 
198 8 it was 130 % of the 30 yea r average . On one da y 1n Oct ob er 
1985 .the 1and fi l rec e i ve d l Omm of r a inf a 1 , near ly 1 2;< of the 
annu a l fig ur e, most of wh i c h mus t have ru n off. Th e se extr e me 
,. 1gures i l l us t ra te the unc e rt a i nti e s i nhe r e nt in wa ter ba l ance 
ca l cu l a tio ns . 

0 n the ba s i s of th e s e wa t e r b a l an c es , a ti me f or ea ch 1 a nd f i l 1 t o 
reach fie l d capac ity c an be c a l cu l a t e d, as ca n th e e ns ui ng rate o f 
ge neration of l each a te . Th e ca l culati ons s howe d th a t t he 
~ · : wa ters ra nd l andfi l ca n be e xpe ct e d t o r eac h a fi e l d capac i ~ y o f 
6 0~ mo i stur e ar ound the yea r 2000, a ft e r which l eac ha te 1s : · ke ; _, 
to be gene ~ ated a t a rate of about 1 30mm per year. Howe ve r, as t he 
c a l cu l at i ons are based on conservat i ve figures, these approac h, 
wor s t case estimates . l30m m per yea r i s equivalent to 4 x 10 _, 
cm/ s , whi c h i s about one te nth o f th e coeff i cien t of permeabi lity 
of t he bas e of the l andf ill. Hence an y l eachate that i s generat ed 
wi 11 disperse i nto the under l ying unsaturated zone. 

I t should also be emphasized that the result of a water balance 
ca l culation depends on the interval adopted for the calcu l ation. 
For example, for Witwatersra nd a weekly calculation interval gives 
70% of the figures based on a daily interval. 

At Cape Town, overall fi e ld capacity is predicted 
whereafter the predicted rate of leachate production is 
year. As recorded earlie r , this compares with the 
measured leachate production of 60mm per year. 

in 1993 
200mm per 
currently 
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5. DIRECT SAMPLING OF LANDFI LLS 

A direct sampling of both the Witwatersrand and Cape Town landfills 
was carried out in order to e x amine in detail the distributions of 
moisture and solutes in the two landfills. An analysis of these, 
both at the end of the wet se a son and at the end of the dry season 
wou l d give an indication of t he accuracy of the predictions based 
on water balance. 

Sampling was performed from 1200mm diameter holes augered in the 
l andf ill s by means of a p il e a ugering machine. Each hole was ca sed 
agains t possible co l l apse of t he sides with a cylindrica l cage made 
of heavy reinforcing stee l. A steel collar and hi nged lid was 
fitted to each hole to ex c l ude surface water and retai n the 
landfi ll gas. Th e l eve l of e a ch li d was kept above the surface of 
t he 1andfi 11 and surrounded by a mound, further to exc l ude sur f ace 
wa ter . 

Two ho l es were dr i 1 l ed at the Witwatersrand site, one n a 
we ll -draine d area ( the Sou t h hole), the other in a s :~ g ht 
depress ion where water ponds to a sha ll ow depth ( the North hoe ) . 
One no l e wa s dri ll ed at Cape Town, adjacent to the li ned leac nate 
co ll ect i on ee l 1 . 

Th e actua l sampling was ca r ried out by the third author who 
des cend ed the ho l es on a bosu n ' s chair, wearing a· full-face di vi ng 
mas k, and e xtr acted the samp l e s from the sides of the holes thr ough 
the apertures in the casing c a ge. 

The resu l ts of the analyses of the holes is shown in Figure 7a 
(Wit watersrand Nort h ) , Fi gur e 7b ( Witwatersrand South), and F i gu re 
8 ( Cape Town ) . Eac h figure shows profi l es of water content , -;-os 
an d ch lo r i de ( both · n mg per kg of d r y refuse ) . . 4.. number of c ': ne r 
parameters were a l so measur e d out have not been shown in the 
f igures . . 

~ 6 . RESU LT S OF OIR E C~ SAM PLIN G 

6. 1 Wit wate rsrand 

The Wi twatersrand North ho l e sh ows a defin i te seasona l fl uctua tion 
of water content . All the me a surements except two were we l 1 be l ow 
the assumed average fie l d cap acity of 60%. There appears to be an 
iso l ated wet 1 ayer at a depth of l Sm, and the water content of the 
soi l at the base of the l andf i 11 rose to over 40% at the end of t he 
wet season. Th is i s wel l in excess of the f i eld capacity of thi s 
soi l , estimated at 15%. Henc e this profile shows evidence of some 
leachate exiting from the bas e of the fill. 

The South hole shows a greate r fluctuation of water content down to 
about Sm and also a zone in excess of the field capacity between 
depths of 3 and Sm. There wa s also a wet season concentration of 
water near the base of the l andfi 11. Both profiles are thus 
generally below the field c apacity but show evidence of some 
outf l ow of l eachate near the base. 

T h e T 0 S i n b o t h p r o f i l e s c h a n g e d l i t t l e f r;~o m s e a s o n t o s e a so n . A t 
about Sm depth, the North hole shows a concentration of TOS which 
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may be related to correspond i ng peak in the water content profile. 
This may correspond to the 30% above average rainfall that fell in 
the 1988 wet season immediately preceding the sampling. This 
unusual precipitation may al s o account for th! high TDS at about 6m 
deep in the South hole. 

Neither hole shows a tendency for TDS to accumulate at the base of 
the profile. Equally, neith e r shows a tendence for a concent r ation 
towards the top of the profile during the dry season. 

The prof i les of . chloride a t Witwatersrand show similar tren d s to 
the TDS prof il es. However, t here does appear to be an increase of 
ch l oride content with depth. 

The overal l impression is one of a fairly stable, but seaso nally 
fi uctuatin g water and so l ute profile with evidence of some ou:.7 1ow 
a: t he base of the l and f i l l . Strange l y enough, the ;:ir of il e 
un der l y in g the area where po nding occurs i s drier than tha t t;n der 
t he we l l -drained area. Th i s may be because the cover i s more 
perviou s at the South ho l e, bu t this has not been establishe d . 

The water content profiles can be used to estimate the to tal 
moisture accumulation in the refuse since placing, if inita 1 v.·a t er 
c o ntents for refuse and cove r material are assumed. On avera ge, a t 
t he end of the 1988 wet seas o n, the profi l es for the two ho l es had 
a c c umu l a t ed 3000mm of water s i nce placing. This reduced to 17 50 mm 
at the end o f the ensuing dry season. Bearing in mind that 1988 
h ad an unusually wet seaso n , it thus appears that the seasonal 
f l uctua ti on of moisture in the profile is of the same order a s the 
a ve rage annua l precipitation of 950mm. 

Be c ause th e pro fi l e is most l y wel l dry of t he fie l d capac it y , ': hi s 
moi s tu re must ma in l y be mov ing i n and ou t of t he top cover , a nc th e 
qu ant ity of l eac ha t e escap in g f rom the base can on l y be ver y s ~ a l l . 
He nc e t her e is f air a q reemen t between t he resu l ts of the d: r e ct 
sam p l ing and t he pred i ctio n based on a water balance , ...,. ;t · t he 
wa t er ba . a nce c a l cu l at i on li ke l y to be pess i mi st i c. 

6 . 2 Ca pe To wn 

The en d of t he we t season wa t er content was most l y below the f i e l d 
capaci ty , bu t there was a zone of mater i a l at a depth of 4m , th at 
was above field capacity and one at 2m tha t was at field capa c i ty. 
Th ere were a l so concentrations of TDS and Chloride coinciding with 
t hi s wet zone in the profi l e . These pea k va l ues probab l y repr e sent 
a wetting front moving throu gh the landfi l l. 

The end of dry season wate r content profile was wel 1 below the 
field capacity, which must indicate that moisture moves up the 
profile and out through the c over during the dry season. Moisture 
moving downward by gravity f l ow could be expected to leave material 
at the f ield capacity above i t. 

The profile appears to have accumulated about 900mm of water s i nce 
placing at the end of the we t season and 650mm at the end of the 
dry season. Hence taking r unoff at 40mm per annum, the moisture 
available for increasing the water content of the landfill and 
ultimately for producing lea ch ate amounts to about 200mm per year 
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FIGURE 8: Profiles of water content, T.O.S. and chlorides for Cape Town landfill. 

which agrees wi th the predi c t i on based on t h e water ba l anc e. 

7 . SU MMA RY AND CONCLUSIONS 

7 . l Ca lc u l at io ns based on co n s id erat i ons of th e water ba l a nc e for a 
l andf il can De us e d to p re d i ct t h e time lik e l y to be take n for !he 
l andf i ll to reach it s ov era l field c apac ity. Th e resu lts of s uch 
ca : cu ations are l iab l e t o uncertainty because of the hi gh l y 
var i ab l e n at ure of the weat h er and the var i a bl e proper ties of the 
refuse an d cover materia l . Uncertainties i n the est i mat io n of 
runo ff a nd evapotranspirat · on add to the u ncerta · nty of the 
pred iction. 

7.2 A comp a rison be t wee n th e r es u l ts of di rect samp li ng of two 
landfi lls an d pr e dictions based o n th e i r water balance showed that 
the wa ter ba 1 ance method i s realistic and as accura t e as can b e 
expected, given the uncertainty of the input data. 

7.3 I n order to predict whether or not a l a ndfi 11 sited in an ar i d 
or semi-ari d area wi ll produce l eachate , it is essent i al to 
consider the detailed distributions of precipitat i on and 
evaporation through the year, and to carry out a full water balance 
calculation. 

In the examp l es examined here, both landfills are sited in areas of 
nominal water defic it, wi th the annual def icit being between 600 
and 8 0 0 mm . Ne i the r l and f i ·1 1 i s prod u c i n g very much 1 ea c ha t e at 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

XXVI-14 

present, but it seems that th e Cape Town landfill has the potential 
to produce more than twice th e leachate possibly to be produced by 
the landfi 11 at Witwatersrand . 
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MOISTURE DISTRIBUTION IN 
SANITARY LANDFILLS 

G.E. BLIGHT, J.M. BALL AND J.J. BLIGHT 

Witwatersrand University, P .O. Wits, 2050, Johannesburg, Sowh Africa 

SUMMARY : 

This study examines the deta il of moisture profiles in three landfills 
located in semi-arid climates and concludes that one of the components of 
the water balance that is most difficult to estimate is the st or age 
capacity of the refuse body. This appears to be greatly influenced by the 
properties and disposition of the layers of intermediate cover. 

1 • INTRODUCTION 

The water balance technique has been developed v1ith the aim of allOl'ling 
the pollution potential of a 1 andfil l to be assessed from a know ledge of 
climatic parameters and with some assumptions regarding the pro perties of 
the landfill. These relate mainly to the moisture storage capac i ty of the 
refuse and capping 1 ayer, and the percentage of preci pitati on that vii 11 
infiltrate the cap. 

The usual main defence agai nst leachate pollution is a 1"1el l designed 
under-liner. The primary defence against the generation of leac hate 
within the landfill is the f inal landfill cover or cap. With design 
attention focused on excluding moisture from landfills by means of the cap 
system, or retaining and re-ci r culating leachate within landfills by means 
of the under-liner, less atten t ion has been directed towards the moi st ure 
absorbtion and retention c apacity of the stored refuse and the 
intermediate cover layers. The water retained within refuse represents by 
far the largest volume of mo i sture in the landfill system. Moreover, a 
certain minimum of moisture is required within the refuse to allow 
microbiological decomposition processes to proceed. If the objectives of 
the landfill management system include rapid consolidation of the 1·1aste 
body, or the generation and ext raction of landfill gas, then the retention 
of an optimum water content fo r microbiological activity within the waste 
body is essential. 

The present study has exp 1 ored the water retention capacity of three 
landfills situated in semi-arid areas. The paper will show hm·1 the 1~ater 
content of the refuse. change s seasona 11 y, and point out the important 
effect of the intermediate cover layers. It will shm·1 that the moisture 
storage capacity of a landfill is very difficult to quantify . Finally, it 
will present data on the moist ure suction in two landfills, and shm·1 that 
even though these are situated in semi-arid areas, suction is all~ays 
sufficiently low for microbiol ogical activity to proce ed . 

Proceedings Sardinia 91, Third International L<U1djil/ Symposium 
S. Margherita di Pu/a, Cagliari, /taly ; 14 - 18 October 1991 
©1991 by CISA, Environmenlal Sanitary Engineering Centre, Cagliari, Italy 
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FIGURE 1: Water balances for la ndfills at Cape Town and Witwatersrand 

store within its pores by capillarity. In terms of a water balance one 
might fmagfne the water stored i n a landfill gradually accumulating until 
the overall moisture storage capacity had been reached. Thereafter any 
further water added at the top of the landfill would result in the 
production of an equal quantity of leachate at the base . However, the 
concept, as stated here, is a gross over-simplification. 

The storage capacity of refuse has been measured in the laboratory by a 
number of workers (eg Campbell Cl983) and Holmes <1980)). Measured storage 
capacities range from 225 per cent for fresh waste predominantly of paper 
and cardboard, to around 55 per cent for l to 5 year old wastes aft er 
compression to high densities. It must not be forgotten that intermediate 
cover layers have a different stor age capacity, usually far less than that 
of refuse. 
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FIGURE 2: Precipitation and l eachate production at Cape Town landfill 

Figure 2 illustrates how the observed water balance behaviour of the Cape 
Town landfiJl differs from th e si"1'lified ideal. The figure compares the 
cumulative precipitation at t he Cape Town landfill with the cumulative 
leachate flow from a 5m deep layer of refuse, starting from the time of 
deposition. Leachate started appearing during the first wet season and 
has continued seasonally ever s ince. 

This behaviour contradicts the classical concept of storage capacity and 
shows that the results of wat er balance calculations, especially as they 
relate to time-dependent effec t s, must be viewed with caution. Assuming an 
overall storage capacity of 60 per cent for the landfill, water balance 
cal cul at ions predict that the Cape Town 1 andfil l wi 11 reach its storage 
capacity in 1993. It is howev er obvious from Figure 2 that zones of the 
landfill actually achieved storage capacity within a few months of being 
deposited. 

4. MOISTURE CONDITIONS IN LANDFILLS 
REVEALED BY SAMPLING 

4.1 Waterval Landfill 

Figure 3 shows water content and total soluble solids CTDS> profiles for 
the Waterval landfill near Johannesburg [Ball . and Blight C1986>]. The 
samples were taken at the end of the dry season and the profile was 7 to 8 
years old at this time. The i ntermediate cover material was a clayey silt 
with a permeabi 1 ity of about 1 Om/ y . The posit ions of the cover 1 ayers 
have been marked in the Figure. They genera 11 y correspond to 1 ow water 
contents and low TOS values. · 
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It appears that the low permeability cover layers effectively divide the 
landfill into a -series of sealed cells with very little moisture or 
soluble solids transfer occurring from one cel 1 to another. Note in 
particular that the TDS content below the base of the landfill is 
negligible, indicating a negli gible seepage of leachate from the base of 
the landfill. In general, the TDS profile· is a reflexion of the water 
content profile. No measurements of the storage capacity of the refuse 
were made. However it seems likely that the storage capacity of the 
refuse was at least 125 per cent, the highest water content in the upper 
part of the profile, while that of the cover '1 ayers was about 30 per cent. 
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Water content and TDS profiles for Waterval landfill at end of 
dry season 

4.2 Coastal Park Landf{ll 

Figure 4a shows profiles of water content measured for the end of the dry 
season and the end of the wet season at Coast a 1 Park 1andfi11 near Cape 
Town. The intermediate and top cover materi a 1 is a fine dune sand . l t is 
interesting to note that with t he exception of the high water contents 
measured at 2m and between 3 and 4. 5m, water contents recorded at the end 
of the wet season were actually slightly less than those at the end of the 
dry season. 

Of part1cular 1nterest are the measured values of storage capac1ty . The 
storage capacity for the sand cover a 1 most c oi nc 1 des with the 1 ewer 1 imi t 
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FIGURE 4: Water content profiles for Coastal Park landfill 
a: End of wet and dry seasons 1988 b: End of dry season 1990 

of water content in the profile, but the higher storage capacities in the 
refuse Cup to 220 per cent) far exceed the maximum water contents. 
Samples for which the st orage capacity was about 70 per cent consisted of 
a mi xture of refuse and sand. The landfill does produce leachate during 
the wet season <Figure 2) . As the storage capacity of the refuse has not 
been reached it appears t hat this leachate must be channeling through the 
relatively permeable layers of intermediate cover. 

Thus at Waterval the 1 ow permeabi 1 ity intermediate cover 1 ayers act to 
encapsulate the cells of refuse and prevent the generation of leachate, 
while at Coastal Park , the high permeability cover layers actually promote 
the generation of leachat e by reducing the effective storage capacity of 
the 1andfi11. However t hey a 1 so reduce the vo 1 ume of refuse subject to 
leaching. 

The results of Figure 4a, in which end of dry season water contents 
slightly exceeded end of wet season values, raised doubts as to the 
validity of comparing measurements on a single set of samples taken at the 
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FIGURE 5: Water content profi l es for Linbro Park Landfill . 
End of Wet and dry seasons 1988 

end of one season with a second set taken 6 months 1 ater. For this 
reason, at the end of the wet season two years 1 ater, a set of three 
widely separated hole.s CA, Band C> was drilled and sampled at Coastal 
Park. The results of these th r ee samplings are compared in Figure 4b with 
the end of dry season values of two years previously. It will be seen 
that with the exception of two measurements for nole A, the four sets of 
water content measurements agree very well, at least as well as 1~ould be 
expected in normal comparisons of adjacent geotechnical profiles. The 
correspondence between sets of measurements taken two years apart and from 
different locations gives confidence that valid conclusions can indeed be 
drawn by comparing the data of single holes. 

4.3 Linbro Park Landfill 

Ff gure 5. compares end of wet season and end of dry season samp 1 i ngs from 
two separate holes at Linbro Park landfill. 
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Each of the pairs of wate r content measurements agrees very well with its 
fellow, even though the holes from which the samples were taken were 300m 
apart. There is a change in water content over the whole depth of the 
landfill between wet and dry seasons. At this site the cover material is 
a silty sand intermediate in permeability ClOOOm/yl between the cover at 
Waterval and Coastal Park. Again, tl)e end of wet season water contents 
are ~1el l belo1·1 the storage capacity of the refuse, but very close to the 
storage capacity of the cover material. 

The situation at Linbro Park appears similar to that at Coastal Park. If 
leachate is being genera t ed seasonally, it will be channeled along the 
relatively pervious intermediate cover layers, bypassing a large 
proportion of the refuse. 

5. CONCLUSION FROM MOISTURE PROFILES 

It is apparent from this examination of the detail of moisture profiles in 
landfills that it is ext r emely difficult to define an overall storage 
capacity for a landfill. The storage capacity is very much influenced by 
the location and propertie s of the intermediate cover layers and as such, 
almost impossible to predict from a knowledge of the separate storage 
capacities of refuse and cover material. 

It is al so apparent that using either highly pervious or completely 
impervious intermediate cover material in a landfill could have 
advantages. In the first place, highly pervious layers will channel 
infiltrating water past cells of refuse thus resulting in a less 
concentrated leachate . Completely impervious cover layers will seal off 
refuse from percolating water thus preventing the evolution of leachate. 
However, these sealing layers might adversely affect landfill gas 
production, if it is intended to exploit this as an energy source. 

6. MOISTURE SUCTION IN LANDFILLS 

With the increasing tendency to exploit landfill gas as a source of energy 
[eg papers to this confere nce], concern was felt that landfills in semi­
arid climates such as the Witwatersrand might be too dry for optimal 
bacteriological activity. For this reason it was decided to measure 
suction profiles when resampling the Coastal Park and Linbro Park 
landfills in 1990 . Figure 6 shows the results of these suction 
measurements. As they wer e taken at the end of the dry season in each 
case, the profiles should r epresent maximum suctions likely to occur in 
the respective landfills. 

The suctions were measured using psychrometers and the readings therefore 
represent total suction, th e sum of the osmotic and matrix components [eg 
Savage and Cass Cl984l]. 
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FIGURE 6: Suction profiles at end of dry season in Coastal Park and 
Linbro Park landfills 

The three profiles measured at Coastal Park show suct ions co nsistentl y 
below 300 kPa Ca relative humidity i n the pores of the refuse of 99.8 per 
cent). Only three suction measurements in hole A exceed this . At Linbro 
Park, with the exception of the near surface measurements, the max imum 
suction was 400 kPa Ca relative humid ity of 99.7 per cent>. The suction 
beyond which microbiologi ca l ac t ivity is inhibited is abou t 5000 kPa Ca 
relative humidity of 96 per centl ( Se ni or <1990 ) ]. Hence apart from the 
dried crust of the cover la yer at the top of the Linbro Park landfill, all 
the measured suctions woul d permit of uninhibited bacter io l ogical 
activity. 

7. CONCLUSIONS 

This detailed examination of lT'()istur e and suction profiles i n landfills 
situated in semi-arid clima t es has enabled the following conclusions to be 
drawn: 
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7.1 The ov erall storage capacity of a landfill is very difficult to 
predict, as it depends a great deal on the properties and 
disposition of th e intermediate cover layers. The emission of 
leachate from a landfi ll is greatly affected by either the 
channeling or se aling effect of the intermediate cover layers. 

7.2 Even in semi -ar id climates, landfills contain sufficient moisture 
to sustain uninh i bited bacteriological activity . 
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ISWA '92 
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DESIGNING CLAY LINERS FOR SANITARY LANDFILLS 

BY 

G E Blight and M C Mahula 

Witwatersrand University 

P 0 Wits, 2050, 

South Africa 

There are two principal parts to the design of clay underseals or liners for sanitary landfills. 

The first concerns the method of calculating the potential outflow of leachate through the seal 

or liner. The second concerns measuring the coefficient of permeability of the clay. This 

paper considers both parts of the problem and makes recommendations for design in terms 

of the results of a literature survey and of recent field and laboratory measurements. 

1. INTRODUCTION 

If, during the design of a sanitary landfill, it is established that leachate will be generated, it 

will be necessary not only to provide the landfill with a rationally designed underliner, but also 

to contour and shape the base of the landfill so that leachate is directed towards collection 

areas from which it can be pumped and either re-circulated, or treated and discharged. 

Hence, if the landfill is properly designed, the depth of leachate over the liner should never 

exceed a few centimetres. In its simplest form, therefore, a clay liner must be designed for 

the situation illustrated in Figure 1. 

Usually, a specified maximum permissible outflow rate q per unit area will have to be met. 

To do this it will be necessary either to determine de (in Figure 1) for a given value of kc, 

or to establish the necessary value of kc for a predetermined de. In either case, it will be 

1 
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Figure 1 
Basis for Estimating Rate of Seepage Through a Clay Liner 

necessary to calculate q from the dimensions and parameters indicated in Figure 1. In what 

follows, both the calculation of q and the measurement of kc will be considered. 

2. CALCULATION OF THE RATE OF SEEPAGE THROUGH A CLAY LINER 

Under steady-state conditions, the seepage flow through the liner and the foundation soil will 

be the same. By applying Darcy's law, 

q - k i (1) 

(where k is the coefficient of permeability and i the seepage gradient) the outflow per unit 

plan area through the liner can be shown to be: 

Alternatively, the liner permeability kc is related to q by: 

qdF 
Id +d) - -
~ C F k 

F 

2 

(2) 

(3) 
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The pore water pressure at the underside of the liner is given by 

(4) 

It follows from ( 4) that if the permeability of the foundation soil exceeds that of the liner 

(which will usually be the case), the pore pressure under the liner will be negative. This will 

usually result in the foundation soil becoming unsaturated immediately below the liner. 

Because the permeability of a soil decreases when it becomes unsaturated, this will further 

decrease q. 

Figure 2 shows a typical pore pressure profile through a clay liner and the underlying 

foundation soil, as well as the modification to the profile caused by unsaturation. 
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3. MEASUREMENT OF PERMEABILITY IN SITU AND IN THE LABORATORY 

Although Darcy's law is usually applied to calculating the outflow through a clay liner, 

there is considerable uncertainty as to how best to measure the Darcy coefficient of 

permeability k: 

Day and Daniel (1985) conducted comparative field and laboratory measurements of 

permeability on two clays. Test ponds were constructed in the field, and samples were later 

retrieved from the test liners for laboratory measurements. Measurements of seepage rate 

were made for the pond as a whole, and by means of single and double ring infiltrometers. 

Tests using both rigid and flexible walled permeameters were made on block and tube 

samples of the clay compacted in situ, and also on samples compacted in the laboratory. 

Effective confining stresses in the laboratory were about 100 kPa and seepage gradients 

ranged from 20 to 200. Day and Daniel found that values of permeability deduced from 

seepage losses from the ponds were 900 to 2000 times larger than permeabilities measured 

in the laboratory, but only 1.2 to 1.9 times larger than field infiltrometer measurements. 

Chen and Yamamoto (1987) also carried out a companson of field and laboratory 

permeability measurements, using infiltrometers and porous probes in situ and flexible-walled 

permeameters in the laboratory. For the laboratory tests, effective stresses were about 200 

kPa and the seepage gradient was 180. They found that field permeabilities were 10 times 

larger than laboratory values. 

Elsbury et al (1990) made a comparison of field and laboratory permeability measurements 

on a highly plastic day. They found that double ring infiltrometer tests gave slightly lower 

permeabilities than did seepage rates from a test pond. However, compaction in the field 

with a vibratory roller resulted in a liner with a permeability ten times larger than one 

compacted using the same roller without vibration. Permeabilities measured in the laboratory 

used seepage gradients of 20 to 100 and effective stresses of 15 to 70 kPa. Permeabilities 

measured in the field proved to be between 10 000 and 100 000 times greater than values 

measured in the laboratory. 

Finally, Pregl (1987) has stated that a permeability measured in the laboratory serves as an 

index of material quality but is not directly related to the permeability of a lining in the field. 
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The permeability in the field will always be less than that measured in the laboratory, says 

Pregl, because the seepage gradient used in laboratory tests is usually of the order of 30 

whereas that in the fieid approximates to unity. 

It is apparent from these studies that there are several possible reasons why a permeability 

measured in the field may differ from one measured in the laboratory: 

• 1 A large area exposed to seepage is more likely to contain defects in the form of more 

permeable zones than is a small area. 

•2 If the Darcy coefficient of permeability is not constant, the use of different seepage 

· gradients in the field and laboratory will result in different field and laboratory 

values. 

•3 A similar remark applies to effective stresses. A specimen subjected to a high 

effective stress can be expected to show a lower permeability than a similar one with 

a low effective stress. 

•4 The interpretation of the field permeability test: It will be noted from equation (3) 

that the permeability of the liner, kc, cannot be evaluated without a knowledge of dF 

and kF, whereas dL, the depth of leachate, does not enter the expression. The 

literature shows various other interpretations for kc. The most common is to assume 

that the seepage gradi,ent i = 1, in which case q = kc. This is clearly not always 

logical because by the same argument, kF in Figure 1 would also equal q. Daniel 

( 1987) uses the expression 

To get some notion of the errors involved with this expression suppose that 

kF = 10 kc, dF =de and dL = dc/10 

If i = 1 

According to Daniel (equation (5)): 

According to equation (3) 

kc= q 

kc= 0.9lq 

kc = 0.55q 

5 

(5) 
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(The larger the ratio of kF/kc, the nearer the value of kc approaches 0.5q). 

If, however, kF = kc or dF = 0, then according to equation (3) kc = q. 

One of the probable reasons, therefore, for the wide discrepancy between Daniel's field and 

laboratory measurements is that his field measurements appear to have been misinterpreted. 

4. THE DARCY COEFFICIENT OF PERMEABILITY 

According to the classical form of the Darcyr equation (1), one is led to believe that k is a 

constant for all i. Pregl (1987) has pointed out that this is not so for compacted clays, but 

rather that k increases with increasing i. The set of measurements shown in Figure 3 confirm 

this observation. The soil was a clayey sand residual from weathered granite and the 

measurements show that the seepage flow rate increases at a greater rate than the hydraulic 

gradient. For this set of data, the value of k at an hydraulic gradient of 1 was 1 x 10-4 cm/s 

while at an hydraulic gradient .of 20, k was 3 x 10-4 cm/s. 
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Figure 3 also shows that reducing the seepage path length from 150 mm to 75 mm had 

relatively little effect on the seepage flow rate at a particular hydraulic gradient. In other 

words, k was not particularly sensitive to specimen size, in this case. 
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S. POND SEEPAGE TESTS 

Following on from other workers, e.g. Daniel (1985, 1987) and Elsbury et al (1990), it was 

decided to perform a series of pond seepage tests and companion laboratory tests to compare 

permeabilities measured in the field and in the laboratory for a situation where the field test 

could be correctly interpreted. 

Four 3 m square ponds were constructed on a profile of clayey sand residual from weathered 

granite. The water table lay at a depth of 2 m below the bottom of the ponds. 

Figure 4 
View of Test Ponds 

The liner consisted of the compacted in situ soil and the ponds were surrounded by a 

perimeter moat to eliminate lateral flow from the pond edges as far as possible. Figure 4 

shows a view of the ponds. One of the four ponds was lined with a geomembrane so that it 

could be used to measure evaporation losses, and all four ponds were filled with a coarse 
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clinker ash to provide some overburden on the pond bottoms to eliminate wave formation 

in the water and also to reduce evaporation*. 

The rates of seepage were measured by observing the water levels m four perforated 

observation pipes that were installed in each pond. 

Referring to Figure 1 and equation (3): because kF was close in value to k0 or alternatively, 

because dF was zero, it could truly be said in this case that kc = q. 
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Figure 5 shows a set of measured kc values for one of the ponds. It will be seen that there 

is a considerable scatter in the measurements, with values on any particular day varying by 
' 

factors of up to 6. The scatter appeared to result from the difficulty of measuring small 

changes of water level accurately and difficulty in compensating the measured seepages for 

evaporation losses which also depend on measuring small changes of water level. 

Temperature changes also affected the accuracy of the measurements by causing the plastic 

measuring pipes to change in length, thus an increase in temperature caused an 

apparent increase in seepage rate, and vice versa. 

* It was found however, that because of its dark colour and large surface 
area, the ash actually increas ed the evaporation rates from the ponds. 
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6. LABORATORY PERMEABILITY TESTS 

In the ch ss ic design situation the clay liner to a landfill must be designed on the basis of the 

results of laboratory permeability tests. For this reason, a comparison of pond seepage test 

results and laboratory permeability measurements is of particular interest. Also, as seen in 

Section 4, the laboratory tests should be carried out at a seepage gradient of 

1.0 if they are to be meaningful. 

All laboratory permeability tests were of the constant head flexible wall triaxial cell type and 

the average effective stress was kept at 35 kPa for all tests. This stress was the lowest value 

that could be controlled reliably in the laboratory, but was still much more than the effective 

overburden stress in the pond tests of 0.5 m of submerged ash, or only 4 to 5 kPa. 

The following table compares the permeability values measured in the laboratory on 

specimens compacted to the same ury density as the upper 150 mm of soil in the ponds: 

Table 1 

Range of Mean Permeability from Pond Range of Mean Permeability from 

Tests (cm/s x 10-6 ) Laboratory Tests (cm/s x 10-6 ) 

59 to 81 37 to 93 

Hence this set of measurements shows that it is possible, with correct interpretation and 

correct testing to estimate in situ permeabilities very closely from the results of laboratory 

tests. 

However, it must be noted that the permeability of this granite soil is higher than what would 

usually be used for a liner. It is also noted from the literature that discrepancies between 

field and laboratory permeabilities appear to increase as the soil becomes less permeable. 

It was also found in this series of tests that double ring infiltrometer tests gave values of 

permeability that were considerably less than those recorded in Table 1. The reason for this 

has not been discovered, but possibly also lies in a misinterpretation of the measurements . 

. 9 
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7. CONCLUSIONS 

7.1 This paper has set out a method for estimating the seepage flow through a clay liner 

from a knowledge of the depth to the regional water table, the thickness of the liner 

and the coefficients of permeability of the liner and the foundation soil. 

7.2 A review of the literature has shown that some uncertainty exists concerning the 

relationship between permeability measured in the field in large-scale pond tests and 

permeability measured in the laboratory. 

7.3 It has been pointed out that because the Darcy coefficient of permeability is not 

constant with hydraulic gradient, permeabilities should be measured in the laboratory 

at a gradient close to the likely seepage gradient in the field. 

7.4 The results of pond seepage tests must be correctly interpreted, when used to evaluate 

Darcy coefficients of permeability. Equally, seepage rates must be correctly calculated 

for design purposes, as stated in 7 .1. 
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DESIGNING CLAY LINERS FOR SANITARY LANDFILLS 

BY 

G E Blight and M C Mabula 

Witwatersrand University 

P 0 Wits, 2050, 

South Africa 

There are two principal parts to the design of clay underseals or liners for sanitary landfills. 

The first concerns the method of calculating the potential outflow of leachate through the seal 

or liner. The second concerns measuring the coefficient of permeability of the clay. This 

paper considers both parts of the problem and makes recommendations for design in terms 

of the results of a literature survey and of recent field and laboratory measurements. 

1. INTRODUCTION 

If, during the design of a sanitary landfill, it is established that leachate will be generated, it 

will be necessary not only to provide the landfill with a rationally designed underliner, but also 

to contour and shape the base of the landfill so that leachate is directed towards collection 

areas from which it can be pumped and either re-circulated, or treated and discharged. 

Hence, if the landfill is properly designed, the depth of leachate over the liner should never 

exceed a few centimetres. In its simplest form, therefore, a clay liner must be designed for 

the situation illustrated in Figure 1. 

Usually, a specified maximum permissible outflow rate q per unit area will have to be met. 

To do this it will be necessary either to determine de (in Figure 1) for a given value of kc, 

or to establish the necessary value of kc for a predetermined de. In either case, it will be 
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Figure 1 
Basis for Estimating Rate of Seepage Through a Clay Liner 

necessary to calculate q from the dimensions and parameters indicated in Figure 1. In what 

follows, both the calculation of q and the measurement of kc will be considered. 

2. CALCULATION OF THE RATE OF SEEPAGE THROUGH A CLAY LINER 

Under steady-state conditions, the seepage flow through the liner and the foundation soil will 

be the same. By applying Darcy's law, 

q - k i (1) 

(where k is the coefficient of permeability and i the seepage gradient) the outflow per unit 

plan area through the liner can be shown to be: 

Alternatively, the liner permeability kc is related to q by: 

q de 
kc - ---- --

qdF 
Id +d) - -
\ C F k 

F 

2 

(2) 

(3) 
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The pore water pressure at the underside of the liner is given by 

(4) 

It follows from ( 4) that if the permeability of the foundation soil exceeds that of the liner 

(which will usually be the case), the pore pressure under the liner will be negative. This will 

usually result in the foundation soil becoming unsaturated immediately below the liner. 

Because the permeability of a soil decreases when it becomes unsaturated, this will further 

decrease q. 

Figure 2 shows a typical pore pressure profile through a clay liner and the underlying 

foundation soil, as well as the modification to the profile caused by unsaturation. 
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3. MEASUREMENT OF PERMEABILITY IN SITU AND IN THE LABORATORY 

Although Darcy's law is usually applied to calculating the outflow through a clay liner, 

there is considerable uncertainty as to how best to measure the Darcy coefficient of 

permeability k: 

Day and Daniel (1985) conducted comparative field and laboratory measurements of 

permeability on two clays. Test ponds were constructed in the field, and samples were later 

retrieved from the test liners for laboratory measurements. Measurements of seepage rate 

were made for the pond as a whole, and by means of single and double ring infiltrometers. 

Tests using both rigid and flexible walled permeameters were made on block and tube 

samples of the clay compacted in situ, and also on samples compacted in the laboratory. 

Effective confining stresses in the laboratory were about 100 kPa and seepage gradients 

ranged from 20 to 200. Day and Daniel found that values of permeability deduced from 

seepage losses from the ponds were 900 to 2000 times larger than permeabilities measured 

in the laboratory, but only 1.2 to 1.9 times larger than field infiltrometer measurements. 

Chen and Yamamoto (1987) also carried out a companson of field and laboratory 

permeability measurements, using infiltrometers and porous probes in situ and flexible-walled 

permeameters in the laboratory. For the laboratory tests, effective stresses were about 200 

kPa and the seepage gradient was 180. They found that field permeabilities were 10 times 

larger than laboratory values. 

Elsbury et al (1990) made a comparison of field and laboratory permeability measurements 

on a highly plastic day. They found that double ring infiltrometer tests gave slightly lower 

permeabilities than did seepage rates from a test pond. However, compaction in the field 

with a vibratory roller resulted in a liner with a permeability ten times larger than one 

compacted using the same roller without vibration. Permeabilities measured in the laboratory 

used seepage gradients of 20 to 100 and effective stresses of 15 to 70 kPa. Permeabilities 

measured in the field proved to be between 10 000 and 100 000 times greater than values 

measured in the laboratory. 

Finally, Pregl (1987) has stated that a permeability measured in the laboratory serves as an 

index of material quality but is not directly related to the permeability of a lining in the field. 
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The permeability in the field will always be less than that measured in the laboratory, says 

Pregl, because the seepage gradient used in laboratory tests is usually of the order of 30 

whereas that in the field approximates to unity. 

It is apparent from these studies that there are several possible reasons why a permeability 

measured in the field may differ from one measured in the laboratory: 

• 1 A large area exposed to seepage is more likely to contain defects in the form of more 

permeable zones than is a small area. 

•2 If the Darcy coefficient of permeability is not constant, the use of different seepage 

gradients in the field and laboratory will result in different field and laboratory 

values. 

•3 A similar remark applies to effective stresses. A specimen subjected to a high 

effective stress can be expected to show a lower permeability than a similar one with 

a low effective stress. 

•4 The interpretation of the field permeability test: It will be noted from equation (3) 

that the permeability of the liner, kc, cannot be evaluated without a knowledge of dF 

and kF, whereas dL, the depth of leachate, does not enter the expression. The 

literature shows various other interpretations for kc. The most common is to assume 

that the seepage gradient i = 1, in which case q = kc. This is clearly not always 

logical because by the same argument, kF in Figure 1 would also equal q. Daniel 

(1987) uses the expression 

To get some notion of the errors involved with this expression suppose that 

kF = JO kc, dF =de and dL = dc/10 

If i = 1 

According to Daniel (equation (5)): 

According to equation (3) 

kc= q 

kc= 0.9lq 

kc= 0.55q 

5 

(5) 
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(The larger the ratio of kF/kc, the nearer the value of kc approaches 0.5q). 

If, however, kF = kc or dF = 0, then according to equation (3) kc = q. 

One of the probable reasons, therefore, for the wide discrepancy between Daniel's field and 

laboratory measurements is that his field measurements appear to have been misinterpreted. 

4. THE DARCY COEFFICIENT OF PERMEABILITY 

According to the classical form of the Darcy equation (1), one is led to believe that k is a 

constant for all i. Pregl (1987) has pointc::d out that this is not so for compacted clays, but 

rather that k increases with increasing i. The set of measurements shown in Figure 3 confirm 

this observation. The soil was a clayey sand residual from weathered granite and the 

measurements show that the seepage flow rate increases at a greater rate than the hydraulic 

gradient. For this set of data, the value of k at an hydraulic gradient of 1 was 1 x 10-4 cm/s 

while at an hydraulic gradient of 20, k was 3 x 10-4 cm/s. 
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Figure 3 
Observed Relationships Between q and i 

Figure 3 also shows that reducing the seepage path length from 150 mm to 75 mm had 

relatively little effect on the seepage flow rate at a particular hydraulic gradient. In other 

words, k was not particularly sensitive to specimen size, in this case. 
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5. POND SEEPAGE TESTS 

Following on from other workers, e.g. Daniel (1985, 1987) and Elsbury et al (1990), it was 

decided to perform a series of pond seepage tests and companion laboratory tests to compare 

permeabilities measured in the field and in the laboratory for a situation where the field test 

could be correctly interpreted. 

Four 3 m square ponds were constructed on a profile of clayey sand residual from weathered 

granite. The water table lay at a depth of 2 m below the bottom of the ponds . 

Figure 4 
View of Test Ponds 

The liner consisted of the compacted in situ soil and the ponds were surrounded by a 

perimeter moat to eliminate lateral flow from the pond edges as far as possible. Figure 4 

shows a view of the ponds. One of the four ponds was lined with a geomembrane so that it 

could be used to measure evaporation losses, and all four ponds were filled with a coarse 
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clinker ash to provide some overburden on the pond bottoms to eliminate wave formation 

in the water and also to reduce evaporation*. 

The rates of seepage were measured by observing the water levels m four perforated 

observation pipes that were installed in each pond. 

Referring to Figure 1 and equation (3): because kF was close in value to kc, or alternatively, 

because dF was zero, it could truly be said in this case that kc = q. 
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Figure 5 shows a set of measured kc values for one of the ponds. It will be seen that there 

is a considerable scatter in the measurements, with values on any particular day varying by 

factors of up to 6. The scatter appeared to result from the difficulty of measuring small 

changes of water level accurately and difficulty in compensating the measured seepages for 

evaporation losses which also depend on measuring small changes of water level. 

Temperature changes also affected the accuracy of the measurements by causing the plastic 

measuring pipes to change in length, thus an increase in temperature caused an 

apparent increase in seepage rate, and vice versa. 

* It was found however, that because of its dark colour and large surface 
area, the ash actually increased the evaporation rates from the ponds. 
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6. LABORATORY PERMEABILITY TESTS 

In the classic design situation the clay liner to a landfill must be designed on the basis of the 

results of laboratory permeability tests. For this reason, a comparison of pond seepage test 

results and laboratory permeability measurements is of particular interest. Also, as seen in 

Section 4, the laboratory tests should be carried out at a seepage gradient of 

1.0 if they are to be meaningful. 

All laboratory permeability tests were of the constant head flexible wall triaxial cell type and 

the average effective stress was kept at 35 kPa for all tests. This stress was the lowest value 

that could be controlled reliably in the laboratory, but was still much more than the effective 

overburden stress in the pond tests of 0.5 m of submerged ash, or only 4 to 5 kPa. 

The following table compares the permeability values measured in the laboratory on 

specimens compacted to the same dry density as the upper 150 mm of soil in the ponds: 

Table 1 

Range of Mean Permeability from Pond Range of Mean Permeability from 

Tests (emfs x 10-6) Laboratory Tests (emfs x 10-6) 

59 to 81 37 to 93 

Hence this set of measurements shows that it is possible, with correct interpretation and 

correct testing to estimate in situ permeabilities very closely from the results of laboratory 

tests. 

However, it must be noted that the permeability of this granite soil is higher than what would 

usually be used for a liner. It is also noted from the literature that discrepancies between 

field and laboratory permeabilities appear to increase as the soil becomes less permeable. 

It was also found in this series of tests that double ring infiltrometer tests gave values of 

permeability that were considerably less than those recorded in Table 1. The reason for this 

has not been discovered, but possibly also lies in a misinterpretation of the measurements . 

. 9 
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7. CONCLUSIONS 

7.1 This paper has set out a method for estimating the seepage flow through a clay liner 

from a knowledge of the depth to the regional water table, the thickness of the liner 

and the coefficients of permeability of the liner and the foundation soil. 

7.2 A review of the literature has shown that some uncertainty exists concerning the 

relationship between permeability measured in the field in large-scale pond tests and 

permeability measured in the laboratory. 

7.3 It has been pointed out that because the Darcy coefficient of permeability is not 

constant with hydraulic gradient, permeabilities should be measured in the laboratory 

at a gradient close to the likely seepage gradient in the field. 

7.4 The results of pond seepage tests must be correctly interpreted, when used to evaluate 

Darcy coefficients of permeability. Equally, seepage rates must be correctly calculated 

for design purposes, as stated in 7.1. 
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Postnote 

Designing Clay Liners for Sanitary Landfills 

G E Blight and M C Mabula 

This paper was written on the assumption that the depth of leachate over the liner would 
be a small fraction of tht liner thickness. If the depth of leachate is not negligible, the 
equations contained by the paper should be modified as follows: 

(2) 

qdc 
k -------

c qd 
(d +d +d,) - _F 

L c k 
F 

(3) 

(4) 
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6. THE EFFECTS OF ALKALI-SILICA REACTION ON REINFORCED CONCRETE 

STRUCTURES 

CONTRIBUTION TO LEARNING 

The effects of alkali-aggregate reaction (AAA) or alkali-silica reaction (ASA) were 

identified in South Africa for the first time in the late 1970's. The author was 

fortunate to become involved in assessing the engineering effects of ASR on 

structures early in 1977. At that time most of the knowledge of ASA related to the 

physics and chemistry of the reaction and research was entirely laboratory-based . 

Very little research had been directed at assessing the engineering consequences of 

ASA. 

The research of the author was directed from the outset at assessing the effects of 

ASA on the safety and serviceability of engineering structures, at formu lating repair 

measures, and later, at practical measures to inhibit the alkal i-silica reaction in 

structures in service. The repairs were probably the first of their kind to be applied to 

ASA-affected structures and the full-scale load tests described in paper 6 .2 are 

believed to be the first to be done on an ASA-affected structure. However, the major 

contribution of the research has been to show that the structural effects of ASA are 

not nearly as serious as once thought, and that ASA affected structures can safely be 

kept in service almost indefinitely. 

Notwithstanding this last statement, the final paper in this section describes the 

results of precursive tests to the rehabilitation of a structure, damaged by AAA, by 

partial demolition and rebuilding. The decision to demolish rather than maintain was, 

however, a management and not an engineering one. 
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6. THE EFFECTS OF ALKALI-SILICA REACTION ON REINFORCED CONCRETE 

STRUCTURES 
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ABSTRACT 

EVALUATING REINFORCED CONCRETE STRUCTURES 
AFFECTED BY ALKALI AGGREGATE REACTION 

by 

G E BLIGHT and M G ALEXANDER 
trnIVERSITY OF THE WITWATERSRAND, JOHANNESBURG 

P 0 WITS, 2050, SOUTH AFRICA 

Al though alkali aggregate reaction or AAR is not a new phenomenon, the 
bulk of research so far has been aimed at investigating the mechanisms of 
deterioration, the identi~ication of materials susceptible to reaction and 
methods of preventing AAR from occurring in structures yet to be built. 
There is relatively little inf ormation on the effect of AAR on the 
strength and deformation propert ies of concrete. In order to assess the 
strength margin of structures that have deteriorated, and to formulate 
measures for repairing and strengthening them, a knowl edge of the strength 
of the deteriorated concrete a s well as its elastic and time-dependent 
deformation properties is required. This review will describe the effects 
of AAR on these properties, as well as means for assess ing the extent of 
the deterioration of full scale structures. 

KEY WORDS: Alkali Aggregate Rea c tion, Reinforced Concrete. 

l . INTRODUCTION: THE AAR PHENOMENON 

As the name implies, AAR occurs when the alkali assoc i ated with the cement 
content of a concrete reacts with the concrete aggregate. The reaction is 
expansive and results in disruption of the concrete. The reaction occurs 
very slowly and signs of damag e are unlikely to appear until five to 
fifteen years after construction . This makes the cause of the problem (in 
a particular case ) very difficult to identify as by this time, detailed 
construction records have often been destroyed. 

Damage c aused by AAR may vary f rom continuous cracks a l igned parallel t o 
the direction o f the major pri ncipal compressive stress in a structural 
member to severe block cracking of the surface (see Figure l a ) . Cracks are 
usually not static, but progres s ive ly wi den as time proceeds. 

~ Figure lb shows some crack width-time relationships that have been 
observed on the surface shown in Figure la . The growth in width of the 
cracks is influenced by the wea t her. It wi ll be noted from Figure lb that 
an acce leration of movement occurs at the start of each rainy season 
(September/ October ) and that the rate of expansion slows during the dry 
season (May to August ) . 

The necessary conditions for AAR to occur are a combination of an 
AAR-susceptible aggregate and a n alkali content in the concrete which 
exceeds a certain threshold. The threshold is usually assumed to be an 
equivalent Na 2 0 content of 0.6 per cent of the cement*. The fulfilment of 
these two conditions, however, is not sufficient for AAR to take place. 
Moisture must also be present in the concrete. Concrete that remains or 
can be kept permanently dry is not susceptible to attack/l/ . 

2. ENGINEERING CHARACTERISTI CS OF AAR-DETERIORATED CONCRETE 

Because AAR causes an expansive disruption of concrete, the main effects 
of cracking caused by .the atta ck are to decrease the elastic modulus and 

* Equivalent Na2 0 content 
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Ftgw. 1a: Block-<:rocked surfoce a motorway column 
which is subject to AAR 

strength of the material . If AAR-affected 
sub j ected to long-term loading, creep strains 
the expansion caused by AAR is reversed by the 

concrete i s subsequently 
become abnormally large as 
applied stress. 

The strength of concrete that has been disrupted by AAR is, however, 
decreased to a suprisingly s mall degree. Figure 2 shows the results of a 
series of compression and splitting tensile strength tests on sets of 
cores from two series of concrete structures having different mix designs, 
but the same design concrete s t rength of 30MPa. Although the cores were 
t aken from structures tha t had apparently been badly affected by AAR. 

___ / 
_...10 

I 

5 

MJJASON 

1980 

JFMAMJJASOND 

1981 

Figure 1b: Growth ol surtoce crock widths with time. ObseNatloN taten on 
column supporting motOl'WCJY structunt. 
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Figure 2 shows that the mean strength for concrete 1 still exceeded the 
design strength. The mean compr essive strength for concrete 2 was still up 
to specification, although t he splitting tensile strength had been 
reduced. 

·15 ·10 

JO 

25 

20 

15 

...... / 
/ 

-----Design tensile shength 

0 5 10 15 20 25 

Figure Z: Comparison of stTength of concrete that hos deterioroted 
by MR with speclled strength 

30 35 

Figure 3 compares the instantaneous and creep s t rains measured on t h r ee 
cores of concrete, all of which were subjected to a stress o f lSMPa, i . e. 
ha l f the design strength. Spec imen A was o f s ound concrete showing no 
signs of AAR attack whi le cores B and C had deter iorated by AAR . The 
r e sults s how tha t the el a stic defor ma tions o f the d ete r i o rated concrete 
were a bout three times as l arg e as those of s ound concrete , while ::'."l e 
creep strai~ was two and a half t 0 four times as large. 

3. ASSESSMENT OF THE EXTENT OF DAMAGE BY AA? TO A STRUCTURE 

3 . 1 Indirect Methods 

3 . 1 . l Ultraso nic Pulse Transmission 

Blight et a.:.. , ' 2 / showed t.hat ult r asoni c pulse +:.::-a~s~~ i ssi ons may be useG. : s 
a ssess the exte nt of dama ge by AA..R. t o a reinf :i rced c oncrete struc:.:.;.::«2 . 
They showed the r e s ults o f calib ration measuremen:.s whic h demonstrate ~he 

useful ness o f the technique f o r e x plo r i ng the depth t o which damage , 
vi s ible on the sur face o f the c onc r e t e , extends. 

An ult rasonic pulse velocity s u r vey c onducted on the beam of a re i nfo r c ed 
c o ncrete p o r t a l frame (Blight e t al / 3/) ind i cated as s hown b y Fi gure 4 
that almos t t he entire beam had been badly affect ed by AAR. Nevertheles s , 
a subsequent ful l -scale load tes t s howed that t he struct ura l integrity of 
the beam had been lit t l e affe cted. I t then became apparent that the 
observed retardation of the ultrasonic pulse vel ocity was caused by a 
relatively thin shell of deterio rated concrete that surrounded the almost 
unaffected heart of the member. A similar experience occurred with a large 
badly cracked foundation bloc k. Ultrasonic pulse velocity measurements 
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Figure 3: Illustration ot ef'lect of damage by AIR. on elastic and 
creep properties of concrete. 

indicated extreme deteriora t ion. However, coring showed that the 
deterioration extended no more than 300mm below the surface of the block. 
Ultrasonic pulses transmitted f rom the bottom of a core hole and received 
from a similar hole on the opposite side of the block showed that the 
heart of the block had not dete riorated significantly. 

It may be concluded that an ultrasonic pulse velocity survey can be a 
useful method of exploring the extent of deterioration by A.AF... However, 
the method should not be used without calibration against a more direct 
physical method such as the examination of cores, o r load t ests on similar 
structures. 
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3.1.2 Visual Examination of Cores 

Blight et al/2/ suggested a "petrographic examination score" which rated 
the extent of deterioration of concrete on the basis of the presence of 
various manifestations of AAR attack. This can be a useful technique if it 
is used to compare the condition of one structure with that of another. A 
semi-quantitative means of comparison may be necessary, for instance, to 
decide on priorities for a repair and rehabilitation programme for a 
structure or a series of structures. 

To establish the petrographic examination score, the concrete 
for the presence and extent of five features that are 
deterioration by alkali-aggregate reaction. These are: 

1. the presence of dark react inn rims around the 
aggregate particles; 

2. the presence of white or translucent reaction 
voids or cracks in the concrete; 

is examined 
typical of 

perimeter of 

products in 

3. the presence of cracks in the aggregate particles; 
4 . the presence of cracks in the mortar; and 
5 . loss of bond between mortar and aggregate. 

The scoring system is a s follows: 

l = feature present, but occasional 
2 = fea ·-ure occurs f airly frequently 
3 feature present in abundance. 

The maximum score, corresponding 
deterioration, is thus 15 . 

0 
~ 50 
~ 

i 30 
w 
Ci: 
~ 

to 

~ 20 ::-"'"-:'---'----J...---..1.... __ __, 
u 0 2 4 6 8 10 

PETROGRAPHIC EXAM SCORE lj15) 

the 

Fl9'ft 5: Poor correlation between visual '9atures and 
strength ot concrete . 

worst state of 

This approach ha s been found very useful , but it mus t be emphasized that 
the corre l a tion with measured concret e properti e s is ~enuous . Figur e 5 fo r 
example shows the pet r ographic examination score fo r a series of concrete 
cores, p l ot t ed agains t compress i ve strength - As the diagram shows, the 
cores taken f rom a bridge column show a weak negat i ve correlat ion, whi ch 
is t o be expected. The cores t aken from the foundation pier which supports 
the column, however, shows a pos i tive correlation, i f cons i dered in 
isol ation. 

3 .1. 3 Mechanical Testing of Cores 

The deteriorative effects of AAR as measured on cores may also be used to 
assess the extent and severity of the attack. The selection of core sites 
will usually bias the results optimistically. For example, a core having a 
large crack through it will not be taken or tested unless it is to explore 
the depth of the crack. Although such a core might have zero strength in 
the laboratory, under field l oading the crack may partially close, and the 
concrete on either side of it carry some stress. 
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Notwithstanding the benefit of selection, it is recognized that the 
strength of any specimen depends on its size (Neville/4/) . Boundary 
restraints applied by the testing machine tend to increase the measured 
strength of a small specimen. Also, there is a statistically greater 
chance of including a strength- reducing defect the larger the specimen 
size. 

Figure 6 gives some typical results of tests on cores taken from an 
AAR-deteriorated structure. The data are for the same cores that were 
described in Figure 5. The resul~s show very clear relationships between 
compressive strength and elastic modulus and between compressive strength 
and Poisson' ratio. It will also be noted that the design strength of the 
concrete was 30MPa, and that onl y one of the cores tested was below this 
strength. 

30 

10..._ __ _.. ____ ...._ ____ _._ __ ___, 

20 30 40 50 60 
COMPRESSM STRENGTH MPo 

0 o.30 

~ a 
en 
Z:0.20 
0 
~ 

• '-pier 

2 0,10~----::~-...._-....L... _ __, 
20 30 40 50 60 

COMPRESSM STRENGTH MPo 

Ag&n 6: Relationship between Elastic Modulus, Poisson's 
Ratio and strength for MR-Allected Concrete. 

3.2 Direct Methods 

Full-scale load testing must be regarded as the ultimate criterion of the 
safety and servi ceability of an AAR-deteriorated structure. If the 
structure behaves predictably and i n accordance with the design 
requirements, and if strains and deformations are o f reasonable magnitude 
and recoverabi l ity, there can be little doubt that structural adequacy has 
been preserved. Such t esting i s, however, extremely expensive. In many 
cases it may be sufficient to i nstrument the structure, or part o f the 
structure, and observe i t s b e haviour in service, rather than mount a 
special test t o full des i gn load. 

3. 2 .1 Full-Scale Loading Testing 

A full-scale field l oading tes t was carried out on a reinforced concrete 
portal frame that was showing s evere deterioration as a result of AAR/ 5/ . 
Prior to the loading tests an e lastic finite element analysis of the frame 
was made using a reduced value of elastic modulus for the concrete that 
had been established by means of laboratory measurements on cores taken 
from the structure. Measured d e flections, rotations and strains were then 
compared with the previously p redicted quantities. In every case, close 
agreement was found between prediction and measurement. Over the short 
time duration of the tests, the structure behaved almost completely 
elastically and deformations we re nearly fully recovered on removal of the 
load. Figure 7 is a view of the portal during the field test while Figure 
8 shows the predicted and mea sured load-deflection curves for two points 
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on the beam of the asymmetr ical portal. The agreement obtained between 
strains, rotations and displa cements predicted by analysis on one hand and 
observation on the other was surprisingly good. 

The conservatism of design loading codes also works in favour of safety: 
It will be noted that only 85 per cent of the design load was applied to 
the structure, which support s an overhead motorway. Loading was by means 
of trucks overloaded to the extent of 10 per cent. Even with the trucks 
almost touching side to side and nose to tail, the full design load could 
not physically be accommodate d on the structure. 
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3.2.2 Observation of In-Servi ce Behaviour 

Figure 9 shows the results o f observing the in-service behaviour of a 
bridge pier that had cracked severely as a result of AAR {although there 
was a theory that the cracking was caused by dynamic overloading) . This is 
the same pier referred to in 3 .1.3. 

Strain gauges affixed to the p ier showed that in normal service, the live 
load stresses amounted to a ma ximum of only 0.4MPa. This is illustrated in 
Figure 9, which refers to meas urements taken during a normal peak traffic 
period. This information, t ogether with the reassuringly large core 
strengths (Figure 6) was suf ficient to demonstrate that the structure 
remained adequately strong even in its deteriorated condition. Note that 
the stresses are based on a value of elastic modulus of 30GPa, which 
according to the data of Figure 6 is a conservatively high value for the 
pier. 
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FiguN 9: Dynamic strains recorded on pier below pile cop. 

4. CONCLUSIONS 

The main effect of AAR is expansive cracking which results in a reduced 
elastic modulus, reduced strength and increased creep i f long term load is 
applied subsequent to occurre nce of the damage. There are many ways of 
assessing the effects o f this deterioration on the integrity o f a 
reinforced concrete structure. Of the i ndi rec t methods o f assessment: 

4. 1 Ultrasonic pulse trans mission is a useful method o f assessing the 
condition o f concrete affected by AAR. However, the results o f 
such measurement shoul d be calibrat ed with reference t o a direct 
physica l method such a s the examinat ion 6 f c o res . 

4 . 2 The vi sual condi t i on · of cores, quantified by the petrographic 
examination score, provides a use ful means of comparing t h e state 
of damage of one structure with ano ther. However, the correlation 
between the examinati o n score and the strength of the concrete is 
poor. 

4. 3 Mechanical strength a nd stress-strain testing of carefully sited 
cores provides a good means of assessing the degree of damage to 
concrete caused by AAR. 

However, the ideal method of assessment must be via direct measurements of 
the behaviour of the struct ure supported by the evidence of indirect 
tests. 

4. 4 Either a full-scale load test can be carried out and measured 
deflections, rotations and strains compared with those predicted, 
or 
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4.5 the structure can be instrumented and its behaviour observed under 
service loading. 

There are, however, two impor tant factors to be considered that have not 
yet been mentioned: 

4. 6 The structures investigated so far have had members of massive 
section. Hence the AAR has been a comparatively skin-deep effect. 
The deterioration coul d become much more important in the case of 
members of lesser sec tion, or in the case of massi 'le section"" 
wetted internally, eg. by leaking drainage ducts. 

4. 7 Where the cover of deteriorated concrete was stripped off the 
reinforcing steel of the portal frame, the steel was found to be 
in excellent condition with no corrosion in evidence. Apparently, 
the environment in the concrete ~as still sufficiently alkaline to 
passi vate the steel. This was the case in a geographical area 
where annual potential evaporation far exceeds rainfall. In moist, 
humid industrial or c oastal climates, it is possible that steel 
that has become expose d to the atmosphere as a result of AAR could 
corrode catastrophically. 
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Effect of alkali-aggregate reaction on the 
performance of a reinforced concrete 
structure over a six-year period 

G. E. Blight,* M. G. Alexander,* T. K. Ralpht and B. A. Lewist 

UN IV E RSITY O F WITWAT E RSRA N D ; SO D E RL UN D & S C H U TTE I N C . 

9o full-scale load tests have been carried out, with a 
six -year intervening period, on a reinforced concrete 
portal frame supporting an overhead motorway struc­
ture. The results of the tests show that the portal has 
slightly deteriorated since the first test was performed. 
The structure, however, remains safe and fully able to 
carry out its fun ction . ft continues to behave predictably 
under load. Plans have been made to arrest the progress 
of the alkali-aggregate reaction , rather than to carry 
out extensive or radical repairs to the structure. 

Introduction 

A portal that forms part of a major double-deck 
road structure in Johannesburg, South Africa , has 
deteriorated, as a result of alkali-aggregate reaction 
(AAR), to an extent that is visually alarming. The 
upper portions of the columns and the upper beam of 
~ portal show the greatest degree of deterioration, 
• ultrasonic pulse velocity surveys have indicated 
that the visible surface deterioration penetrates the 
concrete to a considerable depth. 

In 1982 it was decided that an assessment of the 
safety of the structure was required prior to taking a 
decision either to repair and seal the surface of the 
concrete against moisture ingress or to partially 
demolish and rebuild the portal. To assess the struc­
tural safety, it was decided to carry out a full-scale 
load test. 

Prior to performing the load test, a finite-element 
analysis of the portal was carried out. This was to 
provide a basis of reference for the performance of the 
structure under load. The analysis was made using 
elastic moduli for the deteriorated concrete that had 

*Depa rtment of Civil Engineering, University of Witwatersrand , 
I Jan Smuts Avenue, Johannesburg, South Africa . 

t Soderlund & Schutte Inc., Johannesburg, South Africa . 

been measured in the laboratory on cores taken from 
the portal. 

This is believed to have been the first time that the 
effects of alkali-aggregate reaction on the strength of 
a major structure had been assessed quantitatively by 
means of a full-scale field loading test. This test was 
fully reported in 1983 1 and showed that the margin of 
safety of the structure was still very adequate. Subse­
quently techniques similar to those described in this 
Paper were used to assess the condition of a motorway 
structure in Japan .2 

While experiments were being performed to deter­
mine the most effective way of repa iring the structure, 
a programme started in 1979 to monitor the move­
ments of the larger surface cracks in the vicinity of 
the beam-to-column joint continued . Jn 1982 these 
records (see Fig. 1) had indicated that the rate of 
opening of the cracks was decreasing. However, the 
rate has since increased for some of the cracks. One of 
the larger cracks has increased in width by some 
5.5 mm between 1980 and 1988 to an overall width of 
15 mm. A view of the deteriorated concrete and of this 
major crack is shown in Fig. 2. Furthermore, the main 
steel reinforcement in the west face of the west portal 
column has become exposed in this and other cracks. 
The climate of Johannesburg is mild to warm (mini­
mum temperature - 5°C, maximum 30°C) and dry . 
The a nnual rainfall occurs in summer and amounts to 
750 mm, while the potential evaporation is 1500 mm . 
In this climate, there has been minimal rusting of 
exposed reinforcing, and no spalling of concrete has 
occurred as result of either AAR or corrosion of the 
reinforcing. 

As a result of the obvious continuing deterioration, 
it was decided that a further full-scale load test should 
be carried out with a view to determining to what 
extent the structure had deteriorated since the 
previous load test. It was also necessary to assess 
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Fig. 3. Elevations of portal fram e showing positions and types of instruments used in load test 

the column appears to be of comparable quality 
to the better areas of the beam. 

(c) Finally, the inability to correlate the two 
surveys, even though they were carried out by 
the same people and the two instruments could 
be directly compared, must throw some doubt 
on the reliability of ultrasonic pulse velocity 
measurements. 

Finite-element analysis 

The finite-element analysis was originally per­
fa..med in 1982 on an elastic basis . Second moments of 
• for the portal were determined for the gross 
concrete section. Tests on cores from the portal and 
other related structures had shown that the elastic 
modulus for the concrete varied from 32 GPa for a 
sound material to 11 GPa for badly deteriorated con­
crete. An intermediate value of 18 GPa was chosen for 
the analysis . The results of the computed deflections 
are shown in Fig. 5. In the first series of analyses full 
continuity was assumed at every joint of the portal. 

Because of the severe deterioration at the west end 
of the top portal beam, concern was felt lest moment 
continuity had been partially or completely lost at this 
point (J in Fig. 5). For this reason , the analysis was 
repeated assuming no moment continuity at J . Loss 
of continuity at J would have the effect of causing the 
portal to sway to the west. 

What is measured in a load test is the difference 
between displacements or slopes under dead load and 
those under dead plus live load. For this structure, 
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these differences are very small. The maximum expected 
displacement of the top beam was only l ·2 mm. The 
maximum rotation at point J was expected to be only 
70 x 10- 6 rad if full moment continuity existed and 
365 x 10- 6 rad if continuity had ceased to exist. 

Objectives of the load test 

The object of load testing the portal was to com­
pare the behaviour of the structure under load with 
that determined analytically. For the second test in 
1988 there was the additional object to ascertain 
whether or not the deterioration that had occurred 
since the previous load test had affected the structural 
behaviour of the portal frame, and if so to ascertain 
whether or not the structure was still capable of 
supporting the design loading with adequate safety. 

The structure had been designed for type HA load­
ing according to BS 153.3 In the case of this particular 
structure, type HA loading amounts to uniformly 
distributed loads of 33 kN/m and 7 kN/m plus con­
centrated live loads of 1223 kN and 31 kN over two 
traffic Janes each 3·66 m wide and a third lane 2·33 m 
wide, respectively. In the 1982 load test it was found 
impossible to achieve full HA loading using road 
trucks loaded to capacity with sand and positioned on 
the deck as close to each other as possible; the 
total loading applied amounted to only 84 % of HA 
loading. 

The code of practice currently in use in South Africa 
for highway loading is TMH7.4 According to this 
code, the normal live loading due to traffic on highway 
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where Lis the effective loaded length in metres 
and Qa is the average load per metre of notional 
lane in kilonewtons. 

1.2 One nominal ax le load of 120/n k N per notional 
lane, where n is the loading sequence number 
of the relevant lane (i.e. n = 1 for the first lane 
loaded with the ax le load, n = 2 for the seco nd 
lane etc.). 

The lat ter loading is applied in conjunction 
with the fo rmer loading in such a way as to 
cause the most adverse effect on the structure.' 

It is not possible to compare type HA loading with 
type NA load ing directly. By comparing predicted 
deflections at mid-span of the upper transverse beam, 
however, type A loading was fo und to be equi valent 
to abo ut 81 % of type HA loading. 

- oad test . 
Because of the small magnitude of the movements it 

was in tended to measure, temperature differences 
between different pa rts of the structure had to be 
avo ided as far as possible. For this reason , it was 
decided to set up the instrumenta tion during day light 
and to complete the test between midnight and dawn, 
when temperature conditions could be expected to be 
stable. Loading was to be applied by mea ns of trucks 
loaded with sand to their maximum legal weight of 
either 20 t o r 10 t. 

The instrumentation was selected and placed so as 
to monitor those aspects of the behaviour of the portal 
frame that the finite-element ana lysis had suggested 
might be critica l. These were as fo llows. 

Displacement of the beam 

Displacement was measured at fo ur points on the 
beam (gauges P l- P4 in Fig. 3) by means of the instru­

- nts illustra ted in Fig. 6. An inva.r wire was attached 
9 the soffit of the beam at the pomt of measurement 
by means of a masonry bolt. The lower end of the wire 
was attached to a heavy weight that was a ble to slide 
freel y in a vertica l direction guided by a ball bushing. 

Fig . 6. Displacement gauge bedded on lower deck of portal 
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The bushing, in turn , was a ttached to a base that was 
bedded down on the road surface of the lower deck 
vertica lly below the poin t of measurement. Fig. 6 
shows the lower extremity of the invar wire attached 
to the cylind rical weight. The bushing was attached to 
the b~se, the channel legs of which were bedded down 
in the white plaster of Paris visible in the photograph . 
The underside of the weight was attached to a sp indle, 
the vertical movement of which was measured to the 
nearest O·O 1 mm by means of the di al ga uge visible in 
F ig. 6. Because of possible displacements of the lower 
deck (see Figs 3 and 5) the a rrangement of wires and 
displacement gauges was repeated between the soffit 
of the lower beam of the porta l and the road surface 
at gro und level. 

In the 1982 load test it was established that the 
deflections of the lower deck were negligible. The 
lower gauges were therefore omitted for the 1988 test. 

Rotation of the joints 

Rotations were measured a t points B l- B6 (Fig. 3) 
by means of bubble slope gauges. Each ga uge consists 
of a sensitive bubble that can be levelled to an 
accuracy of 50 x 1 o-6 rad, and the change in slope was 
measured to the same accuracy. Gauges B 1 to 85 a ll 
measured the rotation at o r near J. If moment con­
tinuity at J had been partially or completely lost, 82 
and 84 would register different rotations to B 1 and 
83. Gauge 8 6 was mounted to measure out-of-plane 
rotations of the porta l when only one span of the deck 
was loaded. 

Tensile strain in the main reinforcing 

Beca use of the deterioration of the concrete it was 
considered essentia l to measure the strain in the tensile 
reinfo rcing of the portal. The main reinforcing ba rs 
were exposed by chipping away the cover at the points 
E 1, E2, E4 and ES shown in Fig. 3. Temperature 
compensated pairs of electric resi stance stra in gauges 
were then bonded to two exposed steel ba rs at each 
location. 

Figure 7 shows the main vertical reinforcement 
exposed in the west column near the beam-column 

Fig. 7. Main reinforcing bars in column exposed: strain 
gauges mounted on second bar from right 
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Fig. 10. Comparison of measured and predicted deflections 
of upper transverse beam: (a) gauge P2; (b) gauge P3; 
125% NA load = BS 153 100% HA load 

Tensile strains in reinforcing 

Figure l 2(a) shows strains measured in the reinfo rc­
ing at the west beam to column joint (J) . As far as 
contin ui ty at J is concerned, a lack of continuity 
would be indicated by low o r zero strains a t E 1 and E3 
a nd a difference in strains between El and E2. fn fact , 
the readings taken at all three locations cannot be 
distinguished, a ltho ugh strains at E2 are slightly lower 
than predicted if full continuity applies. As shown in 
Fig. l 2(b) , measured strains at mid-span agree almost 
exactly with those predicted assuming that the con­
crete is capable of resisting tension , thus supporting 
the concl usion that full continuity exists at J. Once 

Magazine ofConcrere Research, 1989, 41 , No . 147 

125 

100 

u 

"' 
80 

.2 
<( 
z 
0 
~ 60 

Full continuity at J 

D 

100 200 

- - --1 982 load test 
---1988 load test 

0 81 
x 82 
A 83 
a 84 

300 400 500 
In-plane rotation of J : rad x 10- 5 

Fig. 11 . Comparison of measured and predicted rotations at 
western beam-column joint (point Jin Fig . 5); 125% NA 
load= BS 153 100% HA load 

again it appears that a very slight deterioration of the 
portal has taken place in the six-year interval between 
tests. 

Surface compressive strains in concrete 

In Fig. l 3(a) the measured surface compress­
ive strains at mid-span of the upper beam are com­
pared with the strains predicted by analysis of the 
transformed section. 

Jn Fig. l 3(b) the measured surface compressive 
strains at the beam-column joint are compared with 
the strains predicted using both the transformed sec­
tion and the conventional straightline no-tension 
theory. 

At the mid-span of the upper beam, the compressive 
strains in the concrete are only half of the predicted 
strains. The concrete and steel strains measured at this 
point are, however, reasonably consistent with the 
strains predicted using the transformed section. 

At point J, the concrete compressive strains slightly 
exceed the strains predicted using the transformed 
section. At two of the stra in gauge positions, per­
manent strains of around 500 x 10- 6 took place 
during the first load increment of the 1988 test. How­
ever, strain changes that took place in subsequent load 
increments were sma ll and close to predicted va lues. 
In 1982, this 'crack closure strain ' was observed at a ll 
the strain gauge positions. The residual stra ins after 
excluding the crack closure strain were less than 
30 x 10- 6

. 

Permanent deformation of the structure 

After applying each load increment a set of measure-
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stra ins are reasonably similar to the anticipated 
stra ins. 

Unfortunately, the readings obtained at the remain­
ing ga uge stations were random and could not 
be meaningfully in terpreted . This may be due to the 
deteriorated state of the concrete leading to an inter­
nal non-linear redistribution of shear stresses within 
the beam, as well as the very complex way in which 
reinforced concrete members resist shear. 

Conclusions 

The load tests both supported the view, fo rmulated 
prior to 1982 on the basis of laboratory tests,5 that 
deterioration of concrete as a result of alkali­
aggregate reaction may be a larming in appearance but 

• not necessarily structurally dangerous. Moreover, 
structures that have deteriorated behave predictably 
and their elastic behaviour can be predicted on the 
basis of laboratory tests on cores taken from the 
structure. 

The major effect of alkali-aggregate deterioration 
appears to be to increase the deformation of a struc­
ture by reducing the elastic modulus of the concrete. 
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With normal design practice where the design load 
usually far exceeds loads actua ll y applied to a struc­
ture, safety appears not to be a serious problem. (With 
certain other classes of structure, where design loads 
can be determined with greater certainty and where 
the structures carry more of their design load, this 
conclusion may not be valid .) 

The load tests have shown that the structure has 
deteriorated as a result of the AAR, but that the rate 
of deterioration was very slow between 1982 and 1988. 
In 1982 it was recommended that nothing drastic be 
done to the structure, but that sources of water ingress 
to the concrete be eliminated. Essentially the same 
recommendations were made in 1988. It is now planned 
to jacket the beam and column in a water-excl uding 
but non-structural tube. The precise form of this jacket 
has yet to be determined. 
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G E Blight 
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P 0 WITS 2050, South Africa 

ABSTRACT 

Laboratory experiments were undertaken to test the effectiveness of four 
surfa.ce treatments for waterproof i ng concrete . These were two coatings and two 
pore liner penetrants (a silicone and a silane). The results showed that none 
of the treatments waterproof concrete. Subsequent field trials showed that in 
the South African climate it is no t necessary to surface treat sound concrete. 
Also, that if the surface is cracked , water can enter through the cracks even 
i f the surface has been treated. 

INTRODUCTION 

It has long been known qualitatively that AAR in concrete can proceed only if 
water is present to sustain it. Vivian( l) showed 40 years ago that the amount 
of expansion that occurs in morta r s depends o n the amount of removable water 
in the mortar. Vi vi an' s original results are shown in Figure 1. If the 
removable water is less than about 4 per cent by dry mass, no expansion due to 
AAR occurs. Once the removable water exceeds 4 per cent the expansion becomes 
directly proportional to the exces s of removable water over 4 per cent (the 
available water ) . 

Vivian defined removable water as the water lost after prolonged storage over 
calcium chl oride (a relat ive humidi ty of 32 per cent ). The available water is 
that part of the total water tha t is loosely held in capillaries in the 
mortar . Note from Figure 1 that the ava ilable water may be contained within 
the concrete ab ini tio (sealed s pecimens ) o r be a llowed to penetrate the 
mortar from outside (unsealed spec i mens ) after some drying has occurred. 
As-sUining that Vivian's results or. mortar are applicable to concrete, it is 
clear that if the available water in concrete can be kept to zero, expansion 
by AAR will be minimized or even e l iminated. 

The above statement does not defin e available water with any precis i on. What 
is needed is a criterion in terms of a measurable moisture tension-related 
variable. Possible variables would be the relative humidity (RH ) or the pore 
water cuction (p" ). 

The evidence[2,3,4,5], shows that if the relative humidity in the atmosphere 
surrounding a concrete structure can be maintained at below 95 per cent, AAR 
will be inhibited. However, the relative humidity of the surroundings is 
usually not the same as the relat i ve humidity in the pores of the concrete 
where the AAR occurs. 
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Relative h~dity in a material like concrete can be related to the pore water 
suction p" by the Kelvin equat i on[eg. 6,7): 

p" 311 log
10

cRHl in MPa 

where RH is expressed as a fraction of unity, eg. 0.95. 

EVen at a RH of 0.95, the sucti on is nearly 7MPa. This ~oisture stress exerts 
an equal isotropic compressive stress on the concrete . Even if the suction is 
not completely effective, the concrete must, at RH = 0.95, be subjected to an 
isotropic compressive stress o f several MPa . 

The only recorded measurements of the swel l ing pressure exerted by AAR are due 
to McGowan and Vivian[?]. Thei r measurements indicated swelling pressures of 
no more than SOOkPa. Clearly, concrete can only expand i f the swelling 
pressure exceeds the moisture s tress. As the moisture stress is so large at RH 
= 0.95 and below, it appears unlikely that the cut-off RH could be less than 
0.95 per cent in the pores of the concrete . 

One obvious way of inhibiting AAR is to dry the interior of the concrete out 
to below the cut-off RH and then maintain it in that condition by means of a 
waterproofing layer or coating. 

The climate in South Africa is relatively dry . The highes t RH recorded has 
been O. 96, vhile the average maximum is only 0 . 75 . Hence a concrete structure 
should dry out to below RH s 0. 95 provided a ) it i s protected from rain; b ) 
water cannot accumulate in or on it via faulty drainage; and c ) the concrete 
i s not situated in an artificially high humidity environment. 

The above considerations have led to the following investigations: 

.1 a laboratory investigation of various types of waterproofing and; 

.2 an extension of this inves tigation to structures in the field . 

TYPES OF WATERPROOFERS USED IN INVESTIGATION 

Two major studies[S,9] list five types of vaterproofers for concrete: 
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.1 Pore liner penetrants, usually operating as vater repellants . 

. 2 Pore blocker penetrants that seal surface pores . 

. 3 Sealers that form an impervious s urface skin on the concrete 

.4 Coatings that form a thicker impervious surface skin . 

. 5 Renderings which are thick coatings, usually applied by trowel. 

The four waterproofers tested in thi s work were tvo coatings and tvo pore 
liner penetrants, described as : 
Coating l : a cementitious slurry . 
Coating 2 : an aqueous dispersion of synthetic resins. 
Penetrant l : silicones i n hydrocarbon solut i on . 
Penetrant 2 : alkyl alkoxy silane . 

LABORATORY TESTS 

l00xl00x200 mm concrete prisms were treated with each of the four 
wa t erproofers. The treated prisms wer e then subjected to two •oi sture regi.Jlles. 
Three prisms for each of the four tre atments were submitted to each regime . 
The efficacy of the treatment was judged by weighing the pr i sms to assess 
progressive gain or loss of moisture. 

Regime A tested the waterproofing of the coatings. Coatings were applied to 
oven dried specimens. After curing, the prisms were weighed and placed on 
racks vhere they were subjected to a wet atmosphere in a foq room. The results 
showed that none of the coatings were waterproof. The best performance was 
that of Penetrant 2 (silane) , but it was clear that the moisture content of 
the other three sets of specimens was heading towards an equi librium water 
content (probably close to saturation ) , when the tests were terminated after 
1 10 days. The results of this set of tests is shown in Figure 2 . 

TIME °"VS 

Ag&.- 2: Absorption al water by dried coated concrete IUtljeded '° mist ~ 

Regime B tested the ability for moisture to be lost through the coating from 
concrete that is already wet, when t he concrete is exposed to a low RH 
environment. The uncoated specimens wer e soaked in water for 7 days, allowed 
to surface dry for one day and were then coated . The specimens vere stored 
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ove= calcium chloride to give a n ambient atmosphere RH z 0.32 . The prisms were 
periodically weighed. 

The results showed that the wa t er repellent penetrants, and Coating 1 proved 
most effective in allowing wate r to pass out of the a)ficrete . All specimens 
lost moisture more slowly than t hey gained it. 

The next series simulated the South African climate · in the laboratory. The 
coated specimens originally subj ected to Regime B were stored in the fog room 
for 7 days. A cyclic drying-wetting regime simulating a climate of short wet 
periods followed by much longer drying periods was then started. The specimens 
were stored in a drying atmosphe re at RH = 0.32 for 7 days, then at RH = l .O 
for 6 hours, then at RH = 0 . 32, and so on . 

The results of this treatment a r e shown in Figure 3 . After an initial uptake 
of moisture, all , includ i ng the untreated controls, dried out progressively 
and approached the initial mois t ure content . 

There vere two possible conclus i ons relating to concrete structures exposed to 
the South African climate: 
.1 Either it is not necessary to waterproof exposed concrete because it will 

dry out completely between the brief wet spells it experiences; or 
. 2 the waterproofing need not be 100 per cent effective . Provided most of 

the precipitation is excluded, the concrete . will subsequently dry out. 
To examine these tentative conc l usions, it was decided to test some reinforced 
concrete structures in the field . 

+iol ~I 
-~~ 

0
o 1 ... 21 a • c - • il6 

,...,,p .. ..,_ .. drying ol ______ ..,._.in~ 
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FIELD EXPERIMENTS INVOLVI NG WETTING FOLLOWED BY DRYING 

A group of colulllJls supporting an overhead structure was selected for the field 
trials. The columns were washed down with high pressure water jets and were 
then coated with the four waterproo fers. The column shafts are complf'tely 
protected from impinging rain by the overhead structures they support. This 
situation was chosen deliberately so that the ~oisture condition of the column 
surfaces could be control l ed artifi c ially . The effect of wetting and drying 
was assessed by inserting thermocoupl e psychrometer probes to a depth of lOOmm 
i nto holes drilled i nto the columns. 

A psychrometer probe [lO] consists o f a thermocouple sea l ed into a cavity in 
the concrete. The a i r surrounding t he probe comes to thermal and moisture 
equilibrium with the air in the cav i ty. A current is passed through the 
thermocouple which cools by the Pe l t i er ef feet until the temperature falls 
below the dl!'W point of the moistur e in the surrounding air. l'IOisture then 
condenses on the thermocouple junc tion. The cooling current is i nterrupted 
and the condensed moisture starts t o evaporate at the dl!'W point temperature. 
The thermocouple is used to measure this temperature and hence the relative 
humidity in the cavity and the related pore water suction (p" ) in the concrete 
can be determined via the Kelvin equation. 

The me·asuring range of the psychrometer is from Rli = 100 to about RH = 0.96 . 
Below RH = 0.96 it is not possible to condense water out of the atmosphere by 
cooling the a ir. The range does not quite cover the RH interval of 0.95 to 
1 .00, but the actual range of interest is probably less than this. 

Figure 4 shows the results of two sets of measurements on the untreated 
control column and the column treated with Penetrant l (silicone) . Not all of 
the columns are in the same physical condition . Some are complete ly sound, but 

6 000 

p. al "---" 2 and coaing 2 

/ -oucl1<r99 ~ 100 

5 000 

~ 
• 000 

z 
Q 

_S 3 000 

h 2000 

\ 
1 000 \. 

0 
0 2 • 6 8 10 0 

- 737-

H(~1>.r-i._ 

~--..:-................_ 

--- ---- ......_ 

2 3 

TIME~YS 

5 

"' 98 2::: 
ZS 
~ 
=> 
:t: 

97 ~ 

3 ... 
"' 96 II 
:t: 

95 

'M 
6 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

• 

others show signs of AAR attack, i n the form of cracks in the col Wins, or i n 
the aushroom slabs they support, or both. As it happened, the control column 
is completely sound whereas the s ilicone- treated coluan ~_, s a badly cracked 
11Ushroom slab, although the column i tself has only minor cracks in it. 

'nle left hand section of Fiqure 4 shows results of preliminary measurements on 
the two columns to establ i sh the r ange of p" or RH to be expected. p" in the 
control column was very high (more than SOOOkPal and the measurements 
eventually went out of range. p" i n the silicone-treated column, however, was 
unexpectedly low (2000kPal aud a fter a spell of heavy ra i n, reduced even 
further. A few days later streaks of white ""R gel appeared through cracks in 
the column and ran down the surface. This showed that water was entering the 
column via the structure it suppor ts and causing further AAR . 

In a second series of tests conduc ted during very hot dry weather , initial p" 
readings were taken and the columns we.re then watered by hose over a period of 
six hours on three consecutive d ays to represent as s-evere a condition of 
wetting as is ever likely to occur on an outside structure . 

The wetting caused p " in the control column to fall from beyond the range of 
the psychrometer to only 350kPa (Figure 4). After 3 days of drying, the p" was 
again out of range. 

p" i n the silicone treated column started at 1500kPa, fell to 250kPa after 3 
days watering and then rose aga i n to l900kPa after 3 days of drying. This 
i ndicated that water was entering the concrete through pre-exist i ng cracks, 
even though the surface had been treated. There was no rain during the test 
and the water could not have been entering through the superstructure. 
However , atmospheric drying remove d the water relatively qui ckly . 

These tests confirmed the conclus i ons drawn ear l ier: 

. l If there i s no interna l source of water from, f or example a blocked 
internal drainage pipe , etc , sound concrete wi l l q ui c kly dry out after 
being surface wetted . It probably does not need to be waterproofed . 

. 2 If there i s an internal sour c e of water it is point l ess t o waterproof the 
concrete . 

The column treated with Coatin g l i s a l s o cracked by AAR . p" in t.he co lumn 
started at 1200kPa, but fel l t o 300kPa a f te r t he per i od of water i ng . Three 
day s l ate r p " had increased but was still at a relatively low SOOkPa. These 
results confi rm t hat wate r can ent er a concrete membe r through surface crack s , 
even if the sur f ace ha s been treated . Th e rate a t whi c h the s truct u r e d r i es 
aga i n depends on the type o f treatment. 

The column treated wi th Coat i n g 2 i s i n sound condi tion . That t reated by 
Penetrant 2 is cracked, but t h e p s ych rometer probe was i nse rt e d i n a n area of 
sound concrete . p" recorded in these t wo columns started out of measuring 
range and remained out of range e ven after the water i ng . 

GENERAL CONCLUSIONS 

.1 None of the surface treatment s tested proved able to waterproof concrete • 

. 2 Conversely, once the concrete was wet the surface treatments were 
sufficiently permeable to al l ow it to dry out again . 

• 3 When surface treated concret e that is wet internally is subjected to 
short periods of wetting f ollowed by longer periods of drying, it is 
possible progressively to dry out concrete. This is directly applicable 
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i n c l iinates where brief wet s pells are followed by longer dry spells . 
. 4 Provided the concrete is sound , exposed reinforced concrete structures in 

South Africa quickly dry out a fter surface wetting, and do not need to be 
waterproofed . 

. 5 If there is an internal sour c e of water in the concrete, waterproofing 
the exterior of a structure i s obviously ineffective . 

. 6 Even if the surface of cracked concrete is surface treated, water can 
st i ll enter through the crack s . 
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Rehabilitation of reinforced concrete 
structures affected by alkali-silica reaction 

G.E. BLIGHT 
Department of Civil Engineering, Witwatersrand University, P. 0. Wits, 2050, South Africa 

The appearance of a reinforced concrete structure that has deteriorated as a result of 
alkali-silica reaction ( ASR) may be alarming. However, it is known that in most cases the 
concrete retains useful strength and elastic modulus properties, and that ASR-affected 
structures can be successfully repaired. 

This paper reviews the literature on the repair and rehabilitation of structures damaged by ASR 
under the following headings: arresting the ASR process; correcting structural deficiencies by 
resin injection and post-stressing; and partial demolition and reconstruction. 

It concludes that much remains to be learned of the first two approaches, and that the third will 
.rarely be necessary for purely technical reasons. 

1. INTRODUCTION 

Although the cracking caused in concrete by alkali-silica 
reaction (ASR), may be visually alarming, there is 
strong evidence that the effects of the deterioration may 
be less serious in terms of structural safety than appear­
ances might suggest. This is at least partly because most 
structural loading codes are almost unrealistically con­
servative . Thus building and highway structures are 
hardly ever required to carry more than a small propor­
tion of their design loads during service, and actual 
service stresses are generally low. The latter statement 
has been demonstrated by measuring dynamic strains in 
a bridge pier under real service loading [1] . Visually the 
pier had deteriorated severely as a result of ASR. 
However , the actual service live load stresses amounted 
~o a maximum of only 0.4 MPa. As the minimum 
9strength measured for cores taken from the pier was 

28 MPa it was most unlikely that there could be an 
immediate safety problem . Full-scale load tests on 
structures showing ASR deterioration have been carried 
out in Japan [2] and in South Africa [3 , 4]. In both cases 
the structures were found to behave predictably with 
little apparent loss in serviceability as a result of the 
deterioration . In the South African case two successive 
full-scale loading tests at an interval of 6 years, showed 
that the structure (a double deck highway portal frame) 
had undergone little, if any, deterioration in the period 
between tests. 

If the margin of safety of a structure that has been 
attacked by ASR remains reasonably adequate, rehabi­
litation of the structure and repair of the ASR-related 
damage must inevitably come under consideration. The 
object of this paper is to survey the small amount of 
experience that appears in the literature concerning the 

0952-5807/90 $03.00+.12 © 1990 Chapman and Hall Ltd . 

repair of ASR damage to reinforced concrete structures. 
The paucity of the available information is illustrated by 
the observation that in a recent book on ASR [5] the text 
dealing with repair occupies less than two pages of the 
174 page book. 

ASR has been rather dramatically described as 'con­
crete cancer' . However experience has shown that ASR 
need not be a terminal disease. Although it cannot be 
cured , corrective measures can be taken. As with 
cancer, these can vary from therapy and cosmetic 
treatment to minor corrective surgery, to radical surgery 
with partial reconstruction and the fitting of prostheses. 

The types of repair that will be discussed and evalu­
ated here will be: 

(1) Therapeutic and cosmetic - arresting the ASR 
process and hiding its effects; 

(2) Corrective surgery - correcting structural de­
ficiencies that have resulted from ASR; and 

(3) Radical surgery- partial or complete demolition 
and reconstruction. 

2. ARRESTING THE ASR PROCESS 

In most cases, arrest of the ASR process may be a pre­
requisite to other forms of treatment. There is, for 
instance , little point in applying a cosmetic treatment if 
cracking will recur within a few years . In many cases , 
arrest of ASR may be the only treatment required , 
together with surface cosmetic treatment. Unfortunate­
ly , it is the form of treatment which is least understood 
and which has the least satisfactory record of success. It 
is also the field most frequented by commercial oppor­
tunists peddling instant but unproven remedies and 
preparations . It has long been known [6] that ASR can 
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be arrested if the concrete can be dried out to below a 
certain moisture level. Other evidence [7, 8, 9] suggests 
that the threshold moisture level below which ASR will 
not proceed can be defined by a relative humidity in the 
atmosphere surrounding the concrete of about 95%. A 
mechanistic explanation of these observations is that the 
relative humidity within the pores of the concrete is 
related to the tension in the pore moisture [10]. The pore 
moisture tension p" exerts an internal isotropic com­
pressive stress on the concrete (which is one of the 
reasons that concrete shrinks as it dries). Provided the 
moisture tension exceeds any expansive stress or swel­
ling pressure exerted by ASR, the concrete should not 
expand. 

Very little seems to be known of the magnitude of the 
swelling pressure developed in concrete by ASR. The 
earliest measured swelling pressures appear to be due to 
McGowan and Vivian [11]. Their tests showed swelling 
pressures of no more than 0.5 MPa. Tests conducted by 
Wood et al. [12], although full details are not given, 
suggest that swelling pressures of up to 4 MPa are 
possible in concrete. Data collected by Hobbs [5] also 
suggests that swelling pressures of up to 4 MPa are 
possible, although in one case a swelling pressure of 
13.5 MPa was recorded. However, all of these measure­
ments were made in accelerated laboratory tests. Under 
field conditions where the reaction takes place over 
years .rather than weeks, relaxation of stress can be 
expected to reduce swelling pressures to less than the 
quoted values. Hence a realistic swelling pressure in the 
field might be 3 MPa. The Kelvin equation [10] 

p" = 311 log10 (RH) 

shows that a pore moisture tension (p") of 3 MPa 
corresponds to a relative humidity (RH) of between 97 
and 98 per cent. This is likely to be the level to which the 
relative humidity in the pores of the concrete must be 
reduced to suppress ASR expansion. 

A number of authors have advocated and in some 
cases applied remedial measures designed to prevent the 
ingress of moisture into concrete structures and (hope­
fully) allow them to dry out to below the threshold 
internal relative humidity. Measures have included 
sealing surface cracks, injecting cracks with epoxy and 
other resins, and applying various surface treatments 
such as resin coatings or water repellent impregnations. 
In some cases the measures have not been completely 
successful in arresting the ASR [2] and in others [13] 
adequate follow-ups have not been made to assess the 
effectiveness of the treatment. 

Tests of various surface treatments on a laboratory 
scale [10, 5, 14] have shown that none of the available 
surface treatments completely prevents the ingress of 
moisture into concrete, but that pore liner penetrants, 
operating as water repellents (e.g. silanes and silicones), 
appear to be the most effective, not only in preventing 
water absorption, but also in allowing water already 
within the concrete to dry out. Figure 1, for example 
[10], shows a comparison of the performance of two 
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penetrants and two coatings applied to concrete prisms 
that were subjected to a regime in which misting for 6 
hours was followed by drying in an ambient relative 
humidity of 32% for 7 days. Penetrant 1 was a silicone, 
penetrant 2 was an alkyl alkoxy silane, coating 1 was a 
cementitious slurry and coating 2 an aqueous dispersion 
of synthetic resins. It will be noted that regardless of the 
comments concerning water repellents, the drying per­
formance of coating 2 exceeded that of the other three 
treatments. 

Two further gaps in knowledge relating to the use of 
surface treatments to inhibit ASR is that little is known 
of how effective surface treatments are when applied to 
ASR-cracked concrete. Also, little is known of how 
concrete structures in the field dry out under natural 
ambient conditions. Field tests [10] have indicated that 
silicones are less effective at preventing moisture pene­
tration when applied to ASR-cracked concrete than 
when applied to sound concrete. 

Figure 2 shows interim results of an experimen. 
(which is still in progress) to study variations in moisture 
in a reinforced concrete structure exposed to the wea­
ther. In this case the structure is the portal frame 
previously described by Blight et al. [3, 4]. The most 
severely damaged area of the portal is at the junction of 
the upper beam and the column. Figure 3 shows the state 
of the concrete surface in this area and also the results of 
previous unsuccessful attempts to seal the cracks by 
means of epoxy resin. 

Thermocouple psychrometers* to measure the inter­
nal relative humidity in the concrete have been inserted 
at depths of 150 mm and 400 mm in the north, west and 
south faces of this portion of the structure. The original 
intention was to study variations in internal relative 
humidity for a complete year, then to fill the surface 
cracks and see what effect this had, and finally to treat 
the surface of the area with a silane and observe the 
change brought about by this procedure. 

Figure 2 shows the observed variations of interna9 
relative humidity, expressed via the Kelvin equation as 
pore moisture tension. The April measurements were 
taken at the end of the wet season and showed the 
concrete to be near-saturated. Over the ensuing six­
month dry season, the concrete dried out progressively, 
with a fall in moisture tension observed during July, 
following unseasonal rainfall in June. In Fig. 2, the 
labels 150 W, 400 S, etc. refer to the depth of the 
psychrometer probe and the orientation of the concrete 
surface. It will be noted that the shallower (150) 
psychrometers indicated more rapid drying of the con­
crete nearer the surface. Also that the north face (which, 
being in the southern hemisphere, faces the sun) dried 
out more rapidly than the south face (in perpetual 
shade). Appreciable rain fell in October, depressing the 
moisture tensions once more. 

*A psychrometer is a device to measure relative humid­
ity or moisture tension. 
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Fig. 5. Details of dimensions (above) and measurements of field creep curve (below) for concrete cantilever damaged by ASR.. 

external and one pair of internal high tensile steel 
stressing bars. Electric resistance strain gauges were 
glued to the concrete and used to monitor strains in 
order to control the stressing operation. The monitoring 
was continued to observe creep in the stressed concrete 
and also to control the subsequent re-stressing after an 
interval of a year. 

The modulus of elasticity of the concrete, once the 
crack had been closed, was measured as 10 GPa which 
agreed with the lower limit to values of the modulus 
measured on cores taken from the cantilever. During the 
subsequent checking and adjusting of the post-stress, 
the loss of post-stress was used to estimate the creep that 
had occurred in the concrete. Figure 5 shows the 
resulting field creep curve which is compared with a 
range of laboratory creep curves measured on cores 
from the cantilever. The agreement between field and 
laboratory measurements was reasonable up to about 
100 days. Thereafter, the field creep considerably 

exceeded that measured in the laboratory. When the 
measurements were terminated after 2 years, the effec­
tive modulus of elasticity of the concrete had declined 
from 10 GPa to just over 2 GPa. As time has been 
shown on a log scale in Fig. 5, it is not obvious that the 
field rate of creep strain actually declined from 160 x 
10-6/y in year 1 to 100 x 10-6/y in year 2. 

At the time of writing, 7 years after the repair was 
effected, there has been no further visual deterioration 
of the cantilever. Other similar repairs carried out by 
stressing have been reported from Japan [5] and from 
South Africa [17, 18]. In the one case [17] where 
moment continuity at a beam-to-column connection was 
restored by post-stressing, the post-stress was checked 
and adjusted twice at yearly intervals. On both occasions 
the loss of post-stress in the preceding year was small. In 
a second case [ 18], post-stressing was used to tie together 
a pile cap that had cracked as a result of ASR. Here, no 
monitoring of the,repair seems to have been carried out. 
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Fig. 2. Moisture tensions observed during seasonal drying of ASR-damaged concrete in the natural environment of 
Johannesburg, South Africa. 

Obviously, any ASR expansion occurring after grouting 
would undo much of the work of the grout. Imai eta/. [2] 
used epoxy resin injection grouting to restore the 
integrity of a double cantilever beam supporting an 
expressway that had deteriorated by ASR. Before the 
repair ultrasonic pulse velocity (UPV) measurements 
made on the concrete averaged 2.7 km/s (although it is 
not clear if the measurements were made in situ or on 
cores). After grouting, Imai et al. report that the UPV 
had been restored to above 3 km/s and on this basis 
regarded the repair as having been successful. 

Without questioning the validity of their measure­
ments, it must be pointed out that while the increase in 
UPV certainly showed that the sonic discontinuities in the 
concrete had been reduced, the mechanical properties 
may not have been much improved, as a similar result 
would probably have ensued if the cracks had been in­
jected full of a low strength material such as grease. 

Portland cement grout would probably be an ideal 
material for injection grouting ASR-cracked concrete 
were it not for two factors: 

1. Injection with Portland cement would increase the 
alkali content of the concrete and possibly accelerate or 
reactivate the ASR; and 

2. the particles of Portland cement powder (even 
rapid-hardening cement) are of too large a size to 
penetrate very fine cracks. 

Hence it is necessary to consider resin grouting for 
repairs to ASR-damaged concrete. There are a number 
of requirements that a resin used for injecting ASR­
damaged concrete should meet: 

1. It should have a sufficiently low viscosity to enable 
it to penetrate fine hair cracks using very moderate 
injection pressures. • 

2. It should nevertheless not have such a low viscosity 
that it becomes absorbed into the pores of the concrete 
on either side of a crack so that the crack empties when 
injection ceases. · 

3. Cracks generated by ASR can be expected to 
contain powdery or gel-like reaction products. The resin 
should have excellent wetting properties so that it can 
penetrate these products and wet the intact concrete 
forming the crack sides. 

4. Cured resins generally have coefficients of thermal 
expansion that are as much as 50 times that of concrete. 
In the exposed field situation, cyclic thermal stresses will 
therefore be set up at the resin-<:oncrete interface. The 
resin must be able to accommodate this movement by 
creep, otherwise it will debond from the concrete [16]. 

5. If the injection is to improve the mechanical 
properties of the concrete, its shear and elastic moduli 
should equal or exceed those of the intact concrete. 

Unfortunately requirements 4 and 5 are probably in­
compatible. 
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Fig. l . Progressive drying of treated and untreated concrete specimens in alternating high (RH = 100%) and low (RH = 32% ) 
humidity environments 

It should be noted particularly that even in the very 
dry winter climate of Johannesburg, where the relative 
humidity averages Jess than 50% , only the 150 N-probe 
on the north face indicated a moisture stress sufficiently 

.high to arrest ASR. 
In late October, the owners of the structure decided to 

fill in the larger surface cracks in the portal using a quick­
setting Portland cement-based mortar, and to paint over 
the fine surface cracks with a slurry of the same material . 
As Fig. 2 shows, this treatment seems to have had a 
beneficial effect as the pore moisture tension increased 
in the November-December period even though there 
was a lot of rain . 

Johannesburg portal it has been proposed to clad the 
entire upper portal beam in a ventilated tube con­
structed of sheet metal and supported by the portal. The 
structure can easily carry the additional load. The 
cladding would allow the concrete it encloses to dry out 
over a period of a few years , thus arresting the ASR. 
Unfortunately, in this case the provision of cladding 
appears to cost much the same as solutions involving 
partial demolition and reconstruction . For the reasons 
given later the ventilated cladding solution seems un­
likely to be put into effect in this case. 

Although the experiment is incomplete , the results 
throw doubt on whether it is possible to dry the concrete 
of an exposed ASR-damaged structure in a climate 
wetter than that of Johannesburg, for example the damp 
climate of the UK, without taking special measures to 
exclude impinging rain . 

It must be concluded that not enough is yet known of 
how to arrest the ASR in full-scale field situations. The 
writer's personal opinion is that only one type of solution 
has any chance of Jong-term success. This is the use of 
what Wood et al. (15] describe as ventilated claddings, 
although the option may be costly . In the case of the 

3. CORRECTING STRUCTURAL 
DEFICIENCIES 

By its deteriorative nature, ASR inevitably causes 
structural deficiencies to develop that may necessitate 
remedial action . The type of repair may take several 
possible forms. Two types of limited repair will be 
discussed here: injection grouting and post-stressing. 

3.1 Repair by Injection Grouting 

A pre-requisite for this type of treatment is that the ASR 
should have been arrested or should have ceased. 
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Fig. 3. Appearance of portion of structure referred to in Fig. 2. 

A large (5 m by 5 m by 2.5 m deep) reinforced 
concrete foundation block in Johannesburg showed 
severe cracking as a result of ASR. It was decided to 
attempt a repair by means of epoxy resin injection 

. grouting . Cores of the affected concrete were taken 
prior to injection and further cores were taken after 
injection to examine the success of the operation. The 
resin was carefully formulated to comply with require­
ments 1-4 above with 4 being tested by means of the 
Shaw test [16] . 

The results of the post-injection examination were 
disappointing. Penetration of the cracks was poor 
because the low allowable injection pressures were not 
enough to force the resin into the fine cracks . Many wide 
cracks also remained unpenetrated because they were 
not interconnected with cracks along which resin was 
able to flow. The resin had in many places not wetted the 
sides of the cracks and had not bonded to the concrete . 

Figure 4 shows the results of a compression test on a 
core of epoxy-injected concrete from the foundation 
block . The test is compared with the results of two tests 
made on cores taken before the injection. 

The results were again disappointing. The injected 
core was divided in two by a wide diagonal resin-filled 
crack . The resin had obviously imparted a reasonable 

1 and 2: ARR-Deteriorated concrete 
3 Epoxy injected AAR-Deteriorated concrete 
Secant Moduli 1: 20,8 GPa 
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Fig. 4. Comparison of stress- strain curves for ASR-damaged 
concrete and ASR-damaged concrete that has been injected 
with epoxy resin . 

strength to the core, but the compression modulus 
(5 GPa) and the residual deformation were clearly not 
acceptable . 

It may be concluded that considerable development is 
still required before resin injection grouting becomes an 
acceptable and reliable means of repairing ASR­
affected concrete. In particular, the incompatibility 
between the necessary creep characteristics and the 
required mechanical properties of the resin needs to be 
eliminated or substantially reduced. 

3.2 Repair by Post-stressing 

A cantilever projection on the side of a portal frame 
supporting an elevated highway had, as a result of ASR, 
developed a horizontal crack. The layout of the canti­
lever and the position of the crack are shown in Fig . 5. 
The cantilever supports a series of simply supported 
beams, as shown in elevation in Fig. 5, and a repair 
therefore had to be effected without delay. As an 
interim safety measure, the traffic lane adjacent to the 
cracked cantilever (which happened to be the slow lane) 
was closed to traffic. 

The repair was made by stressing the upper and lower 
portions of the cantilever together with one pair of 
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• 

4. REPAIR BY PARTIAL DEMOLITION AND 
RECONSTRUCTION 

When structures that are in the public eye are con­
sidered, a decision to demolish and rebuild rather than 
to repair or attempt to arrest the ASR may be taken at 
least partly for non-technical reasons . The official reason 
for radical action is usually that it is in the interests of 
public safety. However, such a decision often arises 
partly out of officialdom's desire to be seen as people of 
action who do not procrastinate when there is a problem 
to be solved. The decision to strengthen the Charles 
Cross parking garage in Plymouth, after loading tests 
had shown that the strength of the structure was little 
affected by ASR, probably falls into this category. 

The method of rehabilitation chosen for a series of 
railway bridge piers in Canada [19) also appears to fall 
within the category of a partly political decision. The 40-
year-old concrete exposed above the water line showed 
severe ASR deterioration compounded by freeze-thaw 
damage. Coring of the piers was undertaken to establish 
the properties of the deteriorated concrete . The lowest 
values of strength and elastic modulus occurred in the 
top 3 metres of the approximately 16 m high piers. The 
minimum compressive strength measured on cores was 
22.8 MPa, and ranged up to 31.6 MPa. The elastic 
modulus varied between 13 GPa and 22.8 GPa, and the 
splitting tensile strength averaged 2.5 MPa. The piers 
were massive, and these mechanical properties must 
have been adequate to support the applied loads . Also, 
the concrete was 40 years old and the rate of further 
deterioration must at that stage have been minimal. 
Nevertheless , a decision was made to demolish the piers 
above the water level and to reconstruct them. 

As far as the writer knows, there has so far been no 
case of repair by partial demolition and re-building that 
could be justified purely on technical grounds. As 
mentioned earlier, a public relations based decision may 

• 
well also decide the fate of the highway portal frame 
described by Blight et al. [4). 

5. CONCLUSIONS 

Existing published experience of the repair and rehabili­
tation of reinforced concrete structures damaged by 
ASR has been reviewed under the headings of: arresting 
the ASR process; correcting structural deficiencies ; and 
partial demolition and reconstruction. It is concluded 
that not enough is known of how to arrest ASR in the 
field situation , although, in combination with surface 
cosmetic treatment , this is potentially the most useful 
way of rehabilitating ASR-damaged structures. The 
correction of structural deficiencies has been attempted 
by means of resin injection and by the application of 
post-stressing. Where its application is appropriate, 
post-stressing appears a viable way of repairing damage 
caused by ASR. Resin injection has not been proved 
successful , but is potentially a useful repair procedure . 

Finally , although few cases of partial demolition and 
reconstruction are on record, it appears that the decision 

to take this option will usually be at least partly 
motivated by local politics and considerations related to 
maintaining a good public image . 
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CAN CONCRETE STRUCTURES BE 
WATERPROOFED TO INHIBIT ASR? 

GE Blight 
University of the Witwatersrand, 

South Africa 

ABSTRACT. The hypothesis is advanced that if concrete can be dried 
out so that the relative humi dit y in its pores is less than about 
97\, expansion resulting from alkali silica reac tion (ASR) will be 
inhibited or eliminated. The paper then goes on to explore the 
possib il ity of maintaining reinforced concrete structures that are 
exposed to the weather, in th e necessary state of desiccation. The 
observations raise severe dou bts as to the practicality of 
successfully applying the hypothesis, especially to structures that 
have already suffered damage from ASR . 

Keywords: Alkali silica reaction, moisture, humidity, 
waterproofi ng, dr ying . 

Geoff rey E Blight is Professor of Construction Ma ter ia ls and Head of 
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include the beha viour of ASR - affected structures, loading on bins 
and sil os , the dis posa l of mi ning and industrial sol id waste and the 
properties and behaviour of tropical and residual soils. 
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INTRODUCTION 

forty years ago Vivian< 1 1 showed that the amount of expansion that 
occurs in cement mortar s as a result of alkali silica reaction (ASR) 
depends on the amount of reaovable water in the mortar. Vivian's 
original results are reproduced in Figure 1. If the removable water 
was less than 4\ by dry aass, no expansion due t o ASR occurred. 
Once the removable wate r exceeded 4\ the expansion became directly 
proportional to the excess of removable water over 4\. Vivian 
cal led this excess the available water. Removable water was defined 
as the water lost after prolonged storage over calcium chloride (a 
relative humidity of 32\ l. The available water is that part of the 
total water that is loosely held in capillaries in the •ortar. Note 
from Figure 1 that the available water may be contained within the 
concrete ab initio (sea l ed specimens} or be allowed to penetrate the 
mortar from outside (un sealed specimens) after some drying has 
occurred . Assuming tha t Vivian's results on mortar are applicable 
to concrete, it would appear that if the available water in concrete 
can be kept to zero, ex pansion by ASR will be minimized. 
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Fiqure I: Viv ian's observed relationship between removable water 
and expansion 

Other evi den ce( 1 
• 

3 
• 

4 
• 

5 > has shown that if the relat i ve humidity i n 
the atmosphere surrounding a concrete structure can be maintained at 
bel ow 95\, ASR will be inhibited. However, the rela tive humidity of 
the surroundings is unlikely to be the same as the relative humidity 
in the pores of the conc rete where the ASR takes place. Water in 
the pores of concrete ma i nta i ned at a relative humid ity of less that 
100\ is in a state of tension or suction . The pore wat er tension is 
balanced by compressive stress in the solid components of the 
concrete . The net effect is that any expansive stresses are 
cou~erbalanced, partly or completely, by the pore water tension or 
suction. 
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The re la tive humidity (RH ) in J poro11 s mat e rial can be related to 
th e pore wa te r suction p- by the Kelvin equati on<•> 

p 311000 log
11 

(RH) in kPa 

wher e RH is expressed as a fra ction of unity, eg 0.95. 

At a RH of 0 . 95, the suct ion is nearly 7000 kPa . Even if the 
suction i s not complet e ly effective in compressing the concrete 
there mu st, at RH = 0 . 95, be an isot ropic compressive stress in the 
concre t e of several thousand s of kPa. 

Hence one obvious way of inhib i ting ASR is to dry the interior of 
the concrete out until the suc ti on exceeds the swelling pressure 
devel oped by the ASR, and then maintain it in that condition by 
means of a waterproofing layer or coating . Based on observed values 
of the swelling pressure exert ed by ASR, it appears that if the 
suction within the concrete can be maintained at above 5000 kPa (RH 
below 0 . 97) expansion caused by ASR should be eliminated or much 
redu ced . 

This pape r describes two field experiments to probe the practicality 
of maintaining full - scale structures, exposed to the weather, in the 
required state of desiccation. 

It should be emphasized that the climate of Johannesburg, where the 
test s we re performed, is pa rticularly fav ourabl e for this type of 
approach. The high est shor t period atmospher ic relative humidity is 
96% wh i l e t he av e rage maximum is only 75\ . During the dry winter 
months , the average ma ximum relative humidi t y is below 65\ and the 
ave rage mi nimum relative humidity is les s t hat 40\ . 

FIELD EXPERIMENTS INVOLVING ARTIFICIAL WE'M'ING FOLLOWED BY DRYING 

A group of columns supporting an overhead ~otorway was selec ted for 
the f i rs t field trial. The column shafts are completely protected 
from impinging rain by the overhead structures they support. This 
si tua tion was chosen delibera t ely so that the mois t ure condition of 
th~ co lumn surfaces could be controlled artificial l y . The columns 
were c leared down with high pressure water jets. Four columns, 
select ed at random were each waterproofed with a di f ferent 
vat erproof er, under the supervision of the suppliers of t Qe 
preparat i ons . A fifth column was left un t reated as a control. The 
wa t erproof ers consisted of : 

Coat i ng 1: A Portland cement - based resin - modified slurry. 

Coating 2: An aqueous emulsion of synthetic resins. 

Penetrant 1: A sili cone in a hydrocarbon solution . 

Penetrant 2: An alkyl alkoxy silane solution. 
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All prepara t ions were applied by brush . 

The e ffe ct of wetting and drying was assessed by inse rt ing 
thermocouple psychr011eter probes to a depth of lOOmm into holes 
drilled into the columns. A psy chrometer probe 17 > consists of a 
thermocouple sealed into a cavity in the concrete . The air in the 
cavity comes to thermal and ~oisture equilibrium with the a t mosphere 
in the concrete . A current is passed thorough the the rmocoupl e 
whi ch cools by t he Peltier effect until the temperature falls below 
the dew poi nt of the moisture in the surrounding air . Moistu re then 
condenses on the thermocouple junction . The cooling cu rrent is 
interrup ted and the condensed mo i sture starts lo evaporate at the 
dew poin t temperature. The thermocouple is used to measure this 
temperature and hence the relative humi di ty in the cavi ty and the 
related pore water suction (p-) in the concrete can be determ i ned 
via the Kelvin equa tion . The measuring range of the psychrometer is 
from RH= 1.00 to abou t RH = 0.96. Below RH = 0 . 96 it is not 
possible to condense water out of the atmosphere by coo ling the air. 
The range· covers the RH range of interest of 0.97 to 1 . 00. 

Figure 2: Tes t column that was waterproofed and sub j ected to 
artif i ci al wetting. Note cracks from ASR in shaft and 
mushroo11 slab. 

Figure 2 shows one of the col umns that were the subjec t of the 
experiment and Figure 3 shows a psychrometer insta l led in one of the 
columns. Fi gure 4 shows the results of two sets of measurements on 
the untreated control column and the column treated with Penetrant 1 
(silicone) . Not all of the columns are in the saae physical 
condition . Some are complete l y ~ound, but others show signs of ASR 
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at t ack, in t he form of c ra c ks i n t hP col umns , or rn t he mu shroom 
sl abs th ey sup po rt , or both . As i t happened, th e control co lumn i s 
cnmp l e t el y s ound wherea s the s il i cone - treated col umn has a badly 
cra cked mushr oom slab, althouqh t he column itsel f has only minor 
cracks in i t. 

fig ure J : Psyr hrome t e r pro be instal led i n s ide of colu11m, and 
protected fr om wat e r by c l ear plasti c cy l i nd e r 

The left hand sec t ion of Fig ure 4 Shows re sults of preliminary 
•easur ements on t he t wo columns t o es t abl i sh t he rang e of p- or RH 
to be expec ted. p- in t he contr ol column was very high (more than 
5000 kPa) and t he meas urements eve ntuall y went out of range . p- in 
t he s i li cone- treated co lumn, however , wa s unexpec tedly low (2000 
kPa ) and a fte r a s pell of heavy rai n , reduced even further. A few 
days la ter streaks of wh ite ASR gel appeared t hrough c ra cks in the 
co l umn and ran down t he sur f ace . Thi s showed t ha t water was 
ente r i ng t he col umn via t he st r uc tur e i t supports and causing 
fur t he r ASR. The s i l icone t re at ment wa s qu it e inef f ective as the 
water wa s not en te ring through t he s urf ace of the column . In a 
second s e r i es of tests condu c t ed dur i ng very hot dry weather, 
initial p- readings were taken and th e columns were then watered 
conti nua lly by hose ove r a pe r iod of s ix hours on three consecutive 
days t o represent as severe a condi t i on of wetting as is ever likely 
to occ ur on an outside struc t ure. 

Th e wett ing caused p- in the control column to fall from beyond the 
range of the psychrometer to only 350 kPa (figure 4). Af t er 3 days 
of drying , t he p- was again out of range . 
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figure 4: In - situ psychrometer measure~ents in two columns 
supporting ove r head structure 

p- in the silicone treated colu~n started at 1500 kPa, fell to 250 
kPa after 3 days wateri~g and then rose again to 1900 kPa after J 
days of drying . This indicated that water was entering the concrete 
thr ough pre - existing cracks, even though the s ur fa ce had been 
treated . There was no rain during the test and the water could not 
have been entering through the superstruc t ure. However, atmospheric 
dry i ng removed the water relatively qui ckly. 

Th ese tests led to the following conclusions: 

l . If there is no interna l sour ce of water fr om, for example a 
blocked internal drain age pipe, etc, sound concrete i n a dry 
cli mate will quickly dr y out after being su rfa ce wetted . It 
proba bly does not need to be wat e rproo f ed . 

~ .If there is an interna l source of water it is pointless to 
waterproof the exterio r of the concrete . 

3. Water wil l probably ent er the surface of c racked concrete even if 
the surface has been t r eated with a water repellent. 

The co lumn treated with Coating I is also crac ked by ASR . p- in the 
co l u111n started at 1200 kPa, bu t fe1l to 300 kPa after the period of 
watering. Three days later p- has in c reased but was still at a 
relatively low 800 kPa . These results confir~ that water can enter 
a concrete member throug h surface cracks, even if the surface has 
been treated. The rate a t which the structure dries again will 
depend on the type of tr eatment and the climate . 

:I: 
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Th e col um n tr eated with Coat ing ~ is in sou nd condition . That 
treated by Penetrant 2 1s r racked, but th e ps ychrometer probe was 
i nse rted in an area ot sound concrete. p- re co rded in these two 
column s started out ot meas uring range and remained out of range 
even after the watering. This shows that waterproofing treat~ents 
can assist in preventing con crete from absorbing water. However, a 
previous investigation by the author 111 has shown that many 
preparations sold as "wat er proofers" for conc rete are not really 
effectiv e as such. 

FJELD OBSERVATIONS or A STRUCTURF. EXPOSED TO THE WEATHER 

For the second stage ot this study, variations of suction with time 
were observed within port ion of a rei nf orced concrete portal frame 
that had deteriorated severely as a result ot ASR. full details of 
this structure have been published elsewhere<•>. The variation of 
suction in the damaged concrete was observed tor six months, after 
which the larger surface cracks were filled using quick-setting 
Portland cement-based •ortar and the finer cracks were painted over 
with a slurry ot the same materi a l. Figure 5 shows the structure as 
it appeared after application of the surface coating. 

Fi gure 5 : Kn ee of portal frame t hat is s ub ject of measurements 
s hown in figur e 6. Dark areas show where large cracks 
were fi !led. 

Ps yc hrometer s were installed from faces of the portal oriented 
no rth, west and south, at depths of 150mm and 4001111n fro~ each face. 
Is the thickness of concrete in t he north - south direction is 1250mm, 
!he deeper psychrometers were cl ose to the axis of the structure. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

230 Blight 

Fi gu re 6 su mmarizes t he observed variations of suet ion. Jn thi s 
diagra m 150S, 400S e t c represent the de pth of the ps ychrometer 
(150ntm or 400mm) and th e or ie nt a tion {N, S,W ) o[ t he face from wh ich 
it i s i ns tall ed. The firs t two month s of obse rv a t ion we r e dry and 
su c ti ons recorded at 150 Diii depth rose t o about 2000 kPa . At 400mm, 
howev er, the su e t ion did not rise above 1000 kPa . Rain at the end 
of Oc t obe r cau sed the suction t o plumme t t o t he r eg i on of 500 kPa . 
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Figure 6: Variations of suction 
frame s hown i n Figure 
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At the end of October t he c ra ck repa i rs and surface seal i ng were 
carri ed out . At th i s ti me t he psy chrometers were overhauled and 
400W wh ic h had been unser vi ceable, wa s repla ced . Afte r an i ni tia l 
peri od of rathe r wide flu ctuat i on, the suctions ha ve now sett l ed 
down i nt o t wo groups. At 150mm depth the suc t ion i s 400 to 800 kPa , 
while at 400mm depth it i s much lower, at about 200 kPa . There 
seems to be l i ttle doubt t hat sealing the cra cks when su c t i ons were 
low has ent rapped mJisture within the concrete. Over the four 
•onths s ince seal i ng , thi s •01sture has distributed it self and the 
~oisture reg i me within th e concrete is now relative l y stable. 
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Figure 6 shows that t he su c ti on is essentiall y unaffected by 
incide nt rainfall, even if t hi s is heav y and ot frequent occurrence . 

However, it will be noted that during the dry months, the suction 
did not reach the level of 5000 kPa considered necessary to inhibit 
ASR . Now that the surface has been sealed, the suction has 
stabil ized at well below the le vel necessary for inhibition. Hence , 
it does appear that even if the sealing had been carried out before 
the first ra i n of t he season, when the suction wa s a t its maximum , 
the res ul tant suct ion in the sealed structure would still have bee n 
wel l bel ow 5000 kPa. 

Hence it ma y be concluded that even in the relatively dry climate of 
Joha nnesburg, it is unlikely that a struct ure that has been damaged 
by ASR and which is exposed to t he weather , will dry out 
sufficiently in dry weather to r each a suction sufficien t to inhibit 
ASR . Sealing the surface of an exposed structure damaged by ASR 
will result in stabilization and evening out of the moisture within 
the structure, but a suction level suff ic ient to inh ibit ASR is 
unlikely to be reached . 

GEMERAL CONCLUSIONS 

The hypot hesis ha s been advanced that a reinforced concrete 
struct ure subject to ASR attack can be protected by waterproof i ng 
it, thus maintaining the concre t e in a dry enough state to inhibit 
the ASR . 

However, t he measurements des cribed in this paper show that there 
are serious practical diff iculties i n at t aining this ideal 
condition . The only reall y pra c tical way of protecting an ASR -
damaged structure appears to be to shield it from incident rainfall 
by means of a specially constructed canopy or enclosure. The 
provision of such ext ernal prot ection would allow the concrete to 
dry out progressive l y over a pe riod of several years, until a level 
of mois ture sufficiently low to inhibit ASR is reached. 
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A study off our waterproofing systems for 
concrete 

G. E. Blight* 

WITWAT E RSR AND UN IV ERS IT Y. SOUTH AFRICA 

As part of a study of possible mitigatory measures for 
concrete structures damaged br alkali-aggregate reac­
tion , four treatments for waterproofing concrete ( two 
coatings and t11 ·0 pore liner penetrants) . have been com­
pared. Tests 11·ere performed bo1h on small specimens in 
the laboratory and on full-si:::.e structures in !he.field. It 
was found that none of the sys1ems 1rnterproofed con­
cre1e completely, but that 1hree of them initially reduced 
the ra1e of 11•ater penetration , particularly under field 
conditions. Following initial 1ests, the laboratory speci­
mens were exposed to 1he weather.for four years, after 
irhich 1ime the earlier 1ests 1rere repeated. The effective­
ness of the treatments applied in the field was also 
reassessed after four years. On the laboralory speci­
mens, all 1reatmen1s had apparently become more e(fec-
1ive. In the .field , the 1reatmen1s had eviden1ly retained 
moisture in the concrete, i.e. 1hey had done precisely the 
opposile of wha1 is required of a waterproo.fing system . 

Introduction 

It has long been known from laboratory tests that 
alkali-silica reaction (ASR) in concrete can be 
prevented or halted if the concrete is kept dry. Avail­
able evidence (e.g. Refs 1-4) shows that if the relative 
humidity surrounding concrete can be ma intained at 
below 95 % . ASR will cease. It is therefore tempting to 
speculate that if concrete susceptible to ASR were first 
dried to below the critical internal relative humidity 
and then waterproofed. existing ASR would cease and 
potential ASR would not occur. However. this ideal 
state of affairs is not easy to achieve in practice. 

A series of laboratory experiments was performed 
on concrete specimens waterproofed by means of four 
commercially-promoted treatments. The experiments 

*Witwatersrand Unive rsity. Johannesburg. PO Wits. 2050. South 
Africa . 
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were performed shortly after the treatments had been 
applied. and were repeated after the treated specimens 
had been exposed to the weather for four years. 

Simultaneously , a programme of field experiments 
was undertaken on a series of reinforced concrete 
columns supporting a motorway structure. These 
experiments were also reassessed after four years. The 
early results of thi s programme were reported by 
Blight. 5 

Types of waterproofer used in investigation 

References 6 and 7 identify five types of water­
proofer for concrete: 

(a) pore liner penetrants, usuall y operating as water 
repellents 

(b) pore blocker penetrants that seal surface pores 
(c) sealers tha t form a n impervious surface skin on 

the concrete 
(d) coatings that form a thick impervious surface skin 
(e) renderings (thick coatings), usually applied by 

trowel. 

Two pore liner penetrants a nd two coatings were 
used in the present study. The descriptions given by 
the suppliers (with brand names in parentheses) were 

(a) silicone-a silicone in a hydrocarbon solvent 
(Barrasil) 

(b) silane- a n alkyl a lkoxy silane (Dynamit Nobel) 
(c) cement slurry-a cement-based resin-modified 

slurry (Embecon) 
(d) resin emulsion- an aqueous emulsion of synthetic 

resins (Sika) . 

Laboratory tests 

100 mm x I 00 mm x 200 mm prisms of concrete 
were oven dried to constant mass at 50°C. A set of 
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6 Cement slurry: 0 original 

• after four years 
Resin emulsion: o original 

• after four years 

Time: days 

Fig. 2. Variation of moisture gain with time fo r specimens treated 1rith ceme111 slurry and resin emulsion 

(a) 

(b) 

(c) 

Fig. 3. Depths of carbonation in test prisms treated with 
(a ) silicone; ( b) silane and ( c) cement slurry 

Maga::ine of Concre1e Research. 199 I. 43, No. 156 

directed normal to their exterior surfaces. indicated 
that the permeability of untreated uncarbonated con­
crete was about five times that of the carbonated 
exterior surfaces of the control specimens. and that the 
oxygen permeability of the sila ne-treated surfaces was 
about twice that of the other surfaces. The silane was 
thus, after four years, still act ing as a water repellent. 
as well as inhibiting carbonation. On the assumption 
that water permeability is proportiona l to oxygen 
permeability, it is postulated that carbona tion has 
resulted in the reduced water absorption . The depth 
of carbonation of the sil icone-treated specimens 
was slightly less than tha t of the controls. which 
may account for the higher wa ter absorption of the 
former. 

Preparation for field tests 

For an earlier series of laboratory tests which simu­
lated the effects of the South African climate, speci ­
mens were prepared by soaking in water for seven 
days. They were then allowed to dry for one day, after 
which the surface treatments were applied. The speci­
mens were subjected to a cycle starting with seven da ys 
in the fog room followed by seven days over calcium 
chloride at a relative humidity (RH) of 0·32 . There­
after, to simulate a climate of short wet spells followed 
by much longer dry spells. the cycle comprised 6 h in 
the fog followed by seven da ys a t RH = 0·32. The 
results of this treatment are shown in Fig. 4. It can be 
seen that all of the specimens, including the untreated 
control, dried out progressively. 

These tests encouraged the tentative conclusions 
that in a semi-arid climate. either 
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Fig. 5. One of the columns used in the .field experiment 

Below RH = 0·96 it is difficult to condense water o ut 
of the a tmosphere by cooling the air. 

The relative humidity in the pores of a porous 
ma terial ca n be related to the tension or suctio n p" in 
the pore water by means of the Kel vi n equation (see 
for example Re f. 9) 

p" = 311000 log 10 RH 

where p" is in kPa . 
Even at RH = 0·96, the suction is 5500 kPa. This 

can be thought of as the tensile stress with which the 
concrete draws in any water available on its surface. 
Hence, a low p" corresponds to moist concrete and a 
high p" to dry concrete. 

It should be noted that p" has two components. a 
matrix component that arises from capillary tension 
fo rces in the concrete and an osmotic component 
a rising from the dissolved salts in the pore water. The 
osmotic component in concrete can be as high as 
2000 kPa . 

Field tests 

Figure 6(a) shows some preliminary measurements 
on the control and the silicone-treated col umns. Initia l 
readings were taken at the end of the dry season 
during a period of hot sunny weather. The suction in 
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the control column was almost at the limit of measu re­
ment, but that in the silicone-treated column was 
much less . A spell of heavy rain fo llowed, during 
which the suction in the control column decreased 
slightl y while that in the si licone-trea ted col umn 
almost di sappea red. Shortly afterwa rds. streaks of 
what was assumed to be silica gel from the ASR 
exuded from cracks in the col umn a nd mushroom 
head. Similar streaks had appeared previously and 
were visible on some of the other columns. It appea red 
that water was entering the concrete from above. 
proba bly by way of the imperfectly sea led central 
drainage duct . When the rain was succeeded by sunn y 
weather the suction in the control column increased 
a nd went out of ra nge, while that in the silicone­
trea ted column remained low. 

A few weeks la ter, during a spell of hot dry weather. 
the suction in each of the columns was measured . It 
was found that p" in the control, si la ne- a nd resin 
emulsion-treated columns was o ut of ra nge. In the' 
silicone- a nd cement slurry-treated columns, p" was 
~ 1500 kPa. The exterior surfaces of the columns were 
then sprayed with water and kept wet for 8 h/da y on 
three consecuti ve days to simulate a spell of natural 
wet weather (Fig. 6(b)). The suction in the sila ne- a nd 
resin emulsion-treated columns remained out of 
range, while that in the control fell to 350 kPa . The 
suction in the silico ne- a nd cement slurry-trea ted 
columns a lso responded by falling to low va lues. Four 
da ys later, the suction in the control column was again 
out of range, while tha t in the silicone- a nd cement 
slurry-treated columns had pa rti a ll y recovered . 

These tests showed that if there is no in ternal source 
of wa te r. sound concrete will quickly dry out after 
being surface wetted . Concrete probably does not 
need to be waterproofed in semi-a rid climatic con­
ditions. 

Four yea rs later the suction in the fi ve columns was 
meas ured over a period of 28 days during a hot dry 
spell. (Fig. 7) The suction in a ll of the treated columns 
was low, a nd remained depressed throughout the 
period of measurement. The suction in the control 
column was at its level o f four years previously. 
These results were so surpri sing tha t at first the 
psychrometers were tho ught to be defective. They 
were ail changed , with replacements being tested 
before installation, but the measurements remained 
the same. When the fina l reading was made on the 
silicone-treated column. water actua ll y ran o ut of the 
psychrometer hole. Although the suctio ns recorded in 
Fig. 7 are not zero , it is believed that the matrix 
suction is very close to zero and that the low values in 
Fig. 7 mainly represent osmotic suction. 

In the light of the earlier observations on the si li ­
cone-treated column, a nd the ex udation of gel from 
some of the other columns, the only possible con­
clusion seems to be that defective sea ls at the top of the 
internal drainage ducts were a llowing small quantities 

201 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

dry out quickly a fter surface wetting, a nd do not 
need to be wa terproofed . 

4. If there is an interna l source of water in the con­
crete, waterproofing the exterior of a structure may 
serve to retain moisture so that the interior of the 
concrete becomes progressively wetter. 
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The moisture condition in an exposed 
structure damaged by alkali-silica reaction 

G. E. Blight* 

WITWATERSRAND UNIVERSITY 

~his study demonstrates the difficulty of attempting to 
exclude moisture from concrete in structures exposed to 
the weather, especially if they have been cracked by 
ASR. Once the concrete has gained moisture it does not 
easily dry out, even if there is a well-defined dry season. 
If a waterproofing treatment is applied, the moisture 
may be sealed into the concrete. If present, leaking 
internal drainage ducts may exacerbate the problem, 
and promote the accumulation of moisture. 

Introduction 

In 1975 a double-storied portal frame supporting a 
motorway structure in Johannesburg was found to 
have suffered severe cracking. The dimensions and 
layout of this portal are shown in Fig. 1. Some of the 
cracks were sealed with epoxy resin, but a few months 
later they were found to have opened again. Fig. 2(a), 

. aken in 1977, shows these epoxy-daubed cracks. An 
...rivestigation into the cracking of this and other 

exposed reinforced concrete structures in Johannesburg 
eventually led to the conclusion that an alkali-silica 
reaction (ASR) was the cause of the damage. Since 
1978 the portal has been the subject of intensive inves­
tigation, firstly to establish its structural safety, then 
to investigate means of halting the reaction, and 
finally to repair and rehabilitate the structure. 

The length of beam marked A' A in Fig. 1 suffered 
the most severe damage, in the form of closely spaced 
cracking; the haunch, where upper beam and column 
join, was particularly badly affected. Fig. 2(b) shows 
the appearance of this concrete in 1990. A horizontal 
crack in the cantilever projection (marked B in Fig. 1) 
was repaired by post-stressing1

•
2 in 1981. At about the 

same time internal storm water drainage ducts 

*Witwatersrand University, Private Bag 3, WITS 2050, Johannes­
burg, South Africa. 

(marked by broken lines in Fig. 1), that led from kerb 
inlets along the upper and lower beams and down the 
insides of the columns, were plugged at their inlets. 
The ground-level outlets were left open to allow any 
water that might find its way into the concrete to drain 

.away. 
In 19823 and again in 19884 the portal was subjected 

to full-scale loading tests to check on its structural 
adquacy. On both occasions, the structure was found 
to behave predictably, with acceptable deflexions and 
joint rotations and very little irrecoverable defor­
mation. However, there did appear to have been a 
slight deterioration of the performance of the portal 
under load in the six years between the two load tests. 
The structure had also deteriorated in outward 
appearance. New cracks had appeared and existing 
cracks had continued to widen. It was therefore decided 
by the owners that the structure would be rehabili­
tated, and investigations were started to find the most 
effective form of rehabilitation. 

A number of possible solutions to the repair and 
rehabilitation of the section A' A of beam were con­
sidered. These included 

(a) filling the major surface cracks with an elastomeric 
sealer and sealing the surface of the exposed con­
crete to exclude moisture from the surface and 
from minor surface cracks 

(b) encasing the beam in a ventilated metal sheath to 
exclude incident rain, but allow the concrete to 
dry out gradually to the surrounding atmosphere 

(c) demolishing length A' A of the upper beam and 
reconstructing it in reinforced concrete 

(d) various variations of (c) above, including aug­
menting the strength of the upper beam with 
bolt-on steel members, and replacing length A' A 
with a bolt-on steel beam. 

The rationale for measures (a) and (b) was as follows. 
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Fig. 1. Elevation looking north of portal showing location of deteriorated concrete and internal drainage ducts 

A series of experiments carried out by Vivian5 showed 
that the expansion caused by ASR in cement mortar 
can be halted ifthe moisture content of the mortar can 
be sufficiently reduced .. Vivian's results were given in 
terms of the removable water content, which he 
defined as that water lost after prolonged storage over 
calcium chloride. In his experiments he showed that if 
the removable water content is less than about 4% 
expansion caused by ASR ceases. More recent work 
by Tomasawa et al.6 and Kurihara and Katawaki7 

have broadly confirm~d that Vivian's results also 
apply to concrete. They conclude that expansion 
caused by ASR ceases when the water content of 
concrete (dried at 105-l 10°C) falls below a range 
of 4-8%. This corresponds to an ambient relative 
humidity of about 85%. 

In a review of the effects of environmental con­
ditions on ASR, Ludwig8 also concluded that ASR 
expansion ceases once the ambient relative humidity 
falls below 80-85%. Other estimates of the level of 
ambient relative humidity necessary to inhibit ASR 
expansion vary from 75%,9 83%, 10 to 90%. 11 

The available evidence therefore indicates that if the 
concrete in a structure subject to ASR can be dried out 
to or maintained at a moisture content that would 
be compatible with an ambient relative humidity of 
about 90%, expansion caused by ASR should be 
inhibited. 

The implementation of measures (a) and (b) required 
a knowledge of the moisture condition in the concrete. 

250 

If measure (a) was to be adopted it would be import-
ant to seal the cracks and concrete· surface at a time of 
the year when the concrete was at its driest. Johannes-
burg has well-defined wet and dry seasons, and the 
obvious time appeared to be August/September, at the 
end of the dry season. However, it was not known 
to what extent the moisture in the concrete varied 
seasonally, or if the concrete dried out to any signifi-
cant extent during the dry season. To provide this 
information, the programme of measurements 
described in this Paper was undertaken. e . 
The instrumentation 

The instruments used were thermocouple psy­
chrometers, which were installed in the north, south 
and west faces of the western haunch of portal Cl 5 (A' 
in Fig. 1). 

Thermocouple psychrometers were originally used 
for measuring moisture conditions in soil 12 and have 
only recently been adapted for use in concrete. A 
thermocouple psychrometer consists of a thermo­
couple junction sealed into a cavity in the concrete. In 
this case the cavity was formed by drilling a lOmm 
dia. hole to the required depth (100 or 400mm). The 
probe was inserted into the hole at the end of a 
wooden dowel stick that had been heavily varnished 
with polyurethane varnish. The varnish prevented 
absorption of water by the dowel, which was a push fit 
in the hole. A soft rubber disc attached to the end of 
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the dowel, through which the psychrometer lead was 
passed, further helped to seal off the cavity at its 
end. 

The air at the end of the hole comes to thermal and 
moisture equilibrium with the atmosphere in the con­
crete. This may take several hours or days to occur, 
and for this reason the psychrometers are left installed 
permanently in situ. To read the psychrometer a cur­
rent is passed through the thermocouple junction, 
which cools by the Peltier effect, until the temperature 
falls below the dew point of the atmosphere in the 
cavity; moisture then condenses on the cool junction. 
The cooling current is stopped and the condensed 
moisture starts to evaporate at the dew point tem­
perature. The thermocouple is used to measure this 
temperature, and hence the relative humidity in the 
cavity (and by inference in the concrete) can be deter­
mined. The relative humidity can be expressed in 
terms of the pore moisture suction p" in the concrete 

.ia the well-known Kelvin equation 

p" = 311 000 log10 (RH) (kPa) (1) 

where the relative humidity RH is expressed as a 
decimal of unity. 

The width of the portal beam and columns is 
1250mm. To ensure that information would be avail­
able for most of the thickness of the concrete, the 
psychrometers were installed in pairs at depths of 150 

(a) 

(b) 

Fig. 2. (a) Appearance of cracked concrete surface in 1977 
after attempt to seal cracks with epoxy resin; ( b) 
appearance of concrete in 1990 
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and 400 mm in from the concrete surface. As the 
psychrometers were installed at a height of 16 m above 
ground level they had to be installed and accessed for 
reading via a truck-mounted hydraulic boom designed 
for repairing power lines. Fig. 2(b) is a photograph 
. taken from this boom. The faintly visible 150 and 400 
on the concrete show where psychrometers have been 
installed. 

The useful range of the psychrometer is RH = l ·0-
0·96, or p" = 0-5000 kPa. Although this may sound 
restrictive, it is the main range of interest for concrete 
structures exposed to the weather. The psychrometer 
has the advantage that it simultaneously measures the 
suction and the temperature in the concrete. It is 
particularly important to know the temperature if 
strain measurements are being made. 

Equation (1) provides an explanation of why a low 
relative humidity inhibits expansion caused by ASR. 
The pore moisture suction p" exerts an internal iso­
tropic compressive stress on the concrete. Provided this 
compressive stress exceeds the swelling pressure 
generated by the ASR, the concrete does not expand. 
Data collected by Hobbs13 show that swelling press­
ures of up to 4000 kPa are possible as a result of ASR. 
All of these measurements were made in accelerated 
laboratory tests. In a real structure where ASR 
develops over years, rather than weeks, stress relax­
ation can be expected to reduce swelling pressures to 
less than 4000 kPa; 3000 kPa might be a realistic value. 
This corresponds to a relative humidity of between 97 
and 98%. · 

Results of moisture measurements 

Measurements were taken at intervals for a period 
of20 months and the results have been summarized in 
Figs 3(a) (period from April to December 1989) and 
3(b) (period from January to November 1990). Read­
ings were discontinued after it was decided, on the 
basis of the measurements, to rehabilitate the portal 
by demolishing and reconstructing length A' A the 
upper portal beam. Portions of these results have been 
published previously2

•
14 but this is the first time that 

the complete results have appeared. 
The upper portion of each set of results shows the 

variation of moisture suction with time, while the 
lower portion shows the corresponding rainfall, plot­
ted on a daily basis, and the 30-year mean monthly 
relative humidity (plotted for only one year). The 
measurements are identified by the depth of instal­
lation and the direction faced by the side of the 
haunch, e.g. 150 N is installed at 150 mm depth on the 
north-facing side of the beam. The measurements 
were started in April 1989, towards the end of the wet 
season, and it was found that suctions were negligible, 
indicating that the concrete was extremely wet. How­
ever, it is possible that at this stage the psychrometers 
were not yet in moisture equilibrium with the concrete. 
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Blight 

During the 1989 dry season the 150 mm-deep psy­
chrometers recorded large suctions, with 150 N (which 
faces the sun in winter) going out of the range of 
measurement and I 5d S (permanently in shade in 
winter) recording 2250 kPa. 150 W showed a dis­
appointingly low maximum suction of 1600 kPa. Only 
two of the 400 mm-deep psychrometers were in work­
ing order, and they too showed very disappointing 
maximum suctions of less than 1000 kPa. On the evi­
dence presented in Fig. 3(a), concrete that has cracked 
as a result of ASR will not dry out to below the 
limiting relative humidity of 97% in a single dry' 
season. Once the 1989 dry season was ended by rain 
in October, suctions plummeted once again to low 
values. 

At the end of October (although this was not part 
of the agreed programme of observation) the major 
surface cracks were cau)ked with a dry cement mortar 
and all surfaces of the beam A' A were treated with 
a cement-slurry-based waterproofing coating. This 
seemed, on the face of it, the worst possible time to 
carry out such a treatment, as the concrete was moist 
and the waterproofing treatment would serve to seal 
the moisture into the concrete; subsequent measure­
ments (Fig. 3(b)) were to confirm this. After some 
wide fluctuations in sudtion between November I 989 
and January 1990, conditions in the concrete stabil­
ized and suctions remained virtually constant for the 
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ensuing 1 I months. Very little change in suction 
occurred during the 1990 dry season, even though 
there was no rain for 14 weeks. A very stable moisture 
region had been established as a result of sealing the 
surface of the structure. 

Results of strain measurements 

Measurements of crack widths had shown that the 
concrete was still swelling in mid-October when its 
surface was sealed. Once it had been confirmed that 
suctions had stabilized at a low level, it was decided to 
measure surface strains in the vicinity of the psy­
chrometers to see ifthe sealed-in moisture had affected 
the swelling. 

Figure 4 shows the results of the strain measure­
ments made near the psychrometers. A 400 mm gauge 
length DEMEC strain gauge was used, and the 
measurements plotted in Fig. 4 have been corrected to. 
a temperature of 20°C. The measurements confirme 
that expansion was still occurring 28 years after the 
portal was constructed. Strains measured on the beam 
(Sand N) showed hardly any movement parallel to the 
beam axis (S- and N-horizontal) and up to 200 µe over 
7 months normal to the beam axis (S- and N-vertical). 
Strains measured on the western face of the haunch 
showed mainly horizontal expansion (W-horizontal), 
although anomalously large strains were recorded 
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" between October and November 1990. The water­
proof coating had visibly cracked by mid-September 
1990, 10 months after it was applied. 

Because previous measurements4 had recorded 
crack widths and not strains, it is not known if sealing 
and concrete accelerated the swelling, or had no effect 
on it. 

Conclusions and decision based on 
measurements 

The results of the psychrometer measurements, 
taken in conjuction with a separate study of water­
proofers for concrete, 15 demonstrated that it is very 
difficult to control moisture conditions in concrete 
structures exposed to the elements, particularly if they 
have cracked as a result of ASR. After much con­
sideration, it was decided to adopt solution (c)-and 

~o demolish and rebuild beam A' A. The decision was 
.,asically a political one based on a reluctance to 

appear indecisive about a solution to the problem, as 
well as a reluctance to continue indefinitely with a 
programme of monitoring. 

When the beam was demolished it was found that 
the concrete around the internal drainage ducts was 
visibly wet. Clearly what had happened in the com­
panion study15 had happened here as well. The plug­
ging of the inlets to the drains had not been successful 
and water continued to be fed into the interior of the 
concrete throughout the life of the structure. 

The conclusions for this study are thus as follows. 
Concrete cracked by ASR readily admits water 
through the cracks. This water penetrates deeply into 
the concrete, and does not dry out by evaporation 
even if there is a well-defined annual dry season. 
Previous tests 15 have shown that sound concrete 
absorbs incident water but then relatively quickly 
dries out again. Waterproofing such a structure 

-y means of a coating may seal moisture in. The 
accumulation of moisture within the concrete can be 
exacerbated by leaking internal drainage ducts. 
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PRE-DEMOLITION TESTS ON STRUCTURAL CONCRETE DAMAGED BY' AAR 

MG Alexander, G E Blight. BJ Lampacher 
Witwatersrand University, P 0 Wits, 2050, Johannesburg, South Africa 

A reinforced concrete double storey portal frame that was damaged by 
AAR was recently rehabilitated by demolishing part of the upper beam 
and reconstructing it. After outlining the history of the portal and the 
various investigations made on it in the past 13 years, the paper 
describes the results of a series of pre-demolition tests carried out on 
the concrete . 

INTRODUCTION - THE HISTORY OF THE CONCRETE 

In 1977 it was discovered that several of the reinforced concrete portal frames supporting 
an overhead section of the Johannesburg urban motorway system were severely cracked ( 1). 
An examination of cores taken from the damaged structures, as well as the form of the 
crack patterns, resulted in a diagnosis of alkali aggregate reaction as the cause of the 
damages. One portal (number C 1 5), was particularly badly damaged and became the subject 
of intense investigation. Figure 1 shows the dimensions of portal C 1 5 and records the 
various tests and remedial measures carried out in the period of 1 3 years that the portal was 
under investigation . 

The concrete is made of Witwatersrand quartzite fine and coarse aggregate. This 
quartzite is a mine waste rock that has been brought to the surface from depths of 1 000 to 
3000m. An analysis of the rock showed that its equivalent Na20 content varies between 0.1 
and 0. 7 percent. Analysis of the AAR-affected concrete, allowing for the alkali content of 
the aggregate, indicated that the equivalent Na20 content of the cement varied between 0.3 
and 2.6 percent with a mean for 13 analyses of 1.3 percent and a standard deviation of 0.8 
percent. As the concrete was 15 years old when the damage was discovered, and the 
construction records had been destroyed, the source of the abnormally high alkali cement 
has never been discovered. 

Full-scale Load Tests 

Because of concern for the structural safety of portal C 1 5, a full-scale load test was carried 
out in 1982 (2). Part of the preparation tor the test consisted of an elastic finite element 
analysis to predict the behaviour of the structure under load. The elastic modulus used in 
the analysis was based on laboratory measurements on cores taken from the structure, and 
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FIGURE 1 Portal C 1 5 - principal dimensions, test history and method of rehabilitation 

was determined at 18 GPa. It was concluded from the test that the appearance of the 
deterioration was more alarming than serious. The structure was at that time fully capable 
of carrying its design load and behaved predictably and elastically under load. 

Continuing measurements of crack widths showed that the AAR expansion was 
proceeding in the portal with ever-widening cracks, as well as the appearance of new cracks. 
A second full-scale loadtest was carried out in 1988 (3). The results were very much the 
same as those of the test carried out 6 years earlier. Figure 2 shows the predicted and 
observed relationships between midspan deflection of the upper beam of the portal and load. 
The load is expressed as a percentage of South African NA loading (125 percent of NA load 
corresponds to about 100 percent of British BS153 HA loading). Predictions were made on 
the two assumptions that (a) full moment continuity had been retained at the upper left hand 
(or west) joint of the portal (J in Figure 1) and (b) that continuity had been lost. The figure 
shows that the portal performed better than the prediction assuming full continuity at J. It 
also shows how well the results of the 1982 and 1988 load tests agreed, and how close to 
elastic was the behaviour of the portal under load. The actual modulus of elasticity of the 
portal was about 24 GPa, as compared with 18 GPa assessed from tests on cores. 

Moisture Measurements 

A series of measureme:its was started in April of 1989 to find if it would be possible 
to dry out the beam of the portal during the dry season and then coat it with a waterproof 
or water repellent preparation. In this way it was hoped to slow down, or even stop the 
AAR. Psychrometer moisture sensors were embedded in the concrete and a series of 
measurements was made over the next 19 months (4,5). The measurements showed that 
it is very difficult to control moisture conditions in concrete structures exposed to the 
elements and that short of jacketing the portal in a ventilated metal tube, it would be almost 
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imposkible to dry it out permanently. 
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FIGURE 2 Typical results recorded in two full scale load tests on Portal C15 

Continued Swelling of the Concrete 

Although crack widths had been measured on the structure since cracking was first 
discovered, no-one thought to measure swelling strains until April 1990, when the concrete 
was 25 years old. The measurements were carried out with a 400 mm Demec gauge and 
were corrected for temperature by means of thermocouples embedded in the portal. The 
results, shown in Figure 3, indicated that the concrete was still expanding (5). The expansion 
had probably been re-activated when the owners of the structure sealed its surface while the 
concrete was wet (4) thus sealing in the moisture and preventing the concrete from drying out. 

The cause of the continuing expansion was queried by Hobbs (6) who suggested that 
delayed ettringite formation (7) might be responsible. However a careful examination of 
concrete from the portal was unable to find ettringite or the structures and crystal growth 
patterns associated with delayed ettringite formation. 

Other Remedial Measures 

While the moisture condition of the portal was being studied, other more drastic measures were 
also under consid..;ration. These included 

(a) Demolishing length A' A of the upper beam (see Figure 1) and reconstructing it in 
reinforced concrete exactly as before, except that low alkali cement and non-reactive aggregate 
would be used. 
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FIGURE 3 Measuroo expansion on beam of Portal C15 recordoo shortly before demolition 

(b) Augmenting the strength of A' A by means of bolt-on steel splints; and 

(c) Replacing A' A with a bolt-on steel beam. 

Eventually it was decided to adopt course (a) and to demolish and rebuild A' A in 
reinforced concrete. The decision was not taken for purely technical reasons -it being accepted 
that the structure was adequately safe and would continue to be so for many years to come. 
It was basically a management decision based on a reluctance to appear indecisive about a 
solution to the problem, as well as a reluctance to continue indefinitely with a programme of 
monitoring. 

PRE-DEMOLITION OBSERVATIONS 

Prior to defining the extent of demolition of beam A' A, tests were made to establish the 
properties of the existing concrete at the proposed junction of the new and old sections. Three 
horizontal cores were taken on the vertical line indicated in Figure 1. The cores penetrated the 
full 1240mm thickness of the beam and were drilled at roughly 500mm vertical intervals. 

Compressive Strength 

The cores were divided into suitable lengths for testing and one piece from each core was tested 
for compressive strength. Considering the results of earlier tests, it was not surprising to find 
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a mean compressive strength of 31 MPa, whereas the design strength had been 4500 psi or 31 
MPa. Although the concrete showed signs of deterioration, the cores appeared to be in better 
condition than some of the concrete in A' A. 

Ultrasonic Pulse Velocities 

A measurement of ultrasonic pulse velocity (UPV) was made on each piece of core prior to 
further testing. The ultrasound pulse was transmitted along the axis of the core in each case, 
thus simulating horizontal transmission through the thickness of the beam. 

The results of the measurements are shown in Figure 4(a) where they are compared with 
the mean UPV established for the better quality concrete in beam A' A during the 1988 tests 
(3). As the figure shows, the mean UPV of 4.09 km/s measured on the cores was very close 
to the mean UPV of 4.07 km/s measured in situ in 1988, prior to the second full-scale loading 
test. 

FIGURE 4 
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(a) Ultrasonic pulse velocity and (b) modulus of elasticity measurement on cores from Portal 
C15 

Figure 4(a) shows the measured UPVs plotted against the position of the cores in the 
thickness of the beam. There appears to be no particular pattern in the measurements, no 
indication, for example, that concrete from the heart of the member had deteriorated less than 
concrete from close to the surface. 
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Modulus of Elasticity 

The static modulus of elasticity was also measured on the cores. These results are plotted in 
Figure 4. In considering Figure 4, it must be remembered that the measurements represent 
moduli measured in what would have been a horizontal transverse direction in situ. 

Individual measurements ranged from 15.5 GPa to 21.1 GPa with a mean value of 18.1 
GPa. This is close to the value of elastic modulus of 18 GPa chosen in 1982 and again in 1988 
for the finite element analyses and shown by the loading tests to be reasonably representative 
of the structure's behaviour (although the elastic modulus for the structure exceeded 18 GPa). 
Here again, there is no indication that the heart concrete was of any better quality than conc:-ete 
from closer to the surface of the member. 

Swell-Under-Load 

Some of the cores were subjected to swell-under-load tests to assess if the concrete was still 
expansive, and if so, to estimate the residual swelling pressure. 

The cores were mounted in modified soil testing oedometers which enabled a constant 
axial stress to be applied via dead weights and a lever system. The axial strain of the 
specimens could be measured by means of dial gauges reading to O.OOlmm, enabling a strain 
of 5 x 10-6 or 5 µe to be resolved on a specimen 200mm Jong. The specimens were enclosed 
in a jacket over distilled water, and the tests were carried out at a constant temperature of 23°C. 
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FIGURE 5 Swell under load versus time relationships for cores taken from Portal CIS 

Figure 5 shows the observed relationships between swell-under-load and time. The 
constant stress applied to each specimen is indicated next to each curve, and so is the distance 
from the north face of the beam at which the core was taken. It will be seen that free swells 
of over 450 µ e were recorded and that strains of close to 250 µ e occurred under a confining 
stress of 1 MPa. Swelling strains over a period of 4 months were of the same order as those 
observed previously over a similar period on the surface of the beam (Figure 3). 

Figure 6 shows the approximate equilibrium swell strains plotted against the 
corresponding confining stresses. Extrapolating the trend lines of swell versus stress to zero 
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swell strain gives an indication that the fully restrained swelling pressure of the concrete was 
in the range of l to 2 MPa, even after 25 years of exposure to the elements. Again, there is 
no indication that the samples from closer to the axis of the beam were more expansive than 
samples from close to the surface. 

FIGURE 6 
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CONCLUSIONS 

The results of the pre-demolition tests have largely confirmed the conclusions reached on the 
basis of earlier laboratory tests on cores from the structure and the two full-scale load tests: 

The strength of the concrete generally remained above the design strength of 31 MPa. 
This conclusion had been reached in 1981 (1) and was confirmed a number of times in later 
years. There were, however, zones of concrete where the strength fell below 31 MPa. Even 
in the pre-1981 tests, the strengths of certain cores were as low as 12 MPa. 

Ultrasonic pulse velocities have been used by the authors primarily as an indication of 
the degree of internal disruption of the concrete. The agreement between UPVs measured on 
cores and the in situ measurements made in 1988 supports the view that this is a valid and 
repeatable procedure. However, the in situ measurements made in 1982 and 1988 could not 
be reconciled, for reasons that remain unknown. 

The agreement between elastic moduli measured on cores and the value that could be 
deduced from the full-scale loading tests shows that the properties of the concrete were 
reasonably isotropic and non-directional. It also demonstrates that valid predictions of the 
behaviour of full scale reinforced concrete structures can be made on the basis of engineering 
properties established by sampling from the structure. This is a most important conclusion, for 
it shows that the behaviour of AAR-affected structures can be predicted on the basis of 
properties measured on sample cores. 
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The measurements shown in Figure 3 indicated that the concrete was still swelling in 
situ shortly before beam A' A was demolished. Although this swell had probably been re­
activated by sealing the surface of the beam at a time when the concrete was wet, it showed that 
relatively old concrete may retain a swell potential. 

This observation has been confirmed by the results of the swelling tests shown in 
Figures 5 and 6. Given access to moisture, the concrete is not only capable of swelling by up 
to 500 µe, but can exert fully restrained swelling pressures of between 1 and 2 MPa. 

Fina!ly, it appears that the whole volume of concrete comprising beam A' A was more 
or less equally affected by AAR. There do not seem to be any gradients of properties that 
would indicate a progression of the reaction from the outside of the concrete towards the axis. 
However, this may be because during the relatively long period for which the concrete has been 
subjected to AAR, these gradients have formed and disappeared. 
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7. ASSESSING DESIGN LOADING ON BINS AND SILOS FOR STORING BULK 

MATERIALS 

7.1 

CONTRIBUTION TO LEARNING 

Pressures in silos have been measured before. It has been unusual to embark on the 

measurement of pressures in a full-scale silo, and very few researchers have measured 

pressures in more than one full-scale storage structure. The author has embarked on 

a systematic campaign of measurement during the course of which twenty full size 

structures have been studied. These have varied from 5.5m in diameter to 25m in 

diameter and from 250 tons to 1 5000 tons in storage capacity. Materials stored have 

included coal, grain of various types, sugar, cement powder, and asbestos ore. 

Out of the work has come a very much improved understanding of the pressures 

exerted by particulate materials on storage structures. The picture that has emerged 

is a much simpler and more rational one than that embodied in current silo design 

codes, even codes that are presently still in draft form. 

DESIGN LOADING ON SILOS 

CONTRIBUTION TO LEARNING 

The seven papers in this section progressively summarize the results of measurements 

as they became available and compare these results with the predictions of current 

silo design codes. The series culminates in papers 7 .1.6 and 7 .1. 7. Paper 7 .1.6 

advances a very simple view of design pressures in silos. It points out that 

Arching is unreliable and may or may not occur in a silo; 

hence the design pressure distribution should be linear with depth. 

Pressures in the hopper portion of a silo should be treated as an extension of 
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those in the cylindrical portion. 

Temperature surcharge pressures may form a substantial proportion of the 

load carried by a silo. 

Pressure distributions are likely to be non-uniform and this non-uniformity 

should be allowed for in design. 

This paper drew a great deal of criticism in discussion. To present a balanced view, 

both the discussion and my reply have been included. 

The view that the design pressure distribution in a silo should be taken as linear has 

recently been vindicated by the failure of a reinforced concrete coal silo that was 

designed in 1981 for a pressure distribution calculated according to the Walker theory. 

The Walker theory is a version of the Janssen arching theory, and also allows for a 

concentrated overpressure at the junction of the hopper and cylindrical portions of the 

silo. This pressure distribution is far less in magnitude then that advocated by 7. 1 .6, 

even with the overpressure. The silo cracked very extensively over a height of nearly 

30m but was kept in use for a period of nearly 10 years, because (incredibly) no-one 

appears to have noticed the cracks. The attached diagram shows that if the linear 

pressure distribution according to 7 .1 .6 had been operative, the hoop steel provided 

in the silo wall would have yielded or have been close to yield at three points up the 

height of the silo. This is what seems to have actually happened in this case. The 

silo is currently under repair by constructing an outside reinforced concrete shell to 

augment the strength of the existing shell. 
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7. ASSESSING DESIGN LOADING ON BINS AND SILOS FOR STORING BULK 

MATERIALS 

7. 1 DESIGN LOADING ON SILOS 

7.1.1 Blight, GE (1986). Structural loading on the walls of rapidly filled silos. Encyclopedia 

of Fluid Mechanics, vol 4, Solids and Gas-Solids Flows (N.P. Cheremisinoff, Ed.) pp. 

195-219. 

7.1.2 Blight, G E (1986). Pressures exerted by materials stored in silos : Part 1, Coarse 

materials. Geotechnique, vol 36, No 1, pp 33-46. 

7.1.3 Blight, G E (1986). Pressures exerted by materials stored in silos Part 2, Fine 

powders, Geotechnique, vol 36, No 1, pp 47-56. 

7.1.4 Blight, G E (1988). A comparison of measured pressures in silos with code 

recommendations, Bulk Solids Handling, vol 8, No 2, pp 145-153. 

7. 1 . 5 Blight, G E ( 1 988). Design loading for grain silos - intention and reality. International 

• Summer Meeting, American Society of Agricultural Engineers, Rapid City, USA, 12 pp. 

7 .1.6 Blight, G E (1990). Defects in accepted methods of estimating design loading for 

silos. Institution of Civil Engineers (London), Proceedings Part 1, vol 88, pp 1015-

1036. Discussion and reply, (1991) vol 90, pp 1077-1088. 

7 .1. 7 Blight, G E ( 1992). Temperature induced loading on silo walls. Structural Engineering 
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CHAPTER 6 
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INTRODUCTION 

This chapter deals with the pressures exerted on the walls of slorag..: ,jJ.,, "hen they arc rapidly 
filled with fine powders. There arc many line powders that arc <lf ..:1>111111..:r..:ial i111p11rta11..:.: an1I \\ hid1 
are produced and stored in larg.: volumes. Ex;1111plcs arc c.:llle11r I'"'' d..:r. .:cmcnt r;iw lll.:al. "heal 
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flour and powdered limestone or chalk. Figure I shows particle size distribution curves for some 
typical line products. Generally 80 to 90'.";. or the particles are in the size range between 0.1 mm 
and O.llOI 111111. The rate at which fine powders are loaded into storage silos may be very large, 
especially if the decantation is intended to produce a measure or blending. For example, in a recently 
commissioned facility l 1 J the storage silos were designed for a maximum rate or rise or the fill 
surface or 35 mih 1115 rt/h) during filling. When a fine powder is rapidly loaded into a silo it entrains 
a l::trge proportion by volume or air. The powder is deposited in a very loose state and then compresses 
as rurther merhurden is deposited on top or it. 

The pressure exerted on the silo walls at any depth below the fill surface is made up of two 
components: that exerted hy pressure in the entrained air and that exerted by the solid particles, 
the interr.ranular pressure. The total horizontal pressure uh can thus be written as the sum or the 
intergr~nular pressure u~ and the pressure in the entrained air, or pore air pressure, p.: 

17h = p. +IT~ (la) 

The l·omprcssion or change in volume 11f the powder and its internal friction and friction against 
the walls or the silo is controlled hy the intergranular pressure. not the total pressure. This is a 
sulliciently important point to warrant re-writing Equation la as 

(lb) 

The re lathe 111agnitude or the initial value of p. varies with the speed of filling and with the fineness 
of the powder. With extremely rapid rates or filling. p. may be large enough to support much of 
the weight of the solid particles. ln this case u~ will be small and the powder will be partly fluidized. 
As ti111e passes after the deposition of a particular layer orfill in a silo. the entrained air will gradually 
cxcape. Pa will diminish and 11 1~ will increase. Ultimately. all the entrained air will have escaped, 
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Figure 1. Particle size distribution curves for typical fine powders. 
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p. will equal a·tmospheric press·ive (zero gauge) and 

(le) 

The pressure for which the wall of a silo requires Ill he designed depends on the c11111plcx relation­
ship between the rate of lilling. and hcm:c the rate al whid1 ovcr-hurdcn stress huilds up in thc silo 
at a given kvd, the compression of the lill, and hence the generation of pore air prcs>ur..: within its 
voids, and the rate: at which the pore air prcssur..: can dissip;1te. Thcsc processes decide on th.: huild­
up of friction on the silo walls which in turn, has a considerable ..:lll:ct 1111 th.: lwriLontal pr..:s>uri:. 

Before procec:ding to consider the silo problem, therefore, it is n..:cessary Ill consider some of the 
fundamentals of solids-void space geometry in powders and of the compression and the: llow uf 
air through powdery materials. 

Throughout this chapter, n:fen:nce will he made to measured parami:h.:rs that arc in con11111111 
use in geotechnical and silo engineering. Decause methods of measuring the>e are described in dct•1il 
in a number of standard geotcchni<·al engineering ll:.,ts. the reader is rdl:rrcd lo 11<111(..s >llch '" 
those by Lambe amt Whitman [ 2 J. I.cc, While and Ingles L 3 J and I !arr [ -t J ra1h.:r than ro.:p.:;11 •lc­
scriptions of test apparatus and methods here. 

SOLIDS-VOID SPACE REL\TIONSlllPS FOR POWDERS 

The state of packing' of the parti.:lcs in ~1 powder rnn he descrih.:d in i.:rms of four parameters: 
the particle: relative density or spc:cilic gravity G,. the void r;1tio e, the: p.1r,1sity n, and the d.:nsity 
or unit weight j'. The partid.: rdalivc di:11>i1y <i, is th.: ratio of th.: mass of unil 111lum..: uf si•lid 
particle to the mass of an equal rnl11111.: of w.1tcr. Th.: void ratio c is th.: ratio of th.: rnlum.: ,,f 
void spaL-e in a given mass of pow·d.:r 111 th.: 111111111..: rn:cupi.:d by th.: solid partid.:s. Th.: powsity 
n is the ratio of the volume of voiJ >pa<:c: to the tot;1I volunic: of powJcr. Th.: unil w.:ight ;· is th.: 
weight of unit volume of powder. 

The solid-to-void space: relationships f,1r ;1 powder can he idcali1cd as shown in Figur.: 2 in 
which all the void space has h.:en lumpcJ 1ogc1hc:r to giv.: rnid l'lllt1111.:..: while thc solids ha1c 
been lump<':! together to give unit ,.1hd• volume. The rdatiomhips b..:111.:cn lhc four param.:tcrs 
G,, e, n, and }' can then be summan1.:J J,: 

e 
n=--

l+e 

G,J'w 
y=-­

l+e 
t2h) 

In Equation 2b, Yw is the unit weight o( waler and i' has units of kN/mJ, lhf ftl, kPa/m or lhf;fl i, ft. 

Void -+-- ~-~-...... -~ 16 e l e 
vol um~ ~ 

11 Solids 

Figure 2. Solid-void space relationships 
for powders. 
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TllE COl\1PRESSION OF FINE POWDERS 

The compression of a fine powder is governed by the increase of intergranular pressure according 
to the equation 

6e 

l+e 
-C 6u1 

where e = the void ratio, 
6e = the change in void ratio resulting from a change in intergranular stress 6u1 

C = the variable compressibility of the powder 
6e/I + e,,., the volumetric strain of the powder 

(3a} 

If the rnid ratio t•f a powder is plotted against the logarithm of the intergranular stress, a linear 
relationship results as shown in Figure 3 [5]. It is evident from the parallelism of the four experi­
mental curves in Figure 3 that the compressibility of a powder at a given intergranular stress is only 
slightly alTcctcd by the initial void ratio. The curves in Figure 3 all start from an initial intergranular 
sires~ of ~~ k l'a (.Vi psi). Separate measurements indicate that most pow•lers have void ratios of 
about :u to 1.8 at zero intergranular stress i.e. when deposited. When a powder is compressed 
witl111ut allowing the p1•rc air to escape. (i.e. if the compression is undrained) the pore air pressure 
im:rease_s ac(·ording t(l· lloylc's law. Hence. it can be shown that the change of air pressure ~p. 
prodm:cd by a diange of void ratio 6c is given by: 

6p, -6e 
(3b) 

r. e + i\e 

Usually. 1\e '~'1,ulJ be negative in sign, hence compression of the powder will result in an increase 
iri p,. 

0 
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Figure 3. Compression curves for a fine powder (cement raw meal). 
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It is frequently useful to express the pore air pressure generated by an undraim:d compression Ae, 
in terms of the corresponding increment of total stress Au, thus: 

Ap. 
Ap, = B, Au or B. = -. -

Au 

B. is known as a pore air pressure parameter. From Equation 3b: 

p.. Ae 
B =--·--

• Au e + Ae 

(3c) 

(3d) 

Values of B, for fine powders arc generally in the range from 0.05 to 0.2 although measurements by 
Murfitt and Bransby (6] indicate that B. could approach 0.5 in very loose: powdc:rs. An indication 
of how compressible a powder has to he before B. can approach 0.5 is given by th.: following analysis: 
Suppose Au= p. = 100 kPa (I atmosphere) and R. = 0.5. Then from Equation 3d Ac~ -c/.l or 
Ae = -0, 6 if e = 1.8. A glance at Figure 3 will show that a change of void ratio of this magnitude 
is extremely large. · 

TIIE FLOW OF AIR THROUGH FINE POWDERS 

Steady flow 

The steady-state flow of air through the pores of a fine powder can be described hy Fick's law (7], 
according to which 

om.= -F iJp3 

ot iJz 
(·fa) 

where ilm, = the mass velocity of flow, i.e. the mass of a;r !lowing normal to unit area of pow-
iJt der cross-section per unit time 

0~· = the pressure gradient in the direction.of llow, the z-direction, and 
c•z 

F = a transmission constant having units of time (e.g. sccunds ur lhlurs) if the prcs­
surc gradient ts exprcsscd in units of force pcr unit area pcr 1111il time 

As shown hy Figure 4A, Equation 4a only holds approximately as the rclalionship hetwcen mass 
velocity and prc:ssure gradient is not complctdy lincar. I lowcver, pro\'idcd thc rangc of prcssurc 
gradients or mass velocities that is of interest is not too largc:, Equation 4a givcs a rcasonahly ac­
curate rc:presc:ntation of the steady-stale llow of ;tir through a fine powdcr. If thc equation uf state 
of air is taken to be 

ROm. 
p,v.=-­

w. 
(4h) 

where Pa is the absolute pore air pressure, v. the volume of air, w. the mokcular mass of mass 
m, of air;() is the absolute temperature and R the universal gas constant, Equation 4a can be rc:1vrittc:n 
in terms of a linear flow velocity, v. as 

v, = -FRO~ op, 
w, p, iJz 

(4c) 
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Figure 4. (A) Relationships between pressure gradient and mass velocity for flow of air through 
dry porous solids. 

Unsteady Flow 

When considering the escape of entrained air from the pores of a powdery silo fill, one is con· 
ccrm:d with the phenomenon of unsteady now of air from the pores of a material that compresses 
as the air escapes. In the case ofsicady flow, it did not matter whether the powder was compressible 
or rii:?id. Because steady-stale conditions were being considered, the void ratio of the powder was not 
changing. 

Consider an elemental volume of fixed size dxdydz in a powder through which air at constant 
temperature is !lowing in the z-dircction only. 

The houmlaries of the clement arc fixed in space and the powder within the element has a 
pt1rosily 11. If m, is the mass of air entering the element in the z-direction in unit time, then using 
fick"s law. 

tp 
m, = nF~dxdy 

1:z 
(4d) 
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If m, is the ma_ss of air contained in the element at any time, then for mass continuity of air, 

i'm tm 
--'=-•dz 
i't tz 

From the equation of state for air, 

\\' 
m, = -~np, dxdydz 

Rll 

and hence from Equations 4d and 4e, 

11 FRO <1 1'p • 
~. np. ~ - --· n -· 
i:t w. 1'z 1'z 

This di!Terential equation describes the unsteady flow of air through a compressing powder. 

(4e) 

(4f) 

(4g) 

To solve Equation 4g. it is ncc:i:ssary to relate changes of the porosity n to changes in pore air 
pressure p,. whic:h can be d<•m: by using Equations 2a and 3d. However, a closed form solution 
cannot be obtained and each situation requires its own numerical solution. 

Foriunatcly, howe\'cr. the e!Ti:c:t of the powder compressibility is small. If the powder is assumed 
for the moment to be rigid. Equation 4g reduces to 

11 p, FRO 11 2p, 
,:1 -w-;: ~:Zi .. (4h) 

This equation is linear and rnlutions for a number of initial and boundary conditions have been 
published. figure 4D L 7 J <:ninparcs the results of three sets of measurements taken during the 
unsteady one-dimensional flow or dissipation of air from the pores of three separate specimens 
of fine kaolin powder. The theoretical flow solution corresponding to Equation 4h has been fitted 
to the observations at a time corresponding to 50% equalization with atmospheric pressure of the 
air pressure at the inJi>Cn iou~ base of the specimen. Actually, the time t divided by the square 
of the maximum drainage path length II has been used as abscissa in Figure 48. t/H 2 is plotted 
to a logarithmic scale to ,·ompr~5 the time axis. In each case the specimen was compressed 
isotropic:ally under undrained conc.Jitwn5. Drainage of air was then allowed to proceed from one 
end of the specimen while 1.:hang~ 111 pore air pressure were measured at the opposite (imperme­
able) boundary. The experimental results deviate from the theoretical curve by a maximum of 14% 
at a gi,·en time. HerKe. an an,·ptahlc error is incurred if Equation 4h is used to describe the 
unsteady llow of air throu!!h a n•mpressihle powder. rather than the rigorously correct Equation 
4g. Figure 4D also illustrates <•ne metlwJ of evaluating the constant 

FRO 
c=-­

wa 
(4i) 

in Equation 4g. The adual ';tluc ,,ft 11 1 at which 50~~. dissipation of pore air pressure occurs is 
compari:d with the ct>rre'J"'lllling thcorc11cal value of ct/H 2. and hence c is found. 

Alternatively. hecausc the pore .ur pre<sure and the compression of the powder arc related via 
l'quations I band Ja. the!''"'''"'' ,,f J"•rc air pressure dissipation can be followed by observing the 
lime c<>mpression rnne [,,, the I'<""''" as shown in Figure 4C. The degree of equalization is 
simply taken as the n•mpn·""'" .11 tune t di\'ided by the total compression undergone by the 
p<>wdcr. Jn Figure 4C the tune .._·ale hJ• lieen compressed hy plotting to a square root scale. c is 
aj!ain found by comparin!! the ••h<crH-c.J t,'11 2 wilh the theoretical value or ct/H 2 for a given de-
gree of equalization. . 

For line powders, values 1>f c t~prcally fall within the range 5 m 2h- 1 to 50 m 2h- 1
• 
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STRAIN CONDITIONS IN A POWDER DURING FILLING OF A SILO 

When a fine powder is rapidly decanted into a silo, it is able to compress or strain vertically, 
but is prevented rrom straining laterally by the relatively rigid walls or the silo. The powd.:r is lhus 
subjected to one-dim.:nsional compression with 7.cro·lakral strain. 

An approximate relationship can he obtained helwe.:n the horizontal and vcrlical intergranular 
stresses in the powder during this process ir the grain skelc.ton of 1he powder is assumed to h.: das­
tic, or more correctly, ir a linear relationship is assumed between intergranular stress and stram. 
The corresponding relationship between horizontal stress and strain is then 

(5a) 

in which E and v are respectively the equivalent Young's modulus and Poisson's ratio of the powder, 
and i;h is the (zero) lateral strain. Hence, 

u~ " -=Ko=--u! 1 - v 
(5h) 

K0 , the ratio of horizontal lo vertical intergranular stresses, is known as the "coeflicienl of lateral 
pressure at rest" in which the words "at rest" indicate the condition of zero lateral strain. for an 
incompressible material, v = ! .and K0 = I, while for v = !. K0 = !. 

Several empirical relationships have been suggested between K 0 and the angl.: of shearing re­
sistance </> 1 of granular materials. The most commonly used of these are due to Jaky, 

K 0 =I -sin </> 1 

and Reimbert, 

900 -<J>I 
Ko= 900 + </>1 

See, for example, Harr [ 4]. 

(5c) 

(5d) 

Ir </1 1 = 30", K0 = t for Equations 5c and 5d, whereas if 1p 1 = 21Y, K11 = 0.66 hy Jaky and 0.64 
by Ri:imbcrt. In practice, it is more rcliahle to measure K0 in the lahoratory, especially as Fquations 
5c and Sd apply only to the first loading of a material. Ir the material is unloaded, K0 ceases to 
be a constant ratio, and increases considerably. 

There are many methods of measuring K 0 for fine powders pq, but all involve the principle 
or compressing a material vertically under a series or measun.:d stresses, whilc simulwneuusly pre­
venting lateral strain and measuring the lateral stress that is generated. During this process the p1>r<: 
air pressure must be controlled or measured so that the intergranular stresses can he d.:t.:rmi111.:J 
in accordance with Equation lb. 

Figures 5A and 58 show measured relationships between a! and a~ in .:cment powder and 
cement raw meal. In neither case is the ratio K0 constant over the entire stress range, hut t.:nds to 
decrease from a value or about 0.7 at low stresses to 0.5 al higher stresses. Th.: dTccts of unloading 
or stress reversal are not relevant to this chapter, but it should be noted that K., increases immediatdy 
unloading occurs. 

Figures 5A and 58 each compare results ohtained using the oedomcter apparatus with thos.: ob­
tained by means of the triaxial cell. The reader is referred to the paper by Ofor and Blight I Sl fiH 
full details of the test methods. 

INTERNAL FRICTION AND WALi, FRICTION IN Sii.OS 

Both internal friction (or shearing resistance) amt friction on the walls of ;1 silo arc a f11n~ti,u1 of 
the intergranular stress a' on thc shearing surface. Internal sh.:aring resistance r can he charactcri1cd 
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Figure 5. (A) Relationship between vertical and horizontal intergranular stresses for K0 com· 
pression of cement powder. (B) Relationship between vertical and horizontal intergranular 
stresses for K0 compression of cement raw meal. 

by the equation 

r = tr 1 tan </> 1 = (11 - p.) tan cji 1 (6a) 

in whkh </> 1 is the angle of shearing resistance. Shearing resistance generated on the wall of a sifo 
can be described by 

r = n' tan ,) 1 =(tr - p.) tan ,) 1 (6b) 

in whid115 1 is the angle of wall friction. Note in both Equations 6a and 6b that if Pa= u, the shear· 
in!! resistance will he zero. (Reference lo this point is made later.) 

,) 
1 and •/• 1 arc not generally equal as ,) 1 depends on both the characteristics of the wall surface 

and 1hc powder. while t/>' dqil•mls only on 1he di:mu:leristics (>f the powder. However. for walls 
lhal an: rough rdalivc to lhc particle size or the powder, such as those of a reinforced concrete 
sil,1. ,i' and </> 1 can be equated with litlle error. 

rigure 6A shows the shearing characteristics of a typical fine powder. in this case, a cement raw 
meal. . 

Figure 6B shows a typical stress-strain characteristic measured in a triaxial shear test while Fig· 
ure 6A also compares the internal shearing characteristic of the meal with the wall friction charac· 
lcrislic for meal on concrete. 

Figure 6C shows the innuence or relative movement between the fill and the wall on the angle 
of wall friction. When the fill is moving relative lo the wall. the angle of wall friction increases to 
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Figure 6. (A) Shearing characteristics of cement raw meal. (8) Stress-strain characteristic for 
triaxial shear of cement raw meal. (C) Effect of relative motion or:rangle of wall friction between 
cement raw meal and concrete surface. • 
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above tlte static value, in this case by 2°. As the angle of wall friction appears as the tangent in Equa­
tion 6b this co_rresponds to a deviation of only about 4% from the static value. Values of q, 1 are 
similarly affo;tc<l, Sia tic <fi 1 values for powders being slightly less than dynamic values. 

LOAD TRANSFER TO THE WALLS OF SILOS 

/\s de~cribed in earlier. when a silo is filled, the fill is able to compress vertically, but lateral 
strain is prc\'cntcd by the presence of the walls. The ratio of lateral to vertical inlcrgranular stresses 
is therefore represented by K0 • Because the lill moves downward relative to the silo walls. wall fric· 
tion is generated. which transfers so111e of the vertical stress into the silo walls. This action is illus· 
tratetl hy Figure 7. which shows the stresses acting on a typical elemental slice of fill at depth z 
below t[lc lill surface in a cylindrical silo having diameter D. By considering vertical equilibrium of 
the element, the foliowing differential equation may be derived: 

or 

du, { · .\u.-:- p.) } 
-="}' 1-----
dz (u. - Palm•• 

where 

}'D 
(u, - p.) max= - tan ,5 1 

4K0 

(7a) 

(7b) 

(7c) 

Equation 7b may he integrated lo obtain the distribution of u, for any given distribution of p. 
with z. For example. if Pa is zero. the differential equation integrates to the well-known Janssen 
equation: 

O' 
--·- = {1 - e->·z/n.,.lm811)} 
u,(max) 

Element 
of fill 

Fill, density 

(5 

Ov + dOv 

Silo diameter D 

z 

Figure 7. Stresses acting on an element of fill in a silo. 

(7d) 
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yD 
in which u.(max) = b (7e) 

4K 0 tan 

In this case 

whereas in the more general case of p. # 0 

(7g) 

It is clear from the form of E4ua1ions 7J anJ 7c 1ha1 a, increases exponentially from zero al the 
fill surface towards an asymptotic value a,(ma~l. When a,(maxl is attaineJ, the weight of the fill de· 
men I in Figure 7 is just supported hy the frictional forces on lhe walls of the silo. Ex;unpks of pressure­
deplh curves calculated from Equations 7d anJ 7c: ar.: giv.:n later. 

The effect of uh is lo induce hoop tension in 1hc w;ills of" circular silo anJ henJing and axial ten· 
sion in the walls of a rectangular onc. Al a given Jeplh z. the total loaJ to he supporh:J is the 
weight of the fill above z. plus 1he wc:ighl of 1he >ilo walls. The dilTerem:e between lhe verlical load 
carried by the fill, namely 

and the weight of fill plus walls is carried by an axi;il stress aw in the walls which amounts to 

D 
a =-(yz-a) 

w 4t v 
(7h) 

where t is the wall thickness (and the weight of 1he w;ills has been neglected). 
If the silo walls are constructed of rc:inforced concrc:te. t is relatively large and "• gcncrally of 

no consequence. However, in the case of a ,1cd ,110 I is usually only a fc:w millimct.:rs (or eighths 
of an inch) and uw is often the stress that g<l\crns the: design of the silo. 

For the case of particular concern in 1his chapter. P. varies both with lime. according lo F.4ua1ion 
4g or 4h and with stress. according lo F411.1l1<•n ·'"· For an analytical solution I<• silo pn:"urcs. ii 
is therefore necessary lo snlvc Eq11a1101h .1.t. ~h .. 111<1 7a si111111lam:o11sly. 

El\IPIRICAL SOLUTION TO PRt:.SSlllH.'i IN A ltAPll>I.\' 1"11.1.EI> Sll.O 

Martens [9] carried out laboralnry--..-.ilc rc,c.ir.:h 11110 the effei;ls of rapid filling of silos wi1h line 
powders. He used an instrumented modd '"'' of ti II m f 2.62 fl) diameter and 5.5 111 f 18.04 fll high, 
but was apparently only able to measure h•l.d horw1ntal pressures, uh. No attempt was made lo 
measure pore air pressures. The ma1c:nal> thcd wn,istc:d of powdered limestone. c.:ment powd.:r, 
and wheat flour. He came to the concl1i.wn 1ha1 1he profile of oh in the zone affeci.:d by the spc:c:J 
of filling could be represented cmpirii:ally hy lwu ,1ra1gh1-linc relationships: 

ab= 0.8 j'Z t8a) 

with a vertical cut-olT at depth z given hy 

z = (v - v0)t (8b) 

In the above,}' is the density of the po,.Jtr 1n 11s loosest stale.vis the filling speed or rate of rise 
of the fill surface in the silo; and v0 is a 111111111111 lilling ,peed. If v and v0 ar.: expressed in mh'. l 

is taken as I hour. Table 1 summarizes 1hc: ,,dues ,,f :·and v0 established by Martens for his three: 
materials. 
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Table 1 
Properties of Materials Tested by Martens [10) 

Material 

Powdered limestone 
Cement powder 
Wheat flour 

(kN/mJ) 

13.5 
15.5 
7.0 

Minimum 
Density 

}' 

(lb/ft3 ) 

84 
97 
44 

Limiting filling 
speed 

Yo 

(m/h) (H/h) 

1.40 
2.60 
4.80 

4.6 
8.5 

15.7 

Some of J\fartcn"s detailed results were published by Pieper [IOJ and are shown in Figures 8 and 
<J. which also slww pressure-depth .:itr\"cs calculated according to the German standard for silo 
design DIN IO.'i.'i (I %4). which is based on Equations 7d and 7e. It will be noted from Figures 8 
and <J that Martens did not in\"esti!?ate pressures d11ri11g rapid filling but only the conditions at the 
completion of rapid· lilling. and subsequent pressure changes as the entrained air escaped. 

Martens' work was subsequently extended hy Nothdurft et al [t IJ. who proposed a second 
e111pirid1l relationship: 

crh• == (min;·J;t.K1.:/R 3.6 (in units of kPa) (Sc) 

where crh• = the maximum horizontal pressure 

E 
_J 
_J 

u: 
u. 
0 
I-
I 
('.) 

w 
I 

5.5 

5.0 

4.0 

3.0 

2.0 

1.0 

(min;·J - the minimum density of the powder 
v = the rate of rise of the lill surface 
t, = a characteristic settling or de-aeration time for the powder 
R = the hydraulic radius of the silo (the ratio of cross-sectional area to perimeter), and 

K1 = the ratio of the total horizontal to vertical stresses in the fill 

Cement 
11= 14 kN/m3 

------+- Din 1055 
~..,, 17 kN/m3 
be= ¢' = 20° 
K '0.5 

Minutes after 
completion of 
filling 

0o 2 6 10 14 18 22 
Figure 8. Variation of horizontal 
stress with time after completion of 
model silo filling with a fine powder 
(after Pieper [10)). dh kPa 
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Pulverized lime 
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6=<//.: 25° 

T' 
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completion of 
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22 

Figure 9. Variation of horizontal stress with lime after completion of model silo filling with a 
line powder (after Pieper [10]). 

Values for these variables, recommended by Pieper, Martens, and Nothdurft [t t] are giwn in 
Table 2. 

·Recently, Martens (12] has expressed the opinion that Equation Sa could be relaxed to 

O'b = 0.6yz (8d) 

\ Note that the implication of both Martens' and Nothdurft's equations (!!a-d) is that if the filling 
·velocity is high enough, the fill will remain semi-tluidizcd (i.e.,"• = 0.6)'z to O.!!;·z) throughout filling, 
no matter how deep the silo. If"• = ).yz and "• = }'Z (i.e. if the silo action dcscrih.:d carli.:r is ig­
nored), it can be shown from Equations la and Sb that 

J.-Ko 
p =---}'Z 
• I - K0 

(8e) 

Table 2 
Values of (min)'), t. and K, According to Nothdurfl et al [11) 

(mlny) 
t. 

Material (kN/m3) (lb/ft3) (h) K, 

Powdered limestone 11 62 0.24 0.55 
Cement powder 13 81 0.19 0.53 
Wheat Hour 6 37 0.14 O . .l I 
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Hence. if K0 == 0,.5 

p. = (2). - l))'Z (Sf) 

Nole that only if/. ~ I will p, = )'7.. In olher words, according to Equation 6b, only if ,t = I will 
no frictional lransfcr of load to the wall of the silo occur. Conversely, if). < I as suggested by 
Martens and Nolhdurft. the gradient of rrh with depth must decrease continuously and cannot be 
represented by a constant gradient l. 

MEASURED AIR PRESSURES IN RAPIDLY FILLED MODEL SILOS 

St1rne sc\·en years after the publication of Nothdurft's results, Murfitt and Dransby [6, 13] re­
ported the results of a series of tests on two model silos, 1.83 m (6 ft) diameter by 4.24 m (13.91 fl) 
high and 2.44 m tR ft) diameter hy 4.21 m (13.R fl) high. The silos were rapidly filled with a fine 
chalk powder, and the dissipation of pore air pressures with time after filling was studied. It was 
ohserved thal the pore air pressure at completion of filling could be as much as 60% of the total 
stress rneasured at the silo wall. Thereartcr, the dissipation of pore air pressure followed the pre­
dictions of 1'4uation 4h fairly closely. 

As a result of their measurements, Murfitt and Bransby [6] recommended that silos that are 
rapidly filled with line powders should be designed to withstand hydrostatic pressures, i.e. that the 
horizontal pressure at the end of filling should be calculated as 

(9a) 

It is strange that neither Murfitt and Bransby, Martens, nor Nothdurft attempted to scale the fill­
ing rntes used for their model silos so that they would accord reasonably with filling rates that are 
praclically a1tainable in full-scale silos. Sets of measurements in all three investigations commenced 
at the completion of filling and no attention appears to have been paid either to the rate of filling 
or the potential for the dissipation of pore air pressure during filling. At the time of writing, no 
published results on the build-up of pore air pressure in silos during filling exist. 

l\tEASUREi\IENTS DURING RAPID Fil.UNG OF 
A FUl.L-SCAl.E SILO WITH FINE POWDER 

At the time of writing. only one set of measurements of pressures in a full-scale silo filled at 
rnrit>us rates with a line powder has been published [5]. The measurements were made on a cement 
raw meal silo at the Slurry works of the Pretoria Portland Cement Company. The assessment or 
pressures was made \'ia strains measured in the hoop reinforcement of a silo 15 m (49.2 ft) in· 
diame1cr hy .um 1141 ro high. The silo forms part of a hlending and storage complex for cement 
raw rncal consisting of twin hlending and storage silos. 

Figure I Oi\ shows a \'crtical section through one of the pair of silos. The hlending silos form the 
upper one third of ti1e storage height of the structure. When both blending silos arc full, their 
c1111tt:nts can he disd1argcd sirnultanc1>usly into one of the two storage silos :1t tilling rates of up 
to Ill 111. h' 1.n ru11. 

1\ dcscrip1io11 or th.: instrnmcntalion and !he 111cthod of interpretation of the strain readings is 
hq1111d the swpc or this chapler and lhc reader is referred to the original paper for details. 

I igure 11111 sun1111arizes the results of the investigation and also shows the maximum pressure 
line gi,·en hy L411atin11 Xd and the \'crtical 1:ut-01T line derived from Equation Kc for a filling velocity 
of 4.2 111 ·h ( 14 Ith). The lheorctil:al curves in Figure IOB have been derived by simultaneously 
sol\i11g equations Jd. 4h. and 7a as explained in the following section. 

The effects or a ,·ariahle lilling speed arc shown very dearly by the measurements that show 
certain similarilics with the results of Martens· work (Figures 8 and 9). Although pressures increase 
as lilling rates im:rease. !here arc certain puuling features of the measurements that cannot yet be 
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Figure 10. (A) Section through combined blending and storage silo in which pressures during 
rapid filling were investigated. 
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Figure 10. (B) Observed and calculated horizontal pressures during rapid filling of storage silo 
shown in Figure 10A. (Cl Va11a11on with speed of filling of pressure estimated and recorded in 
storage silo shown 111 Figure tOA. 
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explained. Why, for instance, do the pressures apparently decrease with increasing depth? (This 
feature is also shown by Martens' measurements and by some, hut not all, of Murfitt and Bransby's). 
One possible explanation is that the angle of wall friction ,~ increases with depth, thus transferring 
more load into the walls and decreasing vertical and lateral pressures. Why are the pressures less 
even than those calculated from Equations 7d and 7e, whid1 assume pore air pressures to he zern'> 
(This same feature is evident in Martens' results). Only further research and field and lahuratory 
measurements will provide an explanation. 

From the designer's point of view, the importance of the Slurry results is that th.: maximum 
recorded pressures agree reasonably with those predicted on a rational basis. The results do not 
indicate that maximum pressures increase linearly with tilling rate as this rate is increased, as 
predicted by Equations Sb and 8c. 

Figure IOC compares measured and calculated pressures at a depth of 20 m below the lilt surfa1:e 
at the completion of lilting at various lilling speeds. The theoretical analysis indicates an upper 
limit to the horizontal pressure of 60 kPa and the experimental ohservations tend towards a similar 
limit. · 

THEORETICAi. SOLUTION TO Sll.O PllESSLJIU:S DlJlllNG RAPll> Fil.I.ING 

Equation 3d can be incorporated in Equation 4h by adding a term that accounts for the genera­
tion of pore air pressure as fill overburden builds up in a silo. With this modification, Equation ~h 
becomes 

Dp. o2p. dh 
-=c-+yB -
ilt tiz2 • dt 

111 a) 

in which dh/dt is the rate of rise of the fill surface, i.e. the filling rate. Equation I la must he soln:J 
simultaneously with Equation 7a, 

(7a) 

which can be accomplished hy writing the equations in finite difference form with n:fcn.:nL·c hi thc 
finite difference grid shown in Figun: 11. 

c .:\t 
. P1 =Po· (l\i)'i (pz +Pl - :!pol+ ll. Aa. (I lh) 

dr 
P2 

Po 

P3 

P1 

LU 

figure 11. Finite difference grid used to calculate pres­
sure during rapid filling .. 
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{ 
4K 0 } t'J.a, = t'J.z J'..:.. b tan 0 1(a, - p0) (Ile) 

in which p 1, p0 • etc. are the values of p. at the nodes of the grid, t'J.z is a suitable depth differential 
and t'J.t a suitable time step. Once t'J.t has been chosen, t'J.h is fixed by the filling rate. 

The actual solution of the equations is beyond the scope of this chapter, but the reader is referred 
to Lee. White and Ingles [ J] for examples of the solution process for similar problems in geotechnical 
engineering. 

Figure 108 shows the results of solving Equations I lb and lie for the Slurry raw meal silo 
referred to earlier. It should be noted particularly that the range of pressures covered by the 
theoretical curves is about 50~~ of the maximum pressure at a filling rate of zero. 

It should also be noted that. the Npthdurft-Martens envelope gives very reasonable agreement 
with the theoretical cur\"es in this instance (i.e. a filling speed of 4.2 m/h). However, as the cut-off 
pressure fah• in Equation Re) is directly proportional to the filling speed v, the corresponding 
envclt>pe for a filling speed of 10 m/h would have predicted a maximum pressure of 10/4.2 = 2.4 
limes that shown in Figure 1011. This would have been quite unrealistic when compared with the 
measured pressures. 

The largest of the measured pressures, on the other hand, agree quite well with the theoretical 
Cllr\"eS. 

l>ESIGN ASSlJl\ll'TIONS FOR TllE SILOS AT SLURR\' 

It is instrncti'"e to compare the assumptions used in the design of the Slurry silos with the 
pressures actually measured. The silos at Slurry were designed at a time (1974) when the only 

. known work on the cllccts of r;ipid lilting of silos with fine powders was that of Martens [9, 10]. 
The f11llowing.filling possibilities were assumed for the silo [l]: 

I. Discharge into an empty storage silo at a rate of 35 m/h from two full blending silos until 
the blending silo dim:tly above the storage silo was empty, followed by transverse discharge 
at 5 m/h until the adjacent blending silo was empty. · 

2. Filling of an empty storage silo by vertical discharge at 30 m/h followed by filling at 5 m/h 
by transverse discharge. 

3. The reverse of 2. 
4. Starting at any fill level and then filling al any rate from 5 m/h to 35 m/h. 

Once the material had been ueposited in the silo, the horizontal pressure was assumed to revert 
to that corresponding to the Janssen Equations 7d and 7e with K taken not as K0 , but a lesser 
value. KA.,., (I - sin rf> 1)f(I +sin </> 11. · 

In the absence of direct measurements. the angles of internal friction </> 1 and wall friction () 1 were 
hoth taken as 2ir· while the density of the raw meal was taken as 1.7 T/m3 ( 17 kN/111 3). 

l\lartcns ga"e v0 (Equation 8b) for limestone as 1.4 m/h and this was assumed to be applicable 
also to cement raw meal. 

In addition lo the normal filling and emptying pressures in the storage silo, it was considered 
prnclcnl to tlesign the walls to withstand a nominal minimum pressure of 100 kPa that could be 
transmitted from the blending silo above. figure 12A shows the resultant design pressure envelope. 

The pressure envelope is made up as follows: 

I. ah represents the pressure produced by filling the silo to just more than half at a rate of 35 m/h 
(z0 = 33.6 m). 

2. bed represents the pressure produced by filling the upper half of an initially half-full silo at a 
rate of 35 m/h. ' 

3. de represents portion of the static (Janssen) curve. 
4. cf represents the minimum 100 kPa pressure. 
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Figure 12. (A) Design pressure envelope for storage silo shown in Figure lOA. (8) Comparison of design pressure envelope (Figure 
12A) with observed and calculated pressure envelopes (Figure 128). 
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Figure 12B compares the design pressure envelope with the maximum measured pressures (v = 
10.1 m;h) the static (v = 0) envelope, the dynamic (v = co) envelope and the Martens' envelope for 
v = 10.l 111/h; 

In retrospect, there arc ·several reasons for the large discrepancy between design assumptions and 
actual pressures: 

I. The maximum filling rate turned out to he limited by the ducting connecting the silos and was 
only 10. l 111/h rather than the design figure of 35 m/h. (Figure lOC indicates that this would 
a1:tually have made little difference to maximum pressures). 

2. The a1:tual settled density of the raw meal was 11.5 kN/m 3 rather than the assumed 17 kN/m3• 

3. The actual angles of shearing resistance and wall friction were 38° rather than the assumed 20°. 

All of these differences, if known at the design stage, would have resulted in a lesser design pressure 
e1n·e1L1pe. but the biggest sour1:e of discrepancy. by far, arose from assumption. necessary at the 
time. that t\lartens' model test results could be extrap11lated to the full-scale situation. It is now 
dear that the reasonable a1.Hcc111cnt between the observed and theoretically predicted pressure en-
1·clopcs and the Martcns-Nothdurft envelopes in the tilling speed range 4 to 10 m/h was largely 
coim:idental. 

PROPOSEQ DESIGN METllOD FOR RAPIDLY FILLED SILOS 

The design method is based on the observation in Figure !OB that the increase in calculated hori­
zontal pressure between the static condition (v = 0 and p1 = 0) and the fully dynamic condition 
(v = .,.. and !lp, = B. !la, is less than 100~·~ of the static pressure. For design purposes, the fully dy­
namic condition will give a conservative but not unrealistic over estimate of horizontal pressures. 

If both the pore air pressure and the vertical stresses are assumed to have datum values of zero, 
Equation 7a can be rewritten as 

da, 4K 0 (1 - B,,) tan,)' 
dz= i' - D "v 

or 

··D 
in which a,(maxl = 

1 
• , (I - 8 0) 

4K 0 tan b 

The solution lo this equation is simply 

--~·~-- _ = {I_ ~-;·r1n.tm:a,1: 
<T,.(llHIX) 

whkh is identical to Equation 7d. although. of course a.(max) is different. Also, 

(13a) 

(13b) 

(13c) 

(13d) 

(13e) 

;·. K0 amt ,) 1 should he cstahlishcd hy direct testing of the powder product it is proposed to store. 
If the pwdm:t is not availahk. tests should he performed on the doses! available approximation to 

i 
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Figure 13. Design curves for storage silo shown in Figure TOA showing the effect of the pore 
pressure parameter B. on pressure (Calculated from Equations 13c, 13d, and 13e). 

the product. Only as a last resort >h1>11ld a d.:,ign he hascd on parameters taken from the literalure, 
although these are us.:ful as a died 1111 1h.: rc;ilt1y 11f ;1c111al tt:st n:sults. 

B. can either he estahlishi.:d hy dirc..-1 k'I. ,-,1111prcssing the powder under a 'cries of total •trc"cs 
in an undrained condition and mc.1suri11g 11te rc>ultant pore air pressures (see fa1uation Jc) or fl. 
can be assessed from the ri.:sulls 11f .lr.1111,·d .-.1111pr.:"ion curves, yidding a rclalionship hdw.:cn tr! 
and e, via Equation 3d. Figun: 13 '"""" .1 f.1n11ly of design curves cakulah.:d for 1hc Slurry ,jiu 

for a range of values of B •. (If the .:un-.:' f11r II, -. O and II,= 0.1 are comp;ired with those for tilling 
rates of zero and co in Figure 1011. ,f1glt1 di"rcpam:ies will bc 1101ed. This is he.:ausc the two •els 
of curves were calculated for slighllv d1lfcr,·111 \.iluc.:' ,,f ;·: I :!.O kN,/111 3 in Figurc 1011 and 11.5 k N ·111·1 

in Figure 13. Also, the curves m I 1gurc 11111 "er.: derived hy numerical integration and 1wt from 
a formal expression). 

CONCLUSION 

When referring to knowledge of .1 par1tcul:ir "'lljc:t:t, the term "encydopedic" usually denotes an 
all-embracing exhaustive state 11f l..111>" kdgc. I 11g111eenng knowledge, of course, is not like that. 
It is continually being added to. 1.·orr,·1.·1.:d .. 111<1 .:11l.1r!,!cd and is i.:ontinually sprouting sidc-,hoots 11f 
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knowledg_e that either die and are forgotten when they outlive their usefulness, or flourish, grow and 
in due course push out their own side-shoots of specialized knowledge. The subject dealt here is 
a side-shoot of the main branch of knowledge of silo design. It is a specialized, and currently 
important avenue of knowledge which is. however. unlikely ever to have a similar effort expended 
on it as the main field of silo design. It is hoped {hat the foregoing summary of available knowledge 
of the suhjcct will prove adequate as a frame-work within which the present-day designer of silos 
intended for rapid lilling with line powders can operate. 

NOTATION 

n. pore air pressure parameter 
C compressibility 
c constant defined by Equation 4i 

D diameter 
E Young's modulus 
c void ratio 
F transmission constant 

G, particle relative density 
H height 

K, ratio of total horizontal to vertical 
stress in the fill 

K 0 ratio Clf horizontal to vertical inter­
granular stresses 

Greek S}'mbols 

;· spei.:ilic weight 
,)' angle of wall friction 
r. strain 
fl absolute temperature 

Poisson's ratio 
<T pressure 

REFERENCES 

m mass 
n porosity 

P. pore air pressure 
R universal gas constant; also hydraulic 

radius of silo 
wall thickness or time 

t. characteristic settling or de-aeration 
time for powder 

v. volume of air 
Vo filling speed 
w. molecular mass 

z depth 

ah• maximum horizontal pressure 
a., axial stress 
a' intergranular pressure 
r shearing resistance 

4>' angle of shearing resistance 
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Pressures exerted by materials stored in silos: 
part I, coarse materials 

G. E. BLIGHT* 

Silos are usually designed on the basis of simple theory 
which is used to predict horizontal pressures on the 
walls. The pressures generated depend on many factors, 
including the pattern of flow within the contained 
material, the method of operating the silo and also the 
rAanical characteristics of the material. This Paper 
c-ares pressures measured in a number of full-scale 
silos containing coarse materials with the predictions of 
commonly accepted design theory. It shows that, 
although the silo arching theory gives an acceptable 
estimate of the average pressure on a silo wall, it does 
not always provide an adequate design envelope. It is 
preferable to use a simple straight line variation of 
pressures with depth for design. 

Les silos sont generalement calcule sur la base d'une 
theorie tres simple utilisee pour prevoir les pressions 
horizontales sur Jes murs. Les pressions reellement exer­
cees dependent de plusieurs facteurs, dont la forme de 
l'ecoulement a l'interieur de la matiere, le principe du 
fonctionement du silo et aussi Jes caracteristiques meca­
niques de la matiere ensilee. L'article compare les press­
ions mesurees dans quelques grands silos contenant des 
matieres a gros grains avec Jes previsions de la theorie 
classique. Bien que la theorie de l'effet de vot1te dans 
un silo donne une evaluation acceptable de la pression 
moyenne sur la paroi mur, cette theorie ne fournit pas 
toujours une enveloppe acceptable. II parait preferable 
d'utiliser pour les calculs des pressions proportionelles a 
la profondeur. 

KAvORDS: case history; design; earth pressures; 
fie'Pi"n.strumentation; granular materials; silos. 

INTRODUCTION 
Storage silos form a class of structure that is 
subject to an unusually high rate of structural 
and functional failure. The extent of structural 
failure varies from cracking of the walls of rein­
forced concrete silos to localized denting or buck­
ling of the walls of steel silos and to complete 
splitting or collapse of the walls. Functional 
failure may be represented by the inability to 
extract the contents of the silo, spoiling of the 
contents by leakage of rain-water through cracks 
in the walls, excessive vibration leading to crack­
ing and a variety of similar shortcomings. Foun­
dation problems may also result in either 

Discussion on this Paper closes on 1 July 1986. For 
further details see inside back cover. 
* University of the Witwatersrand. 

33 

functional or structural problems arising from dif­
ferential settlement or, in several recorded 
instances, in toppling of the structure. 

Theimer (1969) described failure by toppling or 
partial or complete collapse experienced by 14 
reinforced concrete grain silo complexes and 
records less spectacular, but equally serious, 
problems that arose in eight other cases. Sadler 
(1980) described 15 cases of partial or complete 
collapse of silos built in the US to store materials 
as diverse as raw or washed coal, polyethylene 
pellets, grain, silage and coke. 

An extensive inventory of failures in steel, rein­
forced brickwork and reinforced concrete silos in 
Europe has also been given by Ravenet (1981). 

The denting of steel silos has been described 
by Jenike (1967). In a recent survey of grain 
storage silos in Scandinavia (Wigram, 1980), 34% 
of the reinforced concrete silos examined were 
found to have suffered vertical cracking of the 
walls. 

Most functional failures of silos arise because 
they will not empty or because they empty in an 
unforeseen way. Functional failure may lead to 
structural failure. For example, Sadler (1980) 
described how emptying of a steel silage silo 
caused a void to form at the base of the silo while 
the material above arched across the void. As a 
result of the increased axial load in the walls, the 
walls buckled and the silo collapsed. 

The frequent and continuing problems experi­
enced with silos of all types may be ascribed to 
the following: silos are one of the few classes of 
structure that are subjected to their full or more 
than full design load over most of their life-span; 
the estimation of loads and pressures is uncertain 
because 

(a) pressures are dependent on the flow pattern 
that develops in the silo, which may be diffi­
cult to determine at the design stage, or may 
not be appreciated by the designer: the flow 
pattern may also be affected by the way in 
which a silo is operated 

(b) pressures depend on the characteristics of the 
stored material: very often, silos have to be 
designed before the material they are to store 
is available or has been produced; conse­
quently, the design must be based on assumed 
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rather than measured material properties; 
also, the properties of stored materials may 
(and probably will) vary to an unpredictable 
extent during the operating life of the silo 

(c) relatively slight deviations during construc­
tion from the designed form and dimensions 
of a silo may have unexpectedly large effects 
on the pressures (Jenike, 1980; Nielsen & 
Kristiansen, 1980), e.g. a localized internal 
ridge may cause a substantial pressure 
increase at that point 

(d) slight variations in material properties, mois­
ture content, storage time, etc. may result in 
the formation of arches in a silo: it is imposs­
ible to predict the positions at which arches 
will form and almost impossible to predict the 
pressure concentrations that will result from 
the arch action, and most importantly it is 
uneconomic to design a silo to resist either the 
arching pressures or the shock loading that 
may result when an arch collapses 

(e) the accuracy of theories from which silo press­
ures can be calculated is limited by the 
assumptions on which they are based: the 
situations to which the theories are applied 
frequently do not match up to the£e assump­
tions, and it is because of the uncertainties 
that there has been a steady increase over the 
years in the design pressures called for by 
various authorities, e.g. the 1980 draft revision 
of the German design standard, DIN 1055, 
required design pressures about 18% in excess 
of those of the 1964 version (Martens, 1980). 

Because of the complexities and uncertainties 
involved, it is not generally considered to be 
worthwhile to attempt to apply sophisticated 
theory or analysis to the estimation of wall loads 
in silos and hoppers. Silo design· codes, of which 
the most widely used are the German DIN 1055 
(Martens, 1980) and that of the American Con­
crete Institute (1975), are based on relatively 
simple theories-those of Janssen (1895), Reim­
bert & Reimbert (1956) and Walker (1966). 

The object of this Paper is to present the 
results of a series of cases in which pressures have 
been measured in full-scale operating silos and to 
compare the measured pressures with the predic­
tions of simple theory. This comparison will show 
whether currently accepted theory, when used in 
conjunction with realistic materials parameters, is 
adequate to predict pressures in operating silos. 
Some of the measurements have previously been 
published (e.g. Hartlen, Nielsen & Ljunggren, 
1984; Blight, 1983a; Blight & Midgley, 1980) but 
others have not. 

The use of the term 'coarse materials' in the 
title indicates that the Paper will be concerned 
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Fig. 1. Four principal types of flow occurring in silo­

entirely with materials in which pore air pressures 
will not develop during filling, and compressed 
air is not used as an aid to emptying, i.e. total and 
effective stresses become synonymous throughout 
the Paper. 

A companion paper (Blight, 1986) will deal 
with horizontal pressures exerted by fine powders 
stored in silos. 

THEORETICAL BACKGROUND 
Patterns of flow within silos 

In designing a silo, at least two operational 
conditions must be considered-those of filling 
and emptying. It is apparently during the empty­
ing phase that most problems develop, and many 
silo collapses have reportedly occurred at the first 
attempt to empty the structure. 

With most materials a 'first in, first out' 
sequence of flow is desirable. This is particularly 
so with materials that spoil with time, e.g. food­
stuffs, cement and coal (which may become 
subject to spontaneous combustion if stored 
undisturbed for a lengthy period). With Ar 
materials, e.g. ores, sand, etc., it may not m"'!!er 
whether a storage structure contains extensive 
zones of 'dead' material that will not emerge until 
the structure is completely emptied. 

Figure 1 illustrates the four principal types of 
flow occurring in a silo. The first in, first out 
sequence is best obtained by mass flow in which 
the entire body of material contained within the 
parallel-sided portion of the silo moves through 
as a mass. 

In order for the contents to emerge from the 
silo, flow must converge towards the outlet, 
resulting in a funnel flow. Depending on the con­
figuration of the bottom of the silo, the boundary 
of the convergent flow will either coincide with 
the solid hopper wall of the silo, or else 'live' 
material will slide over 'dead' material at the base 
of the silo. 

Plug flow usually occurs when the outlet to a 
silo is eccentric. Within the boundaries of the 
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'Fig. 2. Basis of the Janssen arching theory for pressure 
in parallel-sided silos 

plug, mass flow occurs, but the plug is fed off the 
top of the stored material, resulting in a 'first in, 
last out' flow sequence. At the boundary of the 
plug, live material again slides over dead material. 
Plug flow is a special case of funnel flow. In some 
silos funnel flow will extend up to the top surface 
of the fill and may be fed off the top. Rat holing is 
a special case of plug flow in which the diameter 
of the plug is approximately the same size as the 
silo outlet. A rat hole may be fed off the top of 
the fill, or in cohesive material may become a 
stable empty hole, in which case the silo will not 
further empty. Multiple rat hole flow is some­
times designed for in blending silos in which the 
silo is first completely filled and then emptied in 
such a way that the successive layers that occupy 
~otential rat hole emerge in quick succession 
• a blending chamber. 

Simple theory of silo pressures 
Janssen arching theory (1895). Fig. 2 represents 

an element of fill of density y in the parallel-sided 
portion of a cylindrical silo. The element is 
moving down relative to the silo wall. It can be 
imagined that as the depth z of the element 
increases the shear stresses on the boundaries of 
the element will increase until the weight of the 
fill element is balanced by the boundary shear 
force. At this stage 

nD2 

T y dz = nD-r: dz 

or 
Dy 

r=-
4 

Writing 
r =Ku. tan 8 

where 
K = uJu. 

Dy 
u. = 4K tan 

8 
= u.(max) (1) 

This represents the maximum vertical stress in 
the silo fill. If the element shown in Fig. 2 is 
sliding relative to the solid walls of the silo 8 will 
represent the angle of wall friction between the 
silo wall and the filling. If the element is sliding 
relative to dead fill (as in plug flow) 8 = <f>, the 
angle of shearing resistance of the fill. At lesser 
depths, the vertical stress will be governed by the 
requirement for vertical equilibrium of the 
element which is 

~· = { 1 - u.(~ax)] (2a) 

This can be integrated to give 

u. [ yz J 
u.(max) = 1 - exp - u.(max) (2b) 

Also 
(2c) 

This is the simple Janssen theory on which 
most silo design codes are based. The alternative 
common theory, due to Reimbert & Reimbert 
(1956) recognizes the existence of u.(max) and 
then postulates that the pressure increases hyper­
bolically from zero at the surface of the fill to the 
u.(max). 

It should be noted that Janssen's and Reim­
berts' theories apply strictly only to parallel-sided 
silos of infinite depth. 

The value of K in equation (2c) has so far not 
been defined. Janssen's original theory defines K 
as KA, the active pressure coefficient. When a 
granular fill is poured into a silo, it forms a 
conical pile in which conditions are probably 
active. As the fill deposited at a particular level is 
buried, it becomes subject to one-dimensional 
consolidation. It is therefore reasonable to expect 
the pressure coefficient to increase and approach 
K 0 , the coefficient of earth pressure at rest for the 
normally consolidated material. 

Walker theory (1966). The basis of Walker's 
theory is illustrated in Fig. 3. 

The requirement for equilibrium of the element 
of fill at height h above the apex of the conical 
hopper is 

du. = 2Ku. tan 8 
dh h tan oc - Y 

(3) 

which can be integrated for the boundary condi­
tion 

u. = 0 at h = 0 
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h 

boundary of 
conical hopper 

Fig. 3. Basis of the Walker arching theory for pressures 
in convergent hoppers 

to give 

yh [ (h)C-1] (h)C 
av= C - 1 1 ,- ho +<Jo ho (4a) 

2K tan o 
C= ~~ 

tan a 

Because of the imposed boundary condition, 
equations (4) apply to emptying of the hopper. It 

stress condition 
on silo axis 

stress condition 
at wall 

is implicit that the pressure will decrease to zero 
at the outlet. 

Once again, K has not been defined. Because 
the vertical stress must decrease as the material 
moves towards the outlet, material in a hopper 
becomes overconsolidated. K must therefore, 
increase and can be expected to approach K 0 for 
the overconsolidated material. 

Filling and emptying conditions 
The theory outlined above assumes that the fill 

has settled relative to its boundaries sufficiently to 
mobilize full wall shear (for a solid boundary) or 
full internal shear (when sliding over dead 
material). Wall shear can be fully mobilized ?~ 
shear displacement of 2-5 mm. Full internal s19 
can be fully mobilized by a shear displacement of 
5-10 mm. The contents of a large silo will com­
press by at least 1 % (10 mm per metre). Hence, 
when a silo is filled without interruption, it must 
be expected that boundary shear stresses such as 
those shown in Figs 2 and 3 will be fully devel­
oped. 

When a silo is filled without interruption, the 
trajectories of major principal stress a 1 will be as 
shown in Fig. 4. On the axis of the silo, the major 

a 

angle between direction of 
a, and silo or hopper wall 

trajectories 
of major 
principal 

stress 

UNINTERRUPTED FILLING 

switch 
stress 

START OF EMPTYING 

Fig. 4. Expected trajectories of major principal stress and distributions 
of horizontal pressure in silos 
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Fig. 5. Measurements by Clague (1973) of pressures normal to the wall of a small silo 

principal stress will be vertical, whereas at the 
walls sufficient compression of the fill will nor­
mally occur to mobilize full wall friction. The tra­
jectories of u 1 will therefore intercept the wall at 
an angle of 45° + fJ/2. At the wall, part of the 
weight of the fill will be supported by friction; 
hence the vertical stress will be reduced relative to 
the stress on the axis of the silo. Provided that the 
stress ratio K at the wall is not much different 
from that on the axis, the horizontal stress will 
also be reduced as indicated on Fig. 4. It is 
unrealistic to believe (as assumed in Janssen's 
theory) that wall friction affects stresses in more 
than a narrow annular zone near the wall. 
.t111111When emptying is started, the material is 
-d to converge towards the outlet. The hori­
zontal stress may increase, while simultaneously, 
because the stress at the outlet must be low, the 
vertical stress in the zone of convergent flow must 
decrease. Conditions therefore approach those 
assumed by the Walker theory, with the major 
principal stress in this zone tending to the hori­
zontal. 

In the zone of convergent flow, the weight of fill 
previously supported by vertical stress (area A in 
Fig. 4) has to be transferred to the walls where it 
is carried in friction to preserve vertical equi­
librium. This transferred load is indicated by A' in 
Fig. 4 and must result in an increased horizontal 
stress in the area of transition between static fill 
and fill in which convergent flow is beginning. 

There is some argument about the existence 
and magnitude of this 'switch stress' as well as 
about whether it becomes 'locked' in position at 
the transition between the parallel and con-

vergent flow zones in the silo (the view of Jenike, 
Johansen & Carson (1972) and Nanninga (1956)) 
or travels up throughout the height of the silo 
(Walters' view (1973)). 

It is only in certain special purpose silos, e.g. 
train or ship load-out silos, that the idealized 
states of uninterrupted filling followed by empty­
ing are realized in practice. Most practical silos 
are subjected to mixed filling and emptying in 
which partial filling or refilling is followed or 
accompanied by partial emptying. 

The idealized conditions discussed in this 
section are borne out by a limited number of tests 
on model or small-scale silos. Fig. 5, for example, 
shows the results of measurements by Clague 
(1973) on a small silo 5 m in height and 1 m in 
diameter. It should be noted that Clague's results 
are shown in terms of stress normal to the silo 
wall, rather than horizontal stress. This explains 
the discontinuity in the stresses measured on the 
cylindrical and hopper portions of the silo. Jenike 
et al. (1972) and Walker (1966) have presented 
similar measurements for small diameter model 
silos. 

PRESSURES OBSERVED IN FULL-SCALE 
SILOS 

Many of the studies reported in the literature, 
of pressures measured in silos, are suspect 
because of what appears to be inadequate instru­
mentation, inadequate use of instrumentation or 
incorrect interpretation of experimental readings. 

Care has been taken in this Paper, and its com­
panion (Blight, 1986), to include only cases where 
there is confidence that experimental readings 
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Fig. 6. Pressures measured in a coal load-out silo 20 m in diameter and 54 m high 

and their interpretation are accurate. A small 
number of studies concerning the measurement of 
pressures with pressure cells and in particular the 
measurement of pressures in silos are particularly 
relevant. 

Most useful general studies of the action, desir­
able characteristics and correct use of pressure 
cells have been described by Hvorslev (1976) and 
Peattie & Sparrow (1954). The specific use of 
pressure cells to measure pressures in silos has 
been studied by Askegaard (1963) and by Blight 
(1983). 

The following are particularly important 
points. 

(a) The face of the pressure cell should be as 
coplanar as possible with the inside of the silo 
wall and should have a similar surface texture 
to that of the wall. 

(b) The stiffness of the cell should be as close to 
that of the wall as possible: in practice this 
means that the pressure cell should be as 
incompressible as possible. 

(c) The calibration of a pressure cell depends on 
the material in contact with it, and on 
whether the material is stationary with respect 
to the cell face, or moving tangentially across 
it: all pressure cells used in silos should there­
fore be calibrated by applying pressure to the 

sensitive face via a sample of the silo fill and 
observing the cell readings as the fill slides 
across the face. 

(d) The maximum particle size in the silo fill 
should not exceed one-tenth of the size of the 
pressure cell's sensitive face: in all the studies 
by the Author, appearing in this Paper, the 
diameter of the pressure-sensitive face of.Jlile 
pressure cells is 200 mm. • 

Cylindrical silos with uninterrupted filling 
followed by emptying 

Figure 6 shows the results of stress measure­
ments in a full-scale reinforced concrete mass flow 
coal silo used to load trains with export coal. 
This is one of the special purpose silos referred to 
earlier which is filled without interruption and 
then completely emptied before being refilled. 
Although the silo has a slot outlet, its dimensions 
are sufficiently small for the silo to behave rea­
sonably concentrically and to discharge in mass 
flow. Pressures were measured using pressure 
cells set flush with the silo walls. A detailed 
description of the type of instrumentation, its cali­
bration, installation and performance has pre­
viously been given by Blight (1983b). 

The results have been presented as a plot of 
horizontal pressure versus calculated overburden 
yz, i.e. the depth of fill above a particular pressure 
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Fig. 7. Pressures measured in a coal load-out silo 20 min diameter and 32 m high 

cell times the bulk density of the fill. The param­
eters y, </>, o and K 0 were determined using estab­
lished soil mechanics test methods (Blight & Ofer, 
1984). 

It will be seen that the results exhibit a con­
siderable scatter corresponding to a slight varia­
bility in the coal, segregation of particle sizes, etc. 
For design, therefore, it would be desirable to 

• 
a relationship between overburden and hori­
al pressure that provides a containing 

envelope to the measurements. For uninterrupted 
filling, the arching theory (Janssen's theory with 
K = K 0) fits the mean of the measurements rea­
sonably well. A significant number of measured 
pressures are large enough to fall outside the 
envelope defined by 

(5a) 

Only two, however, fall outside the envelope 
defined by 

(5b) 

This confirms the expectation, noted earlier, that 
stress conditions in a silo will approach the 
at-rest state during filling. 

Turning to conditions at the start of emptying, 
it will be seen that the scatter of observations 
increases, but similar conclusions apply-the 
Janssen theory with K = K. 0 gives a good fit to 

the observations but equation (5b) gives a better 
containing envelope. 

It should be noted from Fig. 6 that horizontal 
pressures generally increase moderately at the 
start of emptying. However, there is no dramatic 
increase such as might result in the failure of an 
otherwise adequately designed silo. 

Figure 7 shows similar data for a second rein­
forced concrete coal load-out bin. (This bin and 
its instrumentation have been fully described by 
Blight & Midgley (1980)). The bin is more 
complex than the first because, although it is 
filled concentrically, it has two outlets, only one 
of which can be used at a time. The silo therefore 
discharges in funnel or core flow with some of the 
flowing material bounded by the silo wall and the 
rest by dead material. 

The pattern of the results is very similar to that 
of Fig. 6, with Janssen's theory for K = K 0 giving 
a good fit to the observations and equation (5b) 
providing an adequate containing envelope. 

Again, there is a moderate increase in pressure 
at the start of emptying. Also, at the start of 
emptying, horizontal pressures are reduced by the 
proximity of the outlet and modified by the onset 
of funnel flow, as indicated in Fig. 7. 

Figure 8 shows a set of measurements for a 
third reinforced concrete silo subjected to unin­
terrupted filling followed by emptying. It is an 
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Fig. 8. Pressure measured in an asbestos ore silo 7 m in diameter and 24 m high 

asbestos storage silo that is filled eccentrically 
because the head pulley of the filling conveyor is 
located concentrically and no allowance was 
made for the trajectory of the falling ore. It is also 
emptied eccentrically by means of a diametral slot 
across the whole of its flat bottom. In this case, 
the instrumentation consisted of strain gauges 
mounted on the hoop reinforcing of the silo. The 
pressures shown in Fig. 8 were calculated from 
the measured hoop strains. This procedure has 
previously been justified experimentally (Blight, 
Schaffner & Gilbert, 1982). The results for this 
silo are similar to those for the first two cases. 
The arching theory with K =KA provides a line 
of good fit to the data for uninterrupted filling, 
while equation (5a) provides a reasonable con­
taining envelope. At the start of emptying the 
arching theory again provides a line of good fit 
(with K having a value between KA and K0 ), but 
equation (Sb) provides a reasonable containing 
envelope. 

Figure 9 refers to the fourth case of uninter­
rupted filling followed by emptying. The data 
have been abstracted from Hartlen et al. (1984). 
This reinforced concrete silo, used for storing 
barley and wheat grain, has a much larger ratio 
of height to diameter than in the previous cases, 
and arching of the fill could therefore be expected 
to have a greater influence on lateral pressures. 

This was certainly so for uninterrupted filling, 
although equation (Sa) provides a good contain­
ing envelope to the data. The pressures at the 
start of emptying obviously increased. The 
arching envelopes do not fit the data well, but 
equation (Sb) contains it. In this case, it should be 
noted that the large pressures recorded at a calcu­
lated overburden of 220 kPa probably coincide 
with the start of funnel flow to the outlet. Ha 
the increase in lateral pressure coefficient catJW 
by convergent flow has more than offset the 
pressure-reducing effect of the outlet. 

Cylindrical silo subjected to mixed.filling 
and emptying 

Many silos are daily subjected to partial filling 
or emptying or simultaneous filling and emptying. 
Therefore stress states in the silo cannot be neatly 
divided into filling and emptying categories. 
Results for one such silo, a 20 m dia. steel maize 
grain storage facility, are shown in Fig. 10. The 
silo, its instrumentation and performance have 
been described by Blight (1983a). 

The measured pressures are subject to far more 
scatter than in the previous cases, although the 
Janssen theory with K = K 0 again provides a line 
of good average fit to the data. 

Being a steel silo which responds rapidly to 
changes in ambient temperature, the pressures are 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

PRESSURES OF MATERIALS IN SILOS 

MEASURED HORIZONTAL PRESSURE:kPa 

0 ro~~---,50r-~~1~0_0~~-1T50~~-2...,00 50 100 150 200 

t'- uninterrupted t start of 

\ filling ,, emptying 

50 \ 50 
,, 

~ \ ,, 
\ \ MATERIAL: WHEAT ,, 

AND BARLEY 
g \ 

~ = 7.8 kN/m3 ~\ 
-"" 100 \ \ 100 \ \ z \ \ t/J = 31° (barley) 

\ \ w 
t/J = 24° (wheat) 0 \ \ \ 

Ct: 
d (wheat on concrete) = 24° \ \ ::> \ \ DIA m 
KA = 0.35 K0 = 0.5 ~ Ct: \ w 150 \ 150 

\ \ ti \ \ 
0 \ \ \ \ - \ \ \ \ 

200 \ \ 200 
~,. 

\ 
~ 

\ \ \ \ <( 
u 

\ \ © \ 'e 

\ \ \ \ 
250 \ \ 250 © @ \ 

\ \ \ 
\ \ \ , .. 
\" ~ \ groin 

no arching \ 
300 t t 300 ~ \ \ 

+ + tt ~ ,2 <( 
0 

"' "' 
~~o 
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Fig. 11. Detail of the effective hopper section of a coal 
load-out bin. 

also very much influenced by temperature. A fall 
in temperature results in a rise in pressure and 
vice versa. The large pressures recorded in Fig. 10 
correspond to periods during which the tem­
perature had fallen. The pressure-reducing effect 
of funnel flow towards the outlet is again evident, 
as indicated in Fig. 10. 

K 0 for the normally consolidated maize is 0·60 
(K0(NC)) while overconsolidation results in K 0 
increasing asymptotically to 1 ·0 (K0(0C)). 

From Fig. 10 the combined effects of over­
consolidation and temperature are such that the 
horizontal pressure coefficient at times rises to 
well above 1 ·0, and even a K0(0C) pressure line 
will not envelope all possible pressures. (A 
detailed study of the effects of temperature 
changes on pressures in steel silos has recently 
been reported by Blight (1985)). 

Pressures in converging hoppers 
Measurements of pressures in full-scale hoppers 

are difficult to obtain. The hopper portions of 
most reinforced concrete silos are formed in mass 
concrete benching either lined or unlined (see 
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Figs 6 and 7) or allowed to form in dead fill (see 
Figs 8 and 9). In steel silos dead fill is also often 
used to form the hopper (Fig. 10). Hence it is 
difficult or impossible to install pressure­
measuring devices. 

Pressure cells, however, were installed in the 
hopper section of the silo referred to in Fig. 6. 
Fig. 11 shows the layout of the pressure cells in 
this area. Because the mass concrete benching 
had not been made steep enough, coal packed or 
'hung up' on the benching to form an effective 
hopper surface as shown in the figure. 

Figure 12 shows measurements made on cells 
in the effective hopper both at the end of uninter­
rupted filling and at the start of emptying. The 
pressures have been converted to equivalent hori­
zontal pressures on the assumption that thell 
was sliding across the effective hopper surfac 

Figure 12 shows that the pressures change as 
emptying was started, but that the change was 
relatively minor. It should be noted from Fig. 12 
that pressures measured on the long axis of the 
slot outlet increased near the start of convergent 
flow and decreased towards the outlet. On the 
short axis of the slot, pressures generally 
decreased. 

The KA and K 0 stress lines given by equations 
(5a) and (5b) bracket the measured data with the 
K 0 stress line forming an upper limit to the obser­
vations. 

The Walker theory, in contrast, gives a poor 
representation of the observed pressures. The 
inclined broken line in Fig. 12 indicates a reason­
able limit or cut-off to the pressure diagram 
caused by the proximity of the outlet. Hence the 
pressure diagram within the hopper is made up of 
a continuation of that in the cylindrical silo 
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above, terminated by a sharp transition over the 
lower 1 m or so of the hopper to near zero press­
ure at the outlet. 

The second case concerns the coal staithe illus­
trated in Fig. 13. Here measurements were made 
of the strains in one of the steel outlet troughs as 
the staithe was filled from empty without inter­
ruption and emptying then started. As the trough 
consisted of vertical, horizontally spanning, 
simply supported components, it was simple to 
calculate the average horizontal pressure at that 
level. The range covered by six independent mea­
surements is shown in Fig. 13. Once again, the 
m-rements are bracketed by the KA and K 0 

st9lines and the Walker theory gives a poor 
prediction. A continuous recording of the strains 
was made at the start of emptying, but no signifi­
cant change in pressure occurred as the draw­
down cone developed above the outlet trough. 

This is particularly surprising in view of the 
fact that a stress-free opening existed just over 
1 m from the points of measurement. The vertical 
stress must have been much reduced as a conse­
quence of the nearby outlet. Hence the horizontal 
pressure coefficient must have increased to a 
value far greater than 0·6 to keep the horizontal 
pressure substantially constant. The flatly inclined 
broken line on the pressure diagram in Fig. 13 
indicates the steep gradient of pressure that must 
occur within the outlet trough of the staithe. 

The measurements shown in Figs 7, 9 and 10 
all show a decrease in horizontal pressure in the 
vicinity of an outlet. However, because this 
decrease may occur over a very short vertical dis-

tance, and probably does not occur at all at the 
end of uninterrupted filling, hoppers should be 
designed assuming that the relationship (5b) 

ah= K 0 yz 

applies over their entire height. 

Radial distribution of pressure 
Unless there is an obvious reason for horizon­

tal pressures to be radially non-uniform, any 
theory must assume radial uniformity. However, 
actual pressures may depart widely from this 
ideal. Fig. 14 shows two radial distributions of 
horizontal pressure measured in the coal load-out 
bin referred to in Fig. 7. The distributions were 
measured at the transition between the cylindrical 
bin and the pyramidal hoppers. It will be seen 
that in both the cases illustrated the pressure was 
radially non-uniform. Discharge from the chute 
remote from the pressure cells affected the dis­
tribution relatively little (Fig. 14(a)), whereas dis­
charge from the adjacent chute produced a large 
change in radial distribution as the pattern of 
funnel fl.ow developed (Fig. 14(b)). 

In contrast, Fig. 15 shows the radial distribu­
tion of horizontal pressure in the asbestos ore silo 
referred to in Fig. 8. Here, even though the silo is 
filled eccentrically and emptied eccentrically 
through the slot at the base, measured pressures 
were almost perfectly radially uniform. The points 
of measurement were above the zone of con­
vergent flow and therefore unaffected by it. 
Eccentric filling also had no effect on the radial 
pressure. 
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Fig. 14. Radial distribution of horizontal pressure in a 
coal storage silo 

Effects of eccentric flow 
Funnel flow, such as that which takes place in 

the coal load-out bin referred to in Figs 7 and 14, 
or plug flow (see Fig. 1), results in a radial non­
uniformity of horizontal pressure. The simplest 
mechanistic explanation of this phenomenon is 
that given by Jenike (1967): Fig. 16 represents a 
silo of internal diameter D in which plug or 
funnel flow is taking place over a diameter d. The 
flow zone impinges on the silo wall. Applying 
equation (1) to the static and flowing zones of fill 

Hence 

Dy 
ahv = 4 tan [J 

dy 
(J ----
hd- 4tanfJ 

(Jhd = !!_ 
(JhD D 

(6a) 

(6b) 

(6c) 

Thus the horizontal pressure in the flowing fill 
will be less than that in the static fill and addi­
tional forces Q will have to be generated by hori­
zontal friction along the walls of the silo to 
maintain horizontal equilibrium. 

Turning again to the silo illustrated in Fig. 7, 
when the silo is emptied through one chute, the 
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Fig. 15. Radial distribution of horizontal pressure ~n 
asbestos ore silo • 

horizontal pressure on the wall adjacent to that 
chute should decrease. This effect is shown in Fig. 
17. Pressure cells Al-A4 are mounted on line A 
(see Fig. 7) adjacent to the south chute. Line A fell 
within the zone of funnel flow and pressures 
would therefore be expected to decrease. Line B 
fell just outside the funnel flow zone so that press­
ures would not be expected to change by much. 

In Fig. 17 the numbers 1-3 each represent one 
series of measurements. As the figure shows, the 
expectations expressed above were realized, 
except at gauge A4, where there was an unex­
plained slight increase in pressure. Although there 
is qualitative agreement with the predictions of 
equation (5c), it is difficult to check on the quanti­
tative agreement. However, the diameter of the 
funnel flow zone must decrease with increasing 
depth z and therefore the decrease in pressure 
along line A should increase with z. As Fig. 17 
shows, this was so. 

Occurrence of switch pressures A 
Clague's (1973) model test data (Fig. 5) a•en 

as those of Jenike et al. (1972) (and others) show 
what appear to be clearly defined and relatively 

d D 

Fig. 16. Effects of funnel or plug flow on horizontal 
pressure in a silo 

• 
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A4 

CHANGE OF PRESSURE AT START OF EMPTYING 
FROM SOUTH CHUTE!!,. p/Koiz 
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Fig. 17. Modification of horizontal pressure in a coal 
load-out bin by funnel flow 

large switch pressures in the vicinity of the tran­
sition from parallel mass flow to convergent 
funnel flow. In the four full-scale silos monitored 
by the Author, no switch pressures have been 
observed, although horizontal pressures do 
increase at the start of emptying. 

It has been suggested that switch pressures are 
a dynamic phenomenon. Because they appear, 
travel up the height of a silo and disappear within 
a few seconds is why static measurements do not 

record them. However, continuous recordings of 
pressure immediately after the start of discharge 
on several silos have failed to disclose any switch 
pressures. 

Figure 18 gives an example of such a recording 
made on the coal load-out bin illustrated in Fig. 7 
on two separate occasions for discharge through 
the south chute. In each case, the initial 20 s of 
the record corresponds to the loading of 60 tons 
of coal into the first wagon of the train. The chute 
then closes and reopens 10 s later for the second 
20 s loading period. There clearly are dynamic 
effects, but the horizontal pressure changes are 
relatively small. There is no evidence of a large 
switch pressure either locked in position or trav­
elling up the silo. 

GENERAL CONCLUSIONS 
The data presented here show that for the clas­

sical design conditions of 'end of filling' and 'start 
of emptying' the simple Janssen arching theory 
provides a good estimate of the mean trend of 
horizontal pressure with depth in a cylindrical 
silo if used in conjunction with realistic material 
parameters. However, pressures are highly vari­
able, and for design what is required is a relation­
ship between pressure and depth that will contain 
all pressure values. For the range of silo geome­
tries considered in this Paper, this is provided by 
the simple relationship 

(5b) 

Time: s 

• 
0 

M 

A3 
A2 
A1 

0 10 20 30 80 90 100 210 220 230 

A4-4,SkPaincrea~ 

------~---------M 

(a) 

M -------------~~~~~~----------M 
AJ+---..-rn- ____________________ ~3.:_:.~P.'.'._d~r~se_t __ -AJ 

A2 -----------------A2-2kPOd-;c~se ---f -A2 

A14---~-------- - --------- -------------A1 
\,-r-......,._,.~--~---~~~-A1~-~1:0~kP~a.t.:.dec::;rea~se........_,.,.,..,,..,.,.v-~-~~~ 

(b) 

Fig. 18. Recording of changes in horizontal pressure in a coal load-out bin at the start of emptying 
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in which K 0 is the at-rest pressure coefficient for 
the normally consolidated fill. 

This relationship provides an envelope to the 
pressures that are likely to occur in hoppers and 
the hopper portions of silos. The Walker arching 
theory for convergent containers has not been 
found to fit observed pressures. 

In silos subjected to mixed filling and empty­
ing, horizontal pressures may far exceed those 
experienced at the start of emptying after uninter­
rupted filling. This is particularly so for steel silos 
in which pressures are much affected by tem­
perature cycles. Here equation (Sb), in which K 0 

is the at-rest pressure coefficient for the over­
consolidated fill, will contain most, but not neces­
sarily all, expected pressures. 

Horizontal pressures in silos are not necessarily 
radially uniform as assumed in theory. If non­
uniformity is caused by a predictable flow condi­
tion, e.g. funnel flow to an eccentric outlet, the 
effects of the flow on pressure can be predicted, at 
least qualitatively. 

Horizontal pressures generally increase at the 
start of emptying. However, the increase is mod­
erate and significant switch pressures have not, as 
far as is known, been observed in full-scale silos. 

These conclusions are essentially the same as 
thos~ reached for silos used to store fine powders 
<Bli!!ht. 1986). 
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Pressures exerted by materials stored in silos: 
part II, fine powders 

G. E. BLIGHT* 

The Paper compares pressures measured in several silos 
used to store fine powders with the predictions of com­
monly accepted design theory. In most cases, the silo 
arching theory provides an adequate containing 
envelope to the observed pressures. Nevertheless, it is 
preferable to use a simple straight line variation in 
pressure with depth to cover all eventualities. These 
c..i,usions agree with those reached for silos used to 
slll!ll' coarse materials. The Paper also describes the 
radial distribution of pressure in silos and transient 
pressures during emptying. 

L'article compare Jes pressions mesurees dans divers 
silos contenant des poudres fines avec Jes previsions de 
Ia theorie classique. Dans Ia plupart des cas la theorie 
de I'effet de voute dans un silo fournit une enveloppante 
acceptable pour Jes pressions observees. Cependant, 
pour couvrir tous Jes cas ii serait preferable d'utiliser 
des pressions proportionnelles a la profondeur. Ces con­
clusions s'accordent avec celles tirees pour Jes silos uti­
lises pour le stockage des matieres a gros grains. 
L'article decrit aussi la distribution radiale de la press­
ion dans Jes silos qui se produit au cours du decharge­
ment. 

KEYWORDS: case history; design; earth pressures; 
field instrumentation; granular materials; silos. 

INTRODUCTION 
A companion paper (Blight, 1986a) has described 
the pressures exerted by coarse materials stored 
in silos. For that paper, coarse materials were 
d-d as materials in which pore air pressures 
w•ot develop during filling of the silo and for 
which compressed air is not used as an aid to 
emptying. Examples of coarse materials com-

; monly stored in silos are grains (wheat, maize, 
etc.), granulated sugar, mineral ores and coal. 

Many types of fine powder are produced in 
bulk and stored in silos. Examples are Portland 
cement powder, cement raw meal, grain flour and 
pulverized fuel ash. These powders typically have 
100% by mass of their particles passing a 
0·147 mm sieve, and as much as 80-90% passing 
a 0·074 mm sieve. Because of their fineness, they 
entrap air if filled rapidly into a silo. It is also 
usual to empty powder storage silos by aerating 

Discussion on this Paper closes on 1 July 1986. For 
further details see inside back cover. 
* University of the Witwatersrand. 
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and locally fluidizing the powder near the outlet 
by means of compressed air. 

This Paper will consider four case histories of 
pressures measured in full-scale operating silos. 
The measurements will be compared with the pre­
dictions of the simple arching theory convention­
ally used to design silos in accordance with 
commonly accepted design codes (e.g. the 
German DIN 1055 (Martens, 1980) and the 
American Concrete Institute Committee 313 
(1975)). In this way the adequacy of the theory for 
assessing wall pressures in silos will be assessed. 
Wherever appropriate, the findings of this Paper 
will be compared with those of the companion 
paper (Blight, 1986a). 

Pressures developed in silos rapidly filled with 
fine powders that entrain air have been fairly 
comprehensively described in a series of papers 
by Pieper, Martins & Nothdurft (1975), Murfitt & 
Bransby (1980a, b), Blight, Schaffner & Gilbert 
(1982) and Blight (1986b). This aspect of the 
subject will not be dealt with in detail, but a 
summary of findings will be given here. 

THEORETICAL BACKGROUND 
As stated in the companion paper (Blight, 

1986a) the theory conventionally used in silo 
design is the arching theory due to Janssen (1895). 
In its original form, the theory did not recognize 
a possible role for air pressures and was derived 
in terms of total stresses. The version that follows 
has been written in terms of effective stresses: 
when a silo is filled with a powder, the powder is 
initially deposited in a conical pile in which active 
conditions probably apply. The ratio of lateral to 
vertical effective stresses is therefore represented 
by KA, the active lateral pressure coefficient. 

As further fill accumulates, the fill compresses 
vertically, and the stress state approaches that of 
compression with zero lateral strain. The lateral 
pressure coefficient therefore approaches the 
at-rest value K 0 • Because the fill moves down­
wards relative to the silo walls, wall friction is 
generated which transfers some of the vertical 
stress into the silo walls. This action is illustrated 
by Fig. 1 which shows the stresses acting on an 
element of fill at depth z below the fill surface in a 
cylindrical silo of diameter D. For vertical equi-
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Element 
of fill 

i 
Fill, density 

l5 

(Jv + d(Jv 

Silo diameter D 

z 

Fig. 1. Basis of the arching theory for wall pressures in 
silos 

librium of the element, the following differential 
equation applies 

(1) 

In equation (1) y is the unit weight of the fill, K is 
the lateral pressure coefficient, Pa is the pore air 
pressure in the fill and (j' is the angle of wall 
friction between the fill and the silo wall, evalu­
ated in terms of effective stresses. 

In general a. - Pa will increase with increasing 
z until the weight of the element is entirely sup­
ported by wall friction. At this stage 

and; 

i.e. 

da. 
-=0 
dz 

yD ' 
(a. ~ Pa)max = 

4
K tan f> 

da. =' r[l _ (a. - Pa) J 
dz (av - Pa)max 

(2) 

(3) 

Equation (3) can be integrated to obtain the 
variation in a. with z for any given distribution of 
Pa with z, and the, corresponding horizontal stress 
on the wall is 

ah = K(a. - Pa) + Pa (4) 

To illustrate the influence of pore air pressures 
on lateral pressures, consider the case of 
undrained compression for which Pa is related to 
a. by the relationship 

(5) 

Oh =CALCULATED HORIZONTAL PRESSURE:.·kPo 

0 0 20 40 60 80 100 

MATERIALS PROPERTIES: 
~ =11.5kN/m3 

0 
100 K=0.5 CL 

d~36° "" z D=15m w 
0 

"' ::> 

"' "' 200 

~ 
0 

3 300 ::> 

~ 
u 
II 
N 400 "" 

500 

Ba=O 0.1 0.2 

Fig. 2. Role of pore air pressure in silo pressures under 
undrained conditions 

In this case equations (1}-{3) can be rewritten as 

da. 4K(l - Ba) tan 8' 
dz= y - D a. 

yD 
a.(max) = 4K tan 8'(1 - Ba) 

da. [ a. J --y 1---
dz - a.(max) 

(6) 

(7) 

(8) 

The solution to equation (8) for the boundary 
condition a.= 0 when z = 0 is 

_a_._ = 1 - exp [- _y_z_J 
a.(max) a.(max) 

Equation (4) becomes 

(9) e 
(10) 

Figure 2 shows a family of curves calculated 
from equations (9) and (10) for a case where 
y = 11·5 kN/m3

, f>' = 36°, K = 0·5 and for suc­
cessive Ba values of 0, 0· 1 and 0·2. 

In Fig. 2, values of the calculated horizontal 
stress ah have been plotted against the calculated 
overburden yz. Because of the compressibility of 
air, B. is unlikely ever to exceed a value of 0·2 
(Murfitt & Bransby, 1980b). It should be noted 
that even under the completely undrained condi­
tions assumed for example the pore air pressure 
does not add more than 30% to the value of the 
horizontal pressure. In silos that are not filled 
rapidly, the contribution of pore air pressure to 
the horizontal pressure will be Jess than this. The 

-
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oh = MEASURED HORIZONTAL PRESSURE:kPo 
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;;: 400 
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¢=42° 
d"=39° 

KA=0.20 
K0 =0.35 

' no arching 
'.(' KA=0.20 

' ' orching ' 
K0 =0.35 ', 

50m 

Fig. 3. Pressures measured in a 20 m dia. cement silo with an inverted conical base 
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effect of air pressure injected to empty a silo will 
be considered later. 

PRESSURES ON VERTICAL WALLS 
The first two case histories concern cement 

silos of two very different types. Sections through 
the silos are shown in Figs 3 and 4. 

Figure 3 shows the results of pressure measure­
ments made in a cement silo 20 m in diameter 
and 50 m high with an inverted ring-<.:onical 
hopper bottom. The silo is filled through a single 
central opening in the top and is emptied via 
eight symmetrically disposed openings at 45° to 
each other around the perimeter of the cone. The 

oh = MEASURED HORIZONTAL PRESSURE:kPo 

0 0 20 40 60 80 100 

-~ z 
Ci 
"' => 
"' "' g 
Cl 

50 
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~ => 200 
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<:£>0 <!!> 
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KA=0.20 
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arching \ 
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\ 

Fig. 4. Pressures measured in a 'duocell' ring cement silo 

18 openings 
of 20° 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

I 

50 BLIGHT 

openings are operated in diametrically opposed 
pairs. To keep the fill level reasonably uniform 
around the silo perimeter, each pair of openings is 
operated for 15 min before rotating to the next 
pair. 

The contents of the silo are added to daily, 
while simultaneously cement is loaded from its 
outlets into road tankers. The traditional loading 
conditions of uninterrupted filling followed by 
emptying therefore do not apply. 

The instrumentation consisted of 200 mm dia. 
mercury-filled strain-gauged pressure cells. The 
method of installation has previously been 
described by Blight & Midgley (1980) and the 
characteristics of the cells as well as the method 
of calibrating them by Blight (1983). 

The results in Fig. 3 represent pressures mea­
sured on the vertical walls of the silo. Pressures 
measured on the cone will be presented separa­
tely. The measurements are very scattered with a 
large proportion of low values. However, this is 
characteristic of measured silo pressures (see, for 
example, Blight (1986a)). 

For design, what is required is a relationship 
between overburden and horizontal pressure that 
will envelope the observed pressures. The line for 
K = K0 contains the data reasonably well, 
although at small overburdens the straight line 
relationship 

(11) 

is a slightly better containing envelope. 
Figure 3 also shows a line joining measure­

ments made on the highest and lowest pressure 
cells on the cylindrical wall within the zone of 
convergent flow towards the outlet. This rep­
resents (approximately) the gradient of wall press­
ure as the outlet is approached. However, if the 
silo had been filled without interruption, this 
pressure gradient would not have been estab­
lished. 

the second case concerns a so-called 'duocell' 
silo consisting of a 14 m dia. cylindrical inner 
chamber surrounded by a ring silo 4·7 m wide 
and 24 m outside diameter. The ring silo is 
emptied through 18 openings on its inner perim­
eter, each operating for a 2 min period to main­
tain the fill at approximately the same level 
around the ring. 

The outer wall of the outer ring silo was instru­
mented with pressure cells and the measurements 
shown in Fig. 4 were taken during normal oper­
ation of the silo, which also consists of daily 
simultaneous filling and emptying. The scattered 
nature of the measurements is similar to those 
shown in Fig. 3. The 'arching' curves in Fig. 4 
were calculated from equations (7), (9) and (10) 

with B. = 0 and modified for the ring shape of 
the silo, i.e. equation (7) becomes 

y(D0 - Di) 
a.(max) = 4K tan <5'(1 - B.) (l 2) 

in which D0 is the outside diameter of the ring silo 
and Di is the inside diameter. 

As with the results shown in Fig. 3, the mea­
surements show a considerable scatter but are 
contained fairly well by the arching curve for 
K = K0 = 0·35. 

The third case concerns the cement raw meal 
silo illustrated in Fig. 5. This silo is filled from 
two adjacent blending silos, completely emptied 
and then refilled. The measurements shown in 
Fig. 5 correspond to the classical design condi­
tions of 'end of uninterrupted filling' and 'sAof 
emptying'. • 

The instrumentation consisted of electric resist­
ance strain gauges attached to the hoop rein­
forcing of the silo at four different levels. The 
justification for using strain gauges has been 
investigated and reported by Blight et al. (1982). 

As in Figs 3 and 4, the measured pressures 
again show considerable scatter, but most are 
enveloped by the arching curve for K = K0 . 

Once again, pressures measured at low overbur­
dens are perhaps better enveloped by the straight 
line relationship of equation (11). There is no 
clearly defined increase in pressure at the start of 
emptying. 

The fourth case concerns a 16 m dia. silo for 
storing pulverized fuel ash, described by Nielsen 
(1983) (Fig. 6). The instrumentation consisted of 
pressure cells set in the walls of the silo. Unfor­
tunately, all the properties of the ash have not 
been established. The unit weight is given as 
12 kN/m3 and assumed values of K 0 = 0·58 and 
<5' = 31° are used. If it is further assumed that <// 
is slightly larger than <5, say <f/ = 33°, KA '630 .. 
These values have been used in drawing lllllr. 6. 
The reported measurements are for 'filling' and 
'start of discharge'. Unfortunately, it is not stated 
whether or not filling is uninterrupted. 

The two lines for the arching theory give rea­
sonable agreement with the observed pressures 
during filling. However, at the start of emptying, 
pressures increase, the arch action appears to 
break down and the results are contained by the 
line described by equation (11). 

When examining pressures exerted by coarse 
materials contained in silos (Blight, 1986a), it was 
found that, for the classical design conditions of 
'end of filling' and 'start of emptying', the Janssen 
theory provided a good estimate to the mean 
trend of horizontal pressures with depth. An 
acceptable containing envelope to the results, 
however, was provided by the straight line 
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PRESSURES OF MATERIALS IN SILOS 

ah = MEASURED HORIZONTAL PRESSURE:kPa 
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Fig. 5. Pressures measured in a 15 m dia. cement raw meal silo 
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relationship of equation (11). In three of the four 
cases examined here, the modified Janssen theory 
given by equations (7), (9) and (10) with B. = 0 
and K = K 0 has provided a satisfactory contain­
ing envelope to the observed pressures, except at 

small overburdens where equation (11) has been 
applicable. In the fourth case, the conclusion is 
the same as that reached for coarse materials. 
Hence in general the conclusions reached for 
coarse materials apply also to powders. 

• 

ah = MEASURED HORIZONTAL PRESSURE kPa 

0 50 100 150 200 250 
0 
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Fig. 6. Pressure measured in a 16 m dia. pulverized fuel ash silo (after Nielsen 
(1983)) 
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Oc =CALCULATED HORIZONTAL ON CONE 
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Fig. 7. Pressures measured on the inverted cone of the cement silo illustrated in Fig. 3 

PRESSURES ON INCLINED SURF ACES 
The cone of the ring-conical hopper in the silo 

illustrated in Fig. 3 is equipped with pressure 
cells. Measured pressures on the cone for various 
overburdens are shown in Fig. 7. In this diagram, 
the inclined broken lines join measurements made 
via the highest and lowest pressure cells on the 
cone and thus indicate the reduction in pressure 
that occurs in the zone of convergent flow 
towards the outlets. 

The lines enveloping the observed pressures 
represent the arching line for K 0 = 0·35 modified 
to represent the pressure on the inclined surface 
of the cone. The modification has been made on 
two bases 

(a) assuming that the cement slides on the surface 
of the cone 

(b) assuming that sliding occurs through the 
cement. 

Pressure cell readings are also available for the 
steeply inclined benching of the ash silo illus­
trated in Fig. 6. These have been plotted in Fig. 8. 
The measurements for filling are fairly well con­
tained by the line given by equation (11) with 
K 0 = 0·58. The pressures at the start of discharge, 
however, indicate that K 0 must have increased to 
1 ·0 as a result of the unloading caused by the 
decline in pressure towards the outlet. 

When studying pressures in zones of con­
vergent flow in coarse materials (Blight, 1986a), it 
was concluded that the pressure diagram within a 
hopper or other zone of convergent flow consists 
of a continuation of that in the zone of parallel 

flow above, terminated by a sharp transition to 
the pressure at the outlet. The same conclusion is 
valid for powders. 

RADIAL DISTRIBUTION OF PRESSURE 
It was shown in the companion paper that the 

radial distribution of pressure in a silo may be 
uniform but in general is not. In particular, the 
radial pressure distribution is affected by the flow 
pattern within the silo. 

Figure 9 shows radial distributions of pressure 
measured in the duocell cement silo illustrated by 
Fig. 4. The two sets of readings, A and B, were 
taken at different times at three levels 1, 2 and 3 
where level 1 is 1 ·5 m above the aeration pa-m , 
the base of the silo, level 2 is 5 m above 1-1 
and level 3 is 10 m above level 1. 

In set A, draw-off has recently occurred adjac­
ent to the pressure cells at 0°, 90° and 180°. At , 
level 2, 5 m above, the radial pressure distribu­
tion is unaffected by the draw-off. Another 5 m 
up, at level 3, the radial pressure distribution is 
again different. 

In contrast, in set B, the radial pressure dis­
tribution, although far from uniform, remains 
similar with height. 

Hence the general conclusion reached for 
coarse materials applies also to powders. 

TRANSIENT PRESSURE V ARIA TIO NS 
Continuous recordings of pressures showing 

transient fluctuations are available for the two 
cement silos referred to by Figs 3 and 4. Because 
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Fig. 8. Pressures measured on the inclined benching of the pulverized fuel ash silo 
illustrated in Fig. 6 
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the silos are operated on a simultaneous filling 
and emptying basis, the presence of a concen­
trated switch pressure (referred to in the compan­
ion paper) would not be expected. Transient 
pressures arising from the injection of compressed 
air would be expected to occur. 

Figure 10 shows a continuous recording of 
pressures at gauge 22 in the duocell silo referred 
to by Fig. 4. The position of gauge 22 is shown in 
Fig. 4 and is 6·5 m above the level of the aeration 
pads on the benching at the base of the silo. The 
record covers just over 2 days during which the 

• 
oo 

Measurements were 
made at levels 1, 2 and 3. 
Level 1 is at floor level 
+ 1.Sm. Level 2 is Sm 
above level 1, and level 3 
is 1 Om above level 1. 

180° 

oo 

180° 

135° 

~)\ 
3-2·1 135° 

,,,,_(,/ 
1~~!1 

90° 

45° 

Fig. 9. Typical radial distributions of horizontal pressure in the duocell cement 
silo illustrated in Fig. 4 
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Fig. 10. Continuous recording of pressures 6·5 m above the base of the duocell cement silo 

level of the fill was drawn down to below the level 
of gauge 22. The record is characteristically 
irregular with pressure spikes at regular intervals 
of 36 min. These represent the effect of periodic 
air injection adjacent to gauge 22 as each opening 
at the base of the silo is used in rotation. The air 
injection continues· on a 24 h basis as the silo 
feeds road and rail tankers, as well as a bagging 
plant which operates continuously. 

As Fig. 10 shows, the magnitude of the air 
pressure reacting on the pressure gauge is vari­
able, being 7 kPa or less. After air has been 
injected, the pressure may either increase or 
decrease depending on how the fill settles in 
response to the draw-off. Fig. 10 gives a graphic 
illustration of why pressures measured at random 

+5 

W1 

0 

times are so much more variable than chang<M 
the top level of the fill would lead one to expe. 

Figure 11 shows two pairs of pressure record­
ings made for pressure gauges in the cement silo 
referred to in Fig. 3. The positions of the pairs of 
gauges Wl and C2 and W2 and C3, one each on 
the cone and the vertical wall, are indicated in 
Fig. 3. In this case cement is drawn from the silo 
into a surge hopper which is used to fill road 
tankers. The surge hopper is filled on demand 
and hence emptying of the silo occurs irregularly. 

Figure 11 is recorded with a much larger time­
scale than Fig. 10 and indicates in fine detail the 
irregular nature of pressure variations in a silo. It 
should be noted that the discharge of cement can 
be accompanied by either an increase or a 

W1 

W2 

C3 

Fig. 11. Typical variations in pressure on the wall and cone of the cement silo illustrated in Fig. 3 
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Emax =MAXIMUM STRAIN x 10-e 
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Fig. 12. Pressures measured at the end of rapid filling of a silo with a fine powder 

decrease in pressure on the cone or the wall (Wl 
and C2). Pressure changes at adjacent points on 
the wall and cone may be in the same or opposite 
senses. As the point of measurement on the wall 
b*1es more remote from the opening (W2 and 
~ressure changes decrease. 

Figures 10 and 11 show that pressure changes 
within silos are highly irregular and random and 
certainly not amenable to analysis in any detail. 

EFFECTS OF RAPID FILLING 
When powder is rapidly loaded into a silo it 

· entrains air and, depending on the rate of 
loading, the fill may act as a semifluidized mass. 
The German silo design code DIN 1055 
(Martens, 1980) treats the fill as an equivalent 
fluid, down to a depth related to the filling veloc­
ity, and assumes a constant horizontal pressure 
below that depth. As far as is known, only one set 
of experimental data exists for pressures in a silo 
rapidly filled with a fine powder. These data have 
been presented by Blight et al. (1982) and were 
obtained for the silo described in Fig. 5. 

The results of these measurements are present­
ed in Fig. 12. The figure shows the empirical 
pressure envelope obtained by Pieper et al. (1975) 
which is the basis of the DIN 1055 recommen­
dation, as well as a set of theoretical curves 
obtained by applying consolidation theory simul­
taneously with the differential equation for the 
pressure-depth relationship (equation (6)). 

Measured pressures proved to be considerably 
lower than those predicted, although both the 
empirical relationship and the theoretical line 
provided containing envelopes to the observed 
data. 

In Fig. 12, the theoretical curve corresponding 
to an infinite filling rate is identical with the type 
of curve shown in Fig. 2 for a constant value of 
B •. It appears from Fig. 12 that no serious error 
would be incurred if the pressures for rapid filling 
were to be calculated on the assumption that no 
drainage of pore air takes place during filling, i.e. 
pressures can be calculated from equations (9) 
and (10) using an appropriate measured value 
for B •. 
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CONCLUSIONS 
For three of the four silos examined in this 

Paper, the Janssen arching theory, ignoring the 
possible existence of pore air pressures, provides 
an adequate containing or design envelope to 
pressures measured on the vertical walls of the 
silos, although at small overburdens the straight 
line relationship 

(11) 

represents a better containing envelope. For the 
fourth silo, the straight line relationship provided 
the best design pressure envelope. The effect of 
pore air pressures resulting from the injection of 
compressed air is small enough to be neglected. 

The pressure distribution within a zone of con­
vergent flow consists of a continuation of the 
pressure distribution in the parallel flow zone 
above, terminated by a sharp transition to the 
pressure at the outlet. Because of over­
consolidation resulting from a decrease in the ver­
tical stress, the lateral pressure coefficient in a 
zone of convergent flow may increase above the 
value of K 0 for the normally consolidated 
material. 

Horizontal pressures in silos may be radially 
non-uniform. The non-uniformity is related to the 
flow pattern within the silo. 

Pressure variations at a point on the wall of an 
operating silo are highly irregular. This irregu­
larity contributes to the scatter of results experi­
enced when pressures are being measured. 

In a silo which is rapidly filled with a fine 
powder, the pressure distribution can be calcu­
lated on the assumption that the fill is subjected 
to undrained compression, i.e. equations (9) and 
(10) may be used with an appropriate measured 
value for B •. 

These conclusions are essentially similar to 

those reached in the study of pressures m , 
filled with coarse materials. 
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ll 

Current codes of practice and guidelines for assessing design loading on silos and hoppers 
are lacking in a number of respects. Firstly, it is not generally recognized that arching in silo 

A is a phenomenon that may or may not occur. Even when it does occur, arching may 
W'ak down, with the result that higher than estimated pressures are applied to the silo. 
Secondly, horizontal pressures in silos are not always radially ,uniform. This is another aspect 
that needs to be recognized and taken into account in design. Finally, temperature surcharge 
pressures should, where appropriate, be included in estimates of design loading. A method of 
calculating temperature surcharge pressures is proposed. 

Introduction 
Several codes of practice or guidelines for estimating design loading on silos are in 
common use throughout the world. The most widely known of these codes are 
those of the American Concrete Institute (ACI Committee 313, 1975), 1 the 
German Standards Institute (DIN 1055, 1987),2 the Institution of Engineers, Aus­
tralia's Guidelines (1986)3 and the recent American Society of Agricultural Engi­
neers' standard EP 433 (1989).4 

2. No engineering code can be perfect. However, all of the codes mentioned are 
based in part on assumptions which measurements on full-size silos show to be 
unrealistic. The object of this paper is to point out these defects and to suggest how 
the design approach can be improved. 

Stress paths for vertical and horizontal pressures in silos 
3. All of the codes and the guidelines listed base the calculation of horizontal 

wall pressures (and vertical bottom loads) on the arching theories of Janssen 5 or 
Reimbert. 6 However,.there is a general caution expressed towards this approach, 
Ach is well summarized by this quotation from the commentary on the ACI 
'Wde. 

Silo failures have alerted design engineers to the danger of designing silos for only static 
pressures due to stored material at rest. The research thus far has established beyond 
doubt that pressures during withdrawal may greatly exceed those present when the 
material is at rest. There is evidence that one of the causes of overpressure is the switch 
from active to passive conditions which occurs during material withdrawal. 

4. The realization that silo pressures at the start of emptying may exceed those 
at the end of filling long pre-dates the publication of the ACI Code in 1975. Here, 

Written discussion closes 15 February 1991; for further details seep. ii. 
* Professor of Construction Materials, Civil Engineering Department, Witwatersrand Uni­
versity, Johannesburg. 
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for example, is a quotation referring to silo pressures, from the 1932 edition of a 
well-known design handbook.7 

During the emptying process the arching action on which the reduction of pressure 
depends is completely or partially destroyed, and pressures appreciably in excess of the 
theoretically determined pressures are obtained. · 

As this Paper' will show, the 1932 statement explains the phenomena occurring in a 
silo more closely than does the statement in the ACI commentary. 

5. Figure l(a) illustrates the concepts of the active (A), at rest (0) and passive 
(P) pressure states in a particulate material. Imagine a cylindrical container which 
is full of particulate material. The container is open at the top, closed at the base, 
and its diameter can be expanded or contracted. If the upper . surface of the 
material is uniformly loaded and the diameter of the cylinder kept constant, the 
material will compress vertically, but there will be no overall horizontal strain. 'liill 
ratio of the horizontal stress on the walls ah to the applied vertical stress av• 
assume a characteristic value K 0 known as the 'at rest pressure coefficient ' (ah and 
av are both assumed to be principal stresses). If the diameter of the container is 
allowed.to extend while maintaining the vertical stress av constant, the horizontal 
stress ah will reduce to a minimum constant value after a horizontal extensive 
strain of 1-2% has occurred. At this stage, the ratio of ah to av will have assumed a 
second characteristic value KA, the active pressure coefficient. If, however, the 
diameter of the container is compressed while keeping av constant, the horizontal 
pressure will increase to a constant maximum value after a horizontal compressive 
strain of 5-10% has occurred. The ratio of ah to av will now be KP, the passive 
pressure coefficient. 

6. If </J is the angle of shearing resistance of the particulate material, then KA 
and Kp w!ll be given by the well-known expressions 

KA = tan 2 (45° - </J/2) 

Kr= tan2 (45° + </J/2) 

K 0 is given empirically and approximately by 

K 0 = (45° - </J/2)/(45° + </J/2) 

(la) 

(lb) 

(le) 

The numerical values of K in Fig. l(a) are illustrative only, and correspond 
approximately to </J = 30°. 

7. In the context of this Paper, arching is a process whereby sufficient ofA 
weight of the silo fill is supported by friction on the walls to reduce the horizo• 
stress. Fig. l(b) indicates how these concepts apply in a silo in which no arching is 
occurring. 

8. The fill material is usually po'!red into the silo off a conveyor belt or 
through a spout or chute. It comes to rest at a point represented by 0 in Fig. l(b). 
As overburden or vertical stress builds up above a particular element of fill, the 
element will be compressed vertically and some horizontal extensive strain will 
occur. The material will therefore follow a stress path such as OA or OA', and the 
pressure coefficient will be somewhere between KA and K 0 • The stress path may 
be modified by the occurrence of arching, depending on the proportions of the silo 
(i.e. the ratio of height to diameter) and the characteristics of the silo filling. 

9. Along stress path OA or OA', the silo fill is in a metastable stress state. The 
stress ratio K is less than that corresponding to the stable at rest or K 0 condition. 
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If the fill is allowed to undergo vertical strain, while lateral strain is prevented, it 
will tend to assume the K 0 condition. In.other words, the stress path will deviate 
from OA along AB. The start of emptying provides an opportunity for strain to 
occur in the K 0 condition, and therefore the horizontal stress in a silo can be 
expected to increase at the start of emptying. These strains may also resuit in a 
breakdown of arching in the silo. 

10. The stress path OA' is similar to OA, but applies to a silo that is filled and 
then subjected to diurnal temperature changes. The alternate expansion and con­
traction of the silo shell causes the stress path to deviate from A' to B'. The 
horizontal stress corresponding to B' exceeds the corresponding K 0 stress by an 
amount that is related to the horizontal thermal strain, and which will be referred 
to as the temperature surcharge pressure TS. 

11. The concepts outlined above will now be illustrated by the results of 
-surements on full-size silos. It will be shown that one defect of current design 
•s is that they assume that arching will always occur in a silo, whereas arching 
may or may not occur and may break down as a result of disturbances such as fill 
movement at the start of emptying or temperature cycling. Current codes allow for 
the effects of non-arching behaviour or the breakdown of arching by applying 
empirical overpressure factors. It would be more rational to recognize and design 
for the processes observed to occur within a silo. 

Stress paths observed in .a steel sugar silo 
12. Figure 28 shows stress paths, similar to those sketched in Fig. l(b), 

observed during uninterrupted filling of a 20 m diameter by 31·5 m high steel sugar 
silo. Measurements were made by means of electric resistance strain gauges 
mounted on the steel shell, and relationships between the equivalent horizontal 
pressure uh, the frictional wall load Pro and the overburden (which approximates 
to uJ are shown. The calculated horizontal pressure depends on the assumption 
that the silo cross-section is truly circular. For this reason, it is referred to as an 
equivalent pressure. 

13. It will be noted that the stress path OA is quite variable, depending on the 
local frictional characteristic and the local unloaded radius of the silo wall. Also, 
that a lower horizontal pressure is associated with a higher frictional wall load 
(path 1-1) and vice versa (paths 5-5 and 6--6). The slight convex-up curvature of 
the stress paths shows that some arching was occurring, as does the fact that OA 
f-tress path 1-1 lies below the KA stress path. Paths 1-1, 5-5 and 6--6 have been 
<Wen for display as they represent measurements spaced at 90° to each other in 
plan. 

14. At A, filling was terminated and emptying started. Immediately, uh 
increased along AB while the wall load decreased correspondingly. Both sets of 
measurements are consistent with the breakdown of arching which was postulated 
earlier. 

15. The drawdowns that resulted in AB and BC in Fig. 2 each took place over 
the course of a few hours, with an interval of a day between. A further increase in 
horizontal pressure, with very little change in wall load, then took place over the 
course of the next few weeks (to point D) as the silo and the static contents were 
subjected to diurnal temperature cycles, and the temperature surcharge pressure 
built up. (Although the silo is insulated, the wall is still subject to a subdued 
diurnal temperature wave.) All of these observations are completely consistent 
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with Fig. l(b) and illustrate that arching in a silo cannot be regarded as an, 
ever-present phenomenon. 

16. It will be noted that the angle of wall friction developed on path 5-5 during 
filling was about 12°, as compared with the full angle of wall friction of 32°. The 
low angle arose because the shear displacement was limited to vertical compres­
sion of the sugar, and also, as discovered later,9 the measurements were taken 
when the silo wall was cooling and contracting relative to the fill. The very low 
value of b = 2° can also be ascribed to cooling contraction of the silo wall relative 
to the fill. 

Examples of pressure envelopes and stress paths observed in other silos 
17. Figure 3 shows a set of horizontal pressures measured in a 7 m dia. by 46 m 

high reinforced concrete wheat silo. 10 The figure shows the spread of pressures 
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measured at ':arious levels in the silo at the end of filling and after the start of 
emptying. The measurements were made by means of pressure cells built into the 
wall of the silo. The figure again illustrates the highly variable nature· of pressures 
measured in silos. 

18. Comparing the measurements with the envelope based on the Janssen 
theory (labelled 'measured properties') shows that arching certainly did occur 
during filling. However, at a depth of 30 m, the upper limit to the measured 
horizontal pressures reveals that there was relatively little arching at this depth. At 
the start of emptying, the lower limit to the pressures was relatively unchanged, 
but the upper limit increased considerably and coincided roughly with the KA line, 
with pressures approaching the K0 condition at two levels. The data in Fig. 3 
illustrate the breakdown of arching that may occur at the start of emptying, and 
the unreliability of the arching phenomenon. 
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19. Design pressure envelopes for emptying according to the DIN and ACI 
codes and the Australian guidelines are also shown in Fig. 3. The envelopes for the 
DIN and ACI codes have been calculated for the material properties specified in 
the DIN code; the envelope for the Australian guidelines has been calculated for 
the properties given in those guidelines. It will be seen that none of the code 
envelopes describes the measured pressures very well; also, none comes near to 

. predicting the maximum stress actually measured in the silo; and perhaps more 
importantly, none describes the big range of pressures encountered at a particular 
level around the perimeter of a silo. 

20. Figure 4 shows a set of pressures measured by means· of pressure cells built 
into the walls in a 20 m dfa. by 50 m high reinforced concrete cement storage 
silo. 11 The silo is operated as a load-out facility for bulk cement deliveries and is 
subject to simultaneous filling and emptying. Even though the height to diameter 
ratio bf the silo is unfavourable, Fig. 4 shows that the relationship between hA 
zontal pressure and depth of material accords with the predictions of the JansW' 
theory, and that the contents are fully and permanently arched; this illustrates the 
difficulty of predicting whether or not arching is likely to occur. The various code 
and guideline pressure envelopes again do not describe the pressures in the silo 
very well. In this case, much of the discrepancy arises because the materials param-

. eters assumed by the codes are much more severe than the actual materials 
properties. (The unit weight is 30% higher and the angle of wall friction is lower.) 

21. There are many other examples in the literature that illustrate both the 
unreliability of the arching phenomenon and the difficulty of predicting its 
occurrence. A number of such examples have been assembled in an earlier paper. 12 

22. Figure 5 shows a final example of stress paths for a silo, in this case a plane 
plate-welded steel silo storing maize, for which the horizontal pressures and fric­
tional wall loads were measured by means of strain gauges mounted on the 
walls. 13 

23. Figure 5(a) shows the stress paths measured on four lines-A, B, C, D­
separated by 90° around the perimeter of the silo. The symbols A, B, C, D each 
represent a measurement at positions A, B, C, D. There are twice as many points 
shown in Fig. 5(a) as in Fig. 5(b) because Fig. 5(a) includes measurements made 
between erection stiffeners and on the line of stiffeners, and Fig. 5(b) includes only 
measurements between stiffeners so that they represent wall loads in the 
unstiffened plate. The stress paths are similar to those shown in Fig. 2 but more 
variable because this silo is uninsulated and subject to greater diurnal fluctuations 
of temperature than the insulated sugar silo. Nevertheless, the stress pathsa 
within envelopes defined by the KA line and a temperature surcharge line. The. 
little evidence of any arching in the fill. Figure 5(b) shows the stress paths for the 
frictional wall load in the silo. The measurements show that, although there was 
insufficent arching to reduce horizontal stresses, frictional load was being trans­
ferred into the silo wall. 

24. The correspondence between stress paths Din Fig. 5(a) and (b) should be 
noted in particular. Line D was always in shade when measurements were taken 
and, as such, was cooler than the other lines of measurements. The pressures were 
therefore consistently higher on line D, and the frictional wall loads were lower. 
The cool section of the silo was prevented from contracting both vertically and 
horizontally by the presence of the grain, thus increasing the horizontal stress and 
decreasing the wall load. The mechanism of temperature stressing of silo walls has 
been more fully described elsewhere. 1·

4 
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Radial variations of horizontal pressure in silos 
25. The data displayed in Figs 2, 3, and 5 show that the horizontal pressure on 

a silo's walls, at a given level, can vary considerably around its circumference. Steel 
silos, which have walls that are relatively flexible in a horizontal plane, may not be 
much affected by this variation. The pressure variation can, however, cause signifi­
cant horizontal bending moments in the walls of reinforced concrete silos, and 
these merit consideration in design. 

26. Figure 6 gives some examples of observed radial variations of horizontal 
pressures in silos. Fig. 6(a) shows the radial variation of pressure observed in the 7 
m dia. wheat silo referred to in Fig. 3.1° Fig. 6(b) shows radial pressure distribu­
tions observed on two separate occasions on three separate levels in a reinforced 
concrete ring silo, storing cement powder. 15 Fig. 6(c) shows radial variations of 
pressure observed at two different levels at the end of filling the sugar silo referred 
Mt Fig. 2. 8 In the case of Fig. 6(c), it is believed that much of the apparent radial 
,.rability of pressure is, in fact, radial variability of strain arising from geometri­
cal imperfections in the silo shell. ; 

27. It will be noted from these examples that radial pressure distributions may 
be multilobed, that the variation may exceed half of the maximum measured 
pressure, and that the radial pressure distribution varies with level in a silo and 
differs on different occasions. Radial pressure may therefore have a highly variable 
distribution that does not appear to be susceptible to rational prediction. 

Calculating temperature surcharge pressures in silos 
28. Knowledge of the factors governing the magnitude and occurrence of 

temperature surcharge pressures is as yet incomplete (see, for example, the ASAE 
Code4

). Measurements have shown, however;that the diurnal temperature change 
experienced by a steel silo wall is less than the corresponding change of air tem­
perature.16 Hence, temperature surcharge pressures calculated on the basis of air 
temperature changes will usually be slight overestimates. There do not appear to 
be any published observations of temperature surcharge pressures in reinforced 
concrete silos. Because of the insulation provided by the concrete, these pressures 
may not respond to diurnal changes; but if materials are stored for long periods of 
time, a seasonal temperature surcharging is possible, and should be considered. 
There is also no established basis for calculating temperature surcharge pressures: 
the equation attributable to. Andersen 17 has been used, but it appears to give 
unrealistic reults, mainly because of the difficulty of estimating the parameters 
A;ssary for its solution. 
•. The Author 13·16 has formulated an equation based on measurements of 
temperature surcharge pressues in four steel bins storing maize. The equation is 

2MEt!Y.M 
TS=---­

MD + 2Et 
(2) 

where TS is the temperature surcharge pressure; Mis the compression modulus of 
the silo filling; Eis the elastic modulus for the material of the silo wall; tis the wall 
thickness; IY. is the coefficient of thermal contraction for the material of the silo 
wall; and Dis the silo diameter. The derivation of equation (2) is given in Appen­
dix 1. 

30. It appears from the field measurements that M is very dependent on the 
overburden stress to which the filling material is subjected. Fig. 7 shows the 
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relationship between M and overburden stress established from measurements on 
maize-storing silos. Clearly, more research is required on this topic, and, in partic­
ular, data enabling the calculation of the compression modulus M for various 
materials are required. 

Pressures at cylinder-to:..hopper transitions 
31. Work by Jenike, 18 by Jenike and Johanson, 19 and by Walker20 appeared 

to show that a 'switch pressure' or 'overpressure' would occur at the start of 
emptying close to the transition from the parallel-sided section of a silo to the 
convergent-walled hopper section. According to Jenike and Johanson, the switch 
pressure is generated because of the transition from an active state of stress in the 

ctl 
a.. 
~ 

N 
;>-

_J 
_J 

~ 
~ 

0 

20 

40 

60 

U) 80 
U) 
w 
a: 
1-
U) 100 
z 
w 
0 
a: 
:J 120 
CD 
a: 
w 
> 
0 140 

160 

180 

0 20 

CALCULATED 
Ph VS y z 

HORIZONTAL PRESSURE crh kPa 

40 60 80 ' 100 120 140 160 

MAIZE IN 15.5m DIA 
PLANE STEEL SILO 

CENTRAL INLET 
t 

20 kPa 

0\ 

\ ·11=11=11 11=11+=11=11111"'11=11 
CENTRAL OUTLET 

~ 24 ERE TION STIFFENERS 
'\ \ . SPACED AT 15° 

AND BOLTED TO WALL 
AT 300 INTERVALS e 

(a) . 

Fig. 5 (above and facing). Stress path for (a) horizontal pressure and (b) frictional 
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zone of parallel material flow to a passive state in the zone of convergent flow (see 
quotation from ACI Code commentary in§ 3). The switch pressure was postulated 
to be transient, to act over only a small height of wall at any time, and to travel 
upwards as the transition from a static condition to one of flow was established. 
Walker's theory postulates a similar switch from active to passive conditions at the 
cylinder-to-hopper transition, and predicts that a peak pressure will act at the 
transition. 

32. There are at least two reasons why these theories do not stand up to close 
examination. 
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(a) They call for a near-instantaneous transition from the active to passive 
states, taking no account .of the strain required to produce this tran­
sition (see Fig. l(a)). 
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Fig. 6 (above and facing). Radial variations of horizontal pressure observed in silos: 
(a) 7 m dia. silo referred to 'in Fig. 3; (b) 24 m outside dia., I 5 m inside dia. rei1iforced 
concrete ring silo storing cement; (c) 20 m dia. steel sugar silo referred to in Fig. 2 (in 
each case, horizontal pressures have been plotted radially in plan) 
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(b) They assume that plane sections through the silo fill in the zone of parallel 
flow remain plane in the zone of convergent flow. There are many 
studies of flow patterns within silos (for example, reference 21) that 
show that this is not the case. Material flowing from a silo queues to get 
through the available opening, and hence there is no sudden change in 
pressure. It is probable that the vertical stress in the flow zone reduces 
considerably. The horizontal stress at the silo wall may also reduce, as 
shown in Fig. 4. However, measurements to be shown later show that 
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horizontal stress at .the silo or hopper wall may be unaffected by empty­
ing. 

33. The overpressure theory was apparently substantiated by measurements 
made on model silos by Walker20 and by Clague.22 The results of these measure­
ments have been reproduced in Fig. 8. In each case, the theoretical peak pressure is 
shown together with the experimental obs.ervations purported to support the 
theory. However, if these results are compared with the positions of the KA and K0 

lines, it becomes apparent that the filling in the model silos was actually following 
the stress path OAB in Fig. l(b), with a localized transition from the KA to the K0 

state in the vicinity of the cylinder-to-hopper transition. This observation will now 
be substantiated by referring to the results of measurements on full-.size hoppers. 

Measurements of pressures in full-size hoppers 
•34. Figure 9 shows pressures measured at the start of emptying by means of 

pressure cells in the hopper portion of a 20 m dia. by 54 m high coal load-out 
silo.23 The figure also shows the positions of the KA and K0 lines. The observed 
pressures fall mostly between the KA and K0 'lines, with a few measurements 
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somewhat less than tlie active condition would predict. There is no evidence of any 
pressure substantially greater than that corresponding to the K 0 condition; fur­
thermore, no arching occurred in the hopper. 

35. Figure 9 also shows the hopper pressures predicted according to the DIN 
code and the Australian guidelines, the latter making allowance for a peak pres­
sure. As the figure shows, pressure predicted on the basis of the code and guide­
lines bears little resemblance to the actual pressures. 

36. Similar data are shown in Fig. 10 for the hopper of a steel bin, storing 
maize starch. 12 In this case, the pressures were deduced from strain measurements 
on the hopper wall. Even though the filling was an extremely fine powder, there 
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was no evidence of arching. The results were very similar to those measured in the 
coal silo and again bear little resemblance to the code predictions. The pressures 
shown were those normal to the convergent hopper wall, and the KA and K 0 lines 
have been adjusted to allow for this. 

37. The final comparison is shown in Fig. ll(a).24 To improve the outflow 
from a long reinforced concrete coal staithe or two-dimensional hopper, the outlet 
was modified by means of a bolt-on slot opening, together with a plough operating 
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along a shelf. The steel bolt-on modification was strain-gauged and test-loaded to 
check on its design. The horizontal pressure just above the shelf, both at the end of 
filling and the start of emptying, could then be calculated from the measured 
strains. The results displayed in Fig. 1 l(a) showed that the horizontal pressure at 
this point lay between the KA and K 0 lines, and hardly changed between the end of 
filling and the start of emptying. The Walker arching theory appears to be quite 
inadequate in this case, as no arching appears to occur in the hopper either during 
filling or at the start of emptying. 

38. Figure ll(b) shows the variation of sttain with time recorded by strain 
gauges at two positions along the length of the hopper. Neither gauge showed any 
substantial change in pressure once the plough was put into operation. 
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Fig~ 12 (above and facing). Suggested basis for estimating design loading on parallel­
walled silos: (a) band of horizontal pressure between yzKA and yzK0 +TS; (b) 
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variation of design horizontal pressure; (d) suggested vertical profile of design hori­
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39. From these comparisons, it may be concluded that 
(a) arching does not necessarily occur in hoppers · 
(b) peak pressures do not occur at cylinder-to-hopper transitions. 

Suggested methods of estimating design loading on silos and hoppers 
40. Suggestions for more realistic estimates of design loading are summarized 

in Fig. 12, and are as follows. . 
41. It should be recognized that arching may not occur in a silo or hopper fill. 

Even if arching does occur, it may break down at the start of emptying, resulting in 
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Fig. 12-continued 
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the application of pressures that exceed those calculated on the assumption that 
·arching will occur. 

42. The hopper portion of a silo should be treated simply as an extension of 
the silo itself. The design horizontal pressure distribution should extend from the 
top of the cylinder to the apex of the hopper, without any discontinuity. 

43. Temperature· surcharge pressures (TS) will occur in steel silos and may 
also occur in reinforced concrete silos. Temperature surcharges may be calculated 
according to equation (2), or following the suggestions of the ASAE Code,4 taking 
appropriate temperature changes into account. 

44. The design maximum horizontal pressure envelope should be the one in 
Fig. 12(a) labelled 

_YzK0 +TS 

45. Frictional wall loads will be at a maximum if arching occurs in the s'A 
They should therefore be calculated on the basis of a horizontal pressure distrifJ'1' 
tion that assumes arching according to the Janssen theory, with a pressure coeffi­
cient of K 0 (Fig. 12(b)). 

46. It should be recognized that horizontal pressures will not be uniform 
around the perimeter of a silo or hopper. Depending on the construction of the silo 
or hopper, it may. be advisable to consider the effect of a hypothetical radial 
pressure distribution varying between the limits of 

ah= yzKA 

and 

ah= yzK0 +TS 

A possible, but arbitrary, distribution for this purpose is that shown in Fig. 
12(c), i.e. 

(3) 

·where /3 is defined in Fig. 12(c). This distribution· recognizes that both the horizon­
tal pressure due to the filling, and the temperature surcharge pressure may vary 
around the perimeter of the silo in a multilobed fashion. 

47. Irregularities in the horizontal pressure profile, resulting from a localized 
break-down of arching, may give rise to bending in the vertical direction. This 
aspect could be considered by assuming that a variation occurs in the vertiill.. 
profile of horizontal pressure, such as that illustrated in Fig. 12(d). This distri. 
tion, also arbitrary, recognizes that a change in pressure conditions appears most 
likely to occur in the vicinity of the cylinder-to-hopper transition. The profile is 
given in non-dimensional form, assuming that the relationship between horizontal 
pressure and overburden is basically linear. A progressive transition is assumed 
from KA to K 0 conditions, and back again, over a vertical height of D/4 above and 
below the cylinder-to-hopper transition. The variation is assumed to be described 

. by 

ah = KA + (K0 - KA)sin ~ (i -4x) 
yz · 2 D 

as shown in Fig. 12(d). In this case, the temperature surcharge TS is not con­
sidered, as observations have shown14 that the temperature surcharge disappears 
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once. the silo contents a:re put in motion at the start of emptying. The surcharge 
could, however, be included by adding an appropriate term to give 

ah ' ( TS ) . n ( 4x) - = KA + K0 + - - KA sm - 1 - -
yz · yz 2 D 

Conclusions 
48. Current codes of practice and guidelines for assessing design loading on 

silos and hoppers are lacking in some respects. These deficiences have been enu­
merated and illustrated with reference to measurements on a number of full size 
silos and hoppers. Suggestions have been made for making silo loading codes 
more realistic. 

l~ndix 1. Derivation of temperature surcharge pressure equation 
49. If e is the thermal strain that is prevented from occurring by the presence of the silo 

fill, ix is the coefficient of thermal contraction of the silo wall, Ll8 is the change of temperature 
of the silo wall, TS is the thermal surcharge pressure, and M is the modulus of compress­
ibility of the grain for radial compression, then 

e = ixM - (TS/M) 

Also 

TS= 2Eet/D 

where E is the elastic modulus of the silo wall, t is the wall thickness and D is the silo 
diameter. Hence, by eliminating e 

TS= 2MEtixtl8/(MD + 2Et) 

50. The equation was formulated for silos with corrugated steel walls in which the hoop 
strain is essentially one-dimensional. It does, however, seem to give a reasonable description 
of temperature surcharges in steel silos with walls of plane welded plate. 
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9593 DISCUSSION STRUCTURAL ENGINEERING GROUP 

Defects in accepted methods of estimating 
design loading for silos 

G. E. Blight 

Professor J.M. Rotter and Dr J. Y. Ooi, University of Edinburgh 
The Author argues that current codes of practice and guidelines for assessing 

.esign loading on silos and hoppers are lacking in some aspects. The object is 
stated as: 'to point out these defects and to suggest how the design approach can 
be improved.' We agree that current codes have many defects, but we would argue 
that this Paper does not help code writers very much. 

On stress paths 
52. In § 8, the Author states that during filling, the solid 'will be compressed 

vertically and some horizontal extensive strain will occur'. For a smooth-walled 
rigid cylinder, the horizontal strain will always be zero. For most real silos, includ­
ing all the silos the Author studied, a uniform radial strain of O· l % would be 
extremely large. A glance at Fig. l(a) shows that the walls are all very stiff. Hence 
the most likely condition for initial filling is effectively zero lateral strain. The 
horizontal pressure ratio differs from K0 because wall friction causes shearing in 
the solid, and because the test to measure K 0 does not model the stress history to 
which the solid is subjected. 

53. The Author describes next what might happen when emptying begins, 
which appears to be founded on one experiment by the Author.25 To say that 
stress path OA is in 'a metastable stress state' (i.e. in unstable equilibrium: vide 
Oxford English Dictionary) is quite unfounded. To say that the stresses will tend 
to assume the K 0 condition under vertical (tensile) strains when the lateral strain is 
prevented has not been demonstrated and is contrary to many known materials 
test results. 

54. The responses of particulate media are known to be stress history depen-
.ent. Many experiments on soils and bulk solids have shown that when the solid is 

allowed to undergo vertical tensile strain, the horizontal stress can be 'locked-in': 
the ratio of horizontal to vertical stress K increases and can exceed unity. An 
example of tests on sand is shown in Fig. 13. 26 There is no' natural' state at K 0 , as 
suggested in§ 9. 

55. It appears that Fig. 2(a) demonstrates that K increases on discharge, 
moving towards the K0 line at three locations around the circumference chosen 
'as they are spaced at 90° to each other'. However, it is very instructive to examine 
Fig. 6(c), where results at two other levels in the same silo are shown. The left side 
of the figure shows the filling 'pressures', and the right side shows the discharge 
'pressures'. At level l, three 'pressures' fell substantially, while two scarcely 
changed. At level 3, three' pressures' fell dramatically while one rose dramatically. 

Paper published: Proc. lnst.n Ci!!. Engrs, Part 1, 1990, 88, Dec., 1015-1036. 
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Fig. 13. Stress paths observed in a COY!fined compression test 

56. The proposition that the solid is therefore seeking stability under higher 
pressures resulting from a higher K is clearly untenable. If anything, the mean 
'pressure' is falling. Rigorous statistical studies27 have shown that the mean pres­
sure overall is always close to Janssen, whether the filling or concentric discharge 
state is being studied. If the Author plotted all the results before he chose to 
present those of Fig. 2(a), he must have found that there was no general increase A 
K. It appears that he chose his results very selectively to demonstrate the require'flllll" 
proposition. 

57. Finally, if a designer were to try to predict the line marked K 0 yz in Fig. 
2(a), using the information in the Paper, he would measure the angle <P at 41° 8 and 
use it in equation (le) to obtain K 0 = O· 374. The designer would then underesti­
mate the K 0 yz line pressures by 32%1. Using equations (1), the value of KA in Fig. 
2(a) corresponds to <P = 39·7°, while the value of K 0 corresponds to <P = 26-1°. 
Such an inconsistency needs explanation. 

Circumferential pressure variation 
58. The horizontal pressure variations in silos and their structural conse­

quences have been discussed at some length before. 8
• 

10
•

21
-

30 They are widely 
acknowledged to occur, and the German DIN code2 has included a procedure to 
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allow for them for several years. The Author appears to have ignored reference 10 
and not to be aware of much of the other literature. 

59. The real challenge facing code committees is to find a rationally-based 
simple codifiable method of including horizontal pressure variations. The new 
suggestion in Fig. 12(c) may well be suitable, but its superiority over the German 
'patch' load has not been established. 

Deduction of' equivalent wall pressure ' from strain measurements 
60. The Author derived the pressures acting on the walls of the two steel silos 

from the readings of the strain gauges mounted on the wall. The deduction of 
pressures from strains in the shell is not a straightforward process. The instrumen­
tation of the steel sugar silo of Fig. 2 is given in reference 8. Bending strains in the 
steel wall were not measured, and the local circumferential stress u0 has been 
simply interpreted through u 0 = uh D/2t as a local pressure value. 

61. This process results in wall 'pressures' which are wrong by large and 
eariable margins, often by several hundred percent. The Author appears to try to 

allow for wall bending by writing: 'The calculated horizontal pressure depends on 
· the assumption that the silo cross-section is truly circular.' (§ 12). A truly circular 

silo would still experience large bending strains if subjected to the pressures 
plotted in Fig. 6(c). 

62. In an attempt to investigate the magnitude of the ignored bending for this 
case, we analysed the silo of reference 8, subject to the pressure distribution given 
in Fig. 6(c), and using the geometry defined in reference 8. The bending strains 
(which were assumed to be zero by the Author) were found to be larger than the 
circumferential membrane strains (which were assumed to be being measured), so 
that the inferred pressures are probably wrong by more than 100%. 

63. However, to make matters worse, the calculations showed that the strains 
at level 1 depend quite sensitively on the adjacent boundary condition of .the 
bottom of the silo wall, so any strain measured at this point can be interpreted 
only if a complete structural analysis of the silo is used. Accordingly, most of the 
huge variation in pressures which the Author plots in Fig. 6(c) probably arises 
from bending of the wall under smaller unsymmetrical pressures, and not from 
large variations in pressure. The variations shown in Fig. 6(a) and (b) are more 
credible, but the reader is not told whether these are peak values, values at one 
instant, or maximum and minimum values. It is difficult to know, therefore, how 
they should be used to develop a design rule. 

64. The Author appears to have some inkling of these difficulties when he 
writes in § 26: 'it is believed that much of the apparent radial variability of 

.ressure is, in fact, radial variability of strain arising from geometrical 
imperfections'. If the inferred pressures in Fig. 6(c) are in error or exaggerated by 
geometric imperfections, how can so much faith be placed in the readings shown 
earlier in Fig. 2? 

Misinterpretation of arching and wall friction 
65. The proposition that 'arching may or may not occur and may break 

down'(§ 11) is central to the Paper. Unfortunately, almost all the evidence for the 
loss of arching is obtained by misunderstanding or misinterpretation. 

66. As a first example, § 16 states: 'It will be noted that the angle of wall 
friction developed on path 5-5 during filling was about 12°, as compared with the 
full angle of wall friction of 32°.'. If the value at the point marked in Fig. 2(b) is 
used, together with the density8 of y = 8·6 kN/m3

, the value of K which has been 
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used in backfiguring this wall friction can be found as K 0 = 0·55. As the silo was 
being filled, and the pressures were clearly much smaller (Fig. 2(a)) than this K 0 yz, 
it is quite misleading to use this K 0 to backfigure the wall friction, and so to 
deduce a low wall friction value. 

67. If, instead, Janssen's equation is used with a sensible value of K of perhaps 
0·3, the full wall friction is found to predict the curves 5 and 6 very closely. Thus, 
the curves in Fig. 2(b) do not show that wall friction is poorly developed. Instead, 
they show that Janssen's equation (involving wall friction and arching) gives much 
better predictions of the measured vertical wall loads than the Author's procedure. 

68. Next, the Author infers (e.g. § 18) that high pressures arise from low local 
wall friction ('the upper limit to the measured horizontal pressures reveals that 
there was relatively little arching at this depth'). By studying the equilibrium of the 
entire silo, it can easily be shown that neither the pressures nor the wall load 
respond quickly to local changes of wall friction (Fig. 14). Loss of arching is not a 
viable explanation of the high pressures. • 

69. The most probable reason for the inverse correlation between the mea­
sured circumferential strain on the outside of the wall and the deduced value of 
vertical wall load (§ 13) lies in the structural behaviour of a cylindrical shell under 
unsymmetrical local normal loads, which induce vertical membrane stresses in the 
wall as well as circumferential membrane stresses, and both vertical and circum­
ferential bending stresses. 31 The behaviour is very complicated and cannot be 
described within this discussion. 

Mean vertical stress in the stored solid 
70. Several plots show the changes to the deduced pressure and the wall 

vertical load at a point as the' overburden pressure' (yz) increases. 
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71. If the wall load from friction at a certain level is known, then the mean 
vertical stress in the solid can be found from the difference between the weight of 
bulk solid and the frictional wall load at that level, divided by the silo cross­
sectional area. Thus, if there is any friction on the wall, the vertical stress at the 
level will be less than yz. 

72. Frictional wall loads developed in all the experiments. It is misleading to 
plot pressure and wall load against yz and to state that this plot· shows a stress 
path(§ 12). No mention is made of this simplifying approximation. 

Wall pressure profiles and plots of' stress path' 
73. Although the assumption is not directly stated, the Author appears to have 

.interpreted the 'stress path' at a point on the wall during filling (e.g. Fig. 5) as 
identical to the wall pressure profile above that point at the end offilling. 
llJI. Many experimental observations have shown that the changes in wall 
~sure at a point during filling can be very different from the actual pressure 
distribution on the silo wall. 32 This can also be demonstrated from the results 
presented in the Paper. Accordingly, if the curve for generator 5 in Fig. 2(a) (level 2) 
is used to predict the pressure which this inference indicates should have occurred 
at the end of filling at level 3, the prediction is found to be 41 kPa. The measured 
value (Fig. 6) was only 29 kPa, so the inference shows an error of 41 %. The wall 
pressure distribution cannot be inferred from pressure changes at one level. 

Linear KA or K0 profile 
75. The Paper does not distinguish between tall and squat silos. The silos of 

Figs 2, 4 and 5 are all moderately squat (effective H/D around l ·5). In a squat silo, 
the linear hydrostatic pressure distribution and the Janssen distribution are 
experimentally almost indistinguishable. Therefore, these are not good experi­
ments from which to argue about whether or not arching is occurring. For moder­
ately deep and deep silos (Fig. 3), the Kyz lines give extremely large wall pressures 
which are most unlikely to occur in practice. The 'spread' of pressures (§ 17) 
shown for the silo of Fig. 3 disguises the fact that the mean pressure distribution 
overall, as found from the original raw data, is very close to the Janssen distribu­
tion. 

~ores in hoppers 
•. The Author's casual treatment of the mechanics of hoppers (§ 33), even 
ignoring the orientation of the hopper wall, must be left for others to answer. 
However, it should be noted that his two main criticisms of earlier work were that 
the material could not change rapidly from an active to a passive state at the 
transition, and that existing theories assume that plane sections in the cylinder 
remain plane in the hopper. 

77. It is easy to believe that an active to passive change must occur rapidly 
below the transition in a normal conical hopper if one examines the change in 
cross-sectional area which occurs here (Fig. 15). Huge strains (by Fig. l(a) 
standards) must occur immediately below the transition. The same is not true for 
an inverted cone silo (Fig. 4), and the suggestion that no switch may occur in this 
silo is quite reasonable. 
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Fig. 15. Variation of cross-sectional area for conical hopper and inverted cone 

78. The second criticism muddles static and kinematic considerations. The 
quoted existing the'ories make no assumptions about plane sections, but insist 
merely that equilibrium must exist in any slice of material. They do not exclude 
material from queuing to exit the silo. 

79. The reader should note that the pressure comparisons given with Walker's 
theory and the Australian code omit their predictions of filling pressures, which 
are much closer to the test results. It is not clear what the Author means by 'no 
arching' in a hopper. Can he believe that bulk solid is sliding out of the hopper 
without the full wall friction developing between the solid and the wall? 

Temperature surcharge pressure 
80. In § 28, the Author states that the equation attributed to Andersen 

'appears to give unrealistic results' and he develops a 'new' equation in the 
Appendix, based on the assumptions which Andersen used. However, the Author's 
equation is, in fact, the same as Andersen's equation, with the material parameter 
M substituted for Andersen's more identifiable but otherwise similar material 
parameter E.(1 - v). 

81. If the 'new' equation (2) is divided top and bottom by 2M t, and D­
recognized as the radius R, then equation (2) is identical to Andersen's equation, as 
given in reference 3. 

G. Mathieson, Charles Scott & Partners 
It has been clear for many years that silo design methods have been less accurate 
than one would like: for instance, close inspection of prestressed concrete silos 
designed by traditional methods often shows up significant horizontal and vertical 
cracking that cannot be explained other than as a result of design shortcomings. 
This Paper represents an important and valuable addition to the literature on the 
subject. 
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83. One particular aspect of the problem that is touched on in the Paper is the 
question of the effect of geometrical irregularities in the silo wall on the theoretical 
stress distribution. Such irregularities can have a highly significant effect on stress 
distribution in thin walled structures, as has been shown by work on the design of 
hyperbolic shell cooling towers. 

84. Excessive stress resulting from such dimensional irregularities has prob­
ably been responsible for several collapses, including that of the cooling tower at 
Ardeer some years ago: It is therefore of vital importance to ensure that setting out 
and construction techniques are suitable to attain the degree of geometrical accu­
racy that is required. The designer must also consider the effect of inevitable 
irregularities, and ensure that the contract spells out clearly the dimensional toler­
ances that must be maintained in each particular case. 

IPM. J. Blackler, Mott MacDonald 
In the Paper, the Author sets out to highlight, by reference to measurements on 
full-scale silos, defects in the assumptions behind the derivation of ACI, DIN, 
Australian and EP silo codes. The Author suggests a method for the prediction of 
silo wall loads which simplifies existing design methods. However, the benefits of 
the simplified method to the practising engineer are not convincingly presented, 
nor are they robustly derived. Some of the reasons are outlined below. 

86. It is apparent from Figs 3 and 4 that the simplified formula will result in 
conservative over-prediction of horizontal pressures on the vertical cylindrical 
wall, and that existing codes using actual material properties will give more realis­
tic estimates. This may not be too important for small capacity silos, but is critical 
for the economic design of large-scale installations. It also goes against the suc­
cessful use of modern silo codes in designing safe and functional structures. 

87. Full-scale pressure measurements in silos, taken by the Author and other 
researchers, represent conditions acting over a small area of the wall only. The 
occurrence of local peak pressures, which are known to occur in practice, can pose 
problems with data analysis unless there is sufficient instrumentation to define the 
rate of pressure variation. This is because the structural significance of local over­
pressures may be small in comparison with the effects of a more gradual variation 
that has reduced amplitude. The consequence of ignoring localized pressure peaks, 
by enveloping the measured data, is to over-design the silo for in-plane loads, but 
this could misrepresent the bending effects. 
A. The results presented in Fig. 6 illustrate that silo pressures may not be 
~ally uniform where nominally concentric flow is deemed to occur. Variations 
in pressure around the circumference are understood to be influenced by such 
factors as geometric imperfections, method of filling and discharge, eccentricity of 
outlets, use of mechanical discharge equipment and inherent variations within the 
stored medium. Because of these many factors, especially the method of discharge 
in multi-outlet bins, the sin 2P pressure variation suggested in equation (3) may be 
inappropriate. For silos with central filling and central discharge, it would be 
better to specify a nominal design bending moment, and for other configurations, 
to base the radial variation on consideration of potential flow patterns. 

89. Pressures derived from surface strain measurements, such as reported in 
Fig. 5, can be used to bridge the information gap between measured silo loads and 
their interaction with the silo structure. However, in using this approach, it is 
necessary to monitor closely the rate of strain variation over a circumference and 
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to identify wall bending effects (particularly at points of discontinuity, such as 
stiffeners, ring beams, lap joints, etc.). Where this is not done, extrapolated pres­
sure profiles may be largely in error because of the nature of the necessary sim­
plifying assumptions. 

90. In summary, some of the shortcomings of the Author's suggested design 
method are seen to be: 

(a) no readily apparent benefit to the overall design effort over traditional 
methods which form the basis of modern codes 

(b) over-prediction of horizontal pressures, against realistic prediction by 
existing methods when actual material properties are used 

(c) the need to relate more closely the radial pressure variation to silo flow 
behaviour. 

Professor Blight 
In § 52, Professor Rotter states that the most likely stress condition for initial 
filling is one of zero lateral strain. His implication is that if the measured horizon­
tal pressure ratio differs from K 0 , the measurements must be wrong. However, he 
fails to appreciate that the material in most silos is placed in an active (KA) 
condition and, in terms of Fig. l(a), has to undergo strain to reach the K 0 condi­
tion. This strain occurs in the silo filling, and not in the wall of the silo. 

92. The active state is a state of failure, with shear stresses at the maximum for 
the prevailing direct stresses. The stable condition for vertical compression under 
zero lateral strain is the K 0 state, as Rotter states in § 52. If shear stresses in the 
filling are larger than those corresponding to the K 0 state, as they are along stress 
path OA in Fig. l(b), they will, given the opportunity, reduce to those of the K 0 
state. The start of emptying causes vertical tensile strain in limited parts of the 
filling, depending on the flow pattern. It also allows lateral strains to occur in the 
filling that, in turn, reduce shear stresses and allow stress path AB to occur. This 
very process is illustrated in Rotter's Fig. 13, where the stress path starts out on the 
KA line and progresses towards the K 0 line, reaching the K 0 line only when the 
vertical stress has been increased to 45 kPa. 

93. In § 54, Rotter again demonstrates misunderstanding. If the process 
depicted in his Fig. 13 were to be followed on a pressure cell set in the wall of a silo, 
it would be observed that, as emptying starts, the horizontal pressure is virtually 
unchanged. The observer would have no knowledge of the vertical stress ch.A 
and would therefore conclude that the stress ratio was not changing. StudiPof 
strain conditions in silos at the start of emptying (e.g. Deutsch and Clyde,21 show 
that strain conditions hardly change in the silo filling, except in the immediate 
vicinity of the outlet. There must be dramatic stress changes here, but elsewhere 
the lack of changes in strain shows that all vertical and horizontal stress changes 
must be modest, as indicated by stress path AB in Fig. l. 

94. In Rotter's§§ 55-57, I am accused of being selective in my choice of data. 
On reviewing Rotter's evidence for this accusation, I admit that he appears to be 
correct. However, in attempting to confound, Rotter has committed the very sin of 
which he accuses me. Ifhe had read reference 8 less selectively, he would no doubt 
have noticed that an error has been made. The diagram that appears as Fig. 6(c) 
actually shows radial distributions of frictional wall load, not equivalent horizon­
tal pressure. The correct version of Fig. 6( c) is given here. This figure shows that in 
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every case, except one, the equivalent horizontal pressure increases on drawdown. 
Rotter would also have seen that there is a separate figure in reference 8, similar to 
his Fig. 13, that shows that K 0 for normally consolidated sugar was measured at 
0·55. It is hoped that the hypothetical designer would have used this value, rather 
than equation (le), which is clearly denoted as empirical and approximate. 

95. In Rotter's § 58, I am accused of ignoring reference 10. This is hard to 
understand as the reference has been listed in the Paper and Fig. 3 is acknowl­
ld as coming from that source. With regard to references 27-30 (three are 

er's), 27 was published after the Paper was written, 28 appeared in the pro­
c Ciings of an obscure conference, 29 is in German, and 30 was never published. 

96. Rotter's §§ 58-64 were clearly written by an analyst who has never tried to 
make any sort of field measurement. If he had, Rotter would have known that 
access to all heights of the outside of a large silo is very difficult to obtain. Access is 
available only if scaffolding has been erected for the purpose of applying insulation 
or of painting, or if a tower crane is available, so that one can work dangling from 
a basket. Access to upper heights of the inside of the wall of a roofed silo is just not 
practically possible. Application of strain gauges to the inside of the walls of a silo 
is even more difficult, as the wall frictional forces scrape off the gauges and their 
connecting leads. Storage silos for foodstuffs and other perishable commodities 
have to be waterproof. For this reason, owners of these silos are reluctant to allow 
holes to be drilled in the walls of their structures. One therefore has a dilemma. 
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Either one accepts that it is not possible adequately to measure strains on working 
steel silos and interpret them in terms of pressures, or one makes the best possible 
attempt under the circumstances. The equivalent horizontal pressures and fric­
tional wall loads shown by me in Figs 2, S, 6(a) and 10 are at least numbers that, if 
multiplied by suitable factors, will give the principal strains measured on the 
outside of the re.levant silo walls. It follows that strain calculated in a design 
situation from pressure distributions established by this means will give strains of 
the same nature as those measured on the outside of the test silo. Despite Rotter's 
objections-which, it should be noted, are based on approximate theories-these 
pressures cannot be completely unrealistic. 

97. [ have now developed a method of protecting strain gauges mounted on 
the inside of silos having corrugated steel walls. It turns out that pairs of back-to­
back readings are quite similar. This casts at least some doubt on the validity of 
Rotter's criticism. However, do not take my word for it. A recent comparison by 
Borcz and el Rahim 33 of pressures derived from strains measured on the outsi­
a steel silo, with pressures measured by means of pressure cells, has shown • 
good agreement between the two sets of measurements. The fact of the matter is 
that individual panels composing the walls of circular steel silos are extremely 
flexible. lnitial out of roundness in these large flexible sheets is largely corrected 
when the internal pressure is first applied and thereafter does not affect strain 
measurements. 

98. If strains measured on one side of the wall of a steel silo cannot be used to 
estimate internal pressures, why are similar results obtained whether strain mea­
surement or pressure cells are used on steel silos?8

·
25

•
33 Furthermore, why are 

similar results obtained when pressures are measured using pressure cells on rein­
forced concrete silos? The data shown in Fig. 3 (which Rotter does not attack) are 
very similar to those shown in Fig. S (which he does attack). Why can the sug­
gested methods be used to calculate reasonable envelopes to data from both 
pressure cells and strain gauges if the strain gauge method is hopelessly wrong? 

99. In§ 66, Rotter refers to' Fig. 2(b) '.It is presumed that he refers to point SB 
on the wall load diagram to the right of Fig. 2. A corresponding point SB is shown 
on the left-hand diagram for equivalent horizontal pressure. This point lies very 
close to the K0 yz line for K0 = O·SS. Hence, it was quite correct to back-figure the 
angle of wall friction for this value of K0 . 

100. Rotter's argument in § 68 and his Fig. 14 are not convincing. Fig. 14 
shows a 10% increase in horizontal pressure resulting from a hypothetical loss of 
frictional resistance over a limited height of silo wall. Fig. 3, to which he appears to 
be referring, shows a 23% increase in pressure at a depth of 30 m. By adjustinfA 
numbers he has selectively used in his example, a 23% increase could eq­
reasonably be demonstrated. 

101. Referring to Rotter's §§ 70-72, the term 'overburden stress' is commonly 
accepted as meaning 'depth above point considered multiplied by unit weight of 
material'. This is clearly shown wherever the term has been used in the Paper. 
Nowhere is there any suggestion that overburden stress equals vertical stress. 

102. Rotter's §§ 73 and 74 are also uncalled for: wherever a diagram in the 
Paper refers to changes of pressure or wall load at a point, it is quite clearly 
marked as a stress path. Full pressure profiles are not thus marked. 

103. Rotter may be correct in saying in § 75, for the specific case illustrated in 
Fig. 3, that pressures near the base of the silo will never reach the linear KA yz 
profile. However, in the vicinity of 30 m, at which depth the H/D ratio is 4 to 4·5, 
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pressures not only reached the KA yz line, they exceeded it. Thus it is obviously 
possible for a linear pressure-depth profile to occur in a tall silo. A linear profile 
also does not always occur in a squat silo. It does not apply in Fig. 4, where the silo 
concerned has an H/D ratio of2 to 2·5. 

104. With reference to § 76, I fail to see in what respect I have ignored the 
orientation of the hopper walls. The slope of the hopper is clearly marked in each 
case, and the pressure normal to that wall is given. In§§ 77-79, Rotter shows again 
that he does not understand the implications of his Fig. 13 or how material flows 
out of a hopper. The flow can occur without significant change of pressure normal 
to the hopper wall because the material queues to exit and because, in terms of Fig. 
13, there is little change in horizontal pressure accompanying a reduction in 
vertical pressure. Rotter's Fig. 15 becomes relevant only ifthe material crowds into 
the outlet, thus undergoing lateral compressive strain and increasing the lateral 
ass ratio-in the process. It does not do this, and hence filling pressures remain 
Whanged at the start of emptying in structures such as those illustrated in Figs 
9-11. In these structures, the material adjacent to the hopper walls is not inten­
tionally disturbed during emptying. However, in the case of the structure shown in 
Fig. 4, the material is disturbed during discharge by the injection of compressed 
air. Here there is a marked reduction of pressure towards the outlet. 

105. Referring to Rotter's§§ 80 and 81, I have nowhere stated that equation (2) 
is new. It is different from Anderson's equation in two respects: firstly, it lumps 
uniaxial elastic and Poisson's ratio effects together into the compression modulus 
M; secondly, M has so far been derived from field measurements. This recognizes 
that the compressibility of granular materials is highly strain-dependent and 
needs, in this instance, to be measured in the range 0-200 microstrain. Although 
this can now be achieved in the laboratory (e.g. reference 34), the technique is new 
and I do not yet have the apparatus to carry out this type of measurement. 

106. With regard to Mr Mathieson's comments on the effects of geometrical 
irregularities, I would agree that the latter are certainly important for hyperbolic 
shell cooling towers, but are possibly less so for silos where the loading is to a 
certain extent supportive of the shell. 

107. In respect of Dr Blackler's discussion, it is certainly true that the Janssen 
theory gives results that are quite satisfactory for some silos: Fig. 4 illustrates this. 
However, the argument is not as convincing for Fig. 3. The difficulty the designer 
faces is knowing beforehand when Janssen will apply and when not. 

108. I would certainly endorse Blackler's remarks concerning the use of actual, 
~erly measured material properties, where these are available. Often, however, 
- have to be designed and constructed before the product they are intended to 
store has been produced. In these circumstances, how does one know if calculated 
pressures will be conservative? 

109. Blackler's point in his § 87 is well-taken. It would, however, be useful to 
have some suggestions as to how to overcome the difficulties inherent in extrapo­
lating from spot measurements. The same comment applies to his § 89. Unfor­
tunately, there is always a gap between what is practically achievable and what is 
theoretically desirable. Availability of resources usually dictates the former. 

110. Referring to §§ 88 and 90, I have made some suggestions for what I 
consider to be improvements to existing design codes. Research and learning 
should be an ongoing process. The suggestions in the Paper are certainly not seen 
as the last word on the subject, but only as a step on the way to improved 
engineering knowledge of silos. 
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A comparison of Measured Pressures 
in Silos with Code Recommendations 

Summary 
9,he paper examines the evidence for the occurrence of 

0enike or Walker-type overpressure in silos by studying the 
results of pressure measurements in two models and ten 
full-scale structures. It is shown that although a localized 
increase in horizontal pressure often occurs in the vici nity 
of a transition from parallel to convergent flow, increased 
pressures do not generally exceed a limit defined by the 
horizontal pressure for the zero lateral strain condition in the 
silo fill. Pressure distributions predicted by various design 
codes do not usually represent measured horizontal pres­
sures very wel l. 

1. Introduction 
The work of Jeni k e and Johanson [1] [2] and W a Ike r [3] 
introduced the concept of the "overpressure", "pressure 
peak" , "switch pressure" or "concentrated force" to the 
assessment of loads on silos. According to these authors , 
the phenomenon occurs close to the transition from the 
parallel walled section of a silo to the hopper portion. The 
overpressure is generated because of the transition from an 

. active" state of stress in the zone of parallel material flow 
to a "passive" state of stress in the zone of convergent flow. 
It is difficult, Jeni k e and Johanson say, to measure and 
record the pressure peak because it acts only over a narrow 
portion of the wall at any time and travels upwards as the 
transition from a static to a flow condition is established. 

The work of Jeni k e and Johanson appears to have been 
supported , quantitatively at least, by that of W a Ike r [3] 
whose theory postulated the generation of a static pressure 
peak at the transition from parallel to convergent flow. 
W a Iker 's theory was apparently substantiated by small­
scale model tests that he undertook and also by larger­
scale model tests undertaken by CI ague [4]. 

Those working in the field of silo design took these publi­
cations seriously and quite soon, the concept of the "over­
pressure factor" made its appearance in the American Con­
crete Institute Code for silo loadings [5]. This was followed 
by the introduction of overpressure factors into the German 
silo loading code [6] and the very recent Australian guide­
lines [7] . 

Dr. G.E. Blight, Professor of Construction Materials , University of the Witwat­
ersrand, Dept. of Civil Engineering , P.O. Wits , 2050, Johannesburg , Republic 
of South Africa 

G.E. Blight, sout h Africa 

The object of this paper is to examine the evidence for the 
occurrence of overpressures in silos and to show that the 
basis for present concepts appears unsound. This con­
tention will be backed by comparing pressures measured in 
ten full-scale silos with the pressure distributions postulat­
ed by the three sets of guidelines or codes already mention­
ed [5] [6] [7]. 

Finally, a much simpler and more rational basis for design 
will be advanced. This does not mean that the author 
believes that all problems regarding the assessment of 
loads on silo walls have now been solved. On the contrary, 
a number of important problems remain . But, it should now 
be possible considerably to simplify load assessment pro­
cedures. 

2. States of Stress in Ensiled Materials 
Fig. 1 a illustrates the relationship between the stress ratio 
K = oh/ov and lateral strain in a particulate material. If a 
material can expand laterally without limit when loaded 
vertically , K reaches a lower limit KA , the active stress ratio . 
For a cohesionless material KA is related to the angle of 
shearing resistance <)> by 

1 - sin <)> 
KA=----

1 + sin <)> 
(1) 

If all lateral strain is prevented as the material is loaded 
vertically , K will tend towards K 0 , the "at rest " or "zero 
lateral yield" stress ratio. For a cohesionless material K0 is 
given , empirically, but not exactly, by 

K 0 = 1 - sin <)> (2) 

If a material is compressed laterally while being subject to 
a constant vertical stress, the stress ratio will increase until 
it is compressing laterally without limit. In this condition, the 
stress ratio K will have a value given by KP, the passive 
stress ratio. For a cohesionless material KP is given by the 
inverse of KA, i.e. 

K = 1 + sin<)> 
P 1 - sin <)> 

(3) 

When a material is loaded into a silo it comes to rest in an 
active state with a stress ratio KA. As further material is 
loaded and a particular layer becomes buried , lateral strain 
is prevented by the silo walls. Vertical strain occurs, how­
ever, and friction is built up between the material and the 
walls. 
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The stress state in the material adjacent to the wal ls is 
illustrated in Fig . 1 b. Because the fil l is settling relative to 
the vertical wall , the stress circle is tangent to the wall 
friction envelope defined by 6, the ang le of wall friction . The 
corresponding horizontal and vertical stresses , oh 1 and ov1 

have been located by means of the origin of planes con­
struction. Because the fill itself is not in a state of failure , 
the st ress ratio o3/o1 exceeds K A and approaches K0 . Simi­
larly, the stress ratio oh 1/ov1 also approaches K0 . The K0 

condition is defined by circ les tangent to an envelope rising 
at an angle 

1 - K 
sin - 1 ---

0 

1 + K0 

(e.g. the broken circle in Fig . 1 b). 

In Fig . 1 b as drawn ah1/av1 actually exceeds K 0 . 

Now consider what happens when sliding is initiated on an 
inclined hopper surface. If the same pair of principal 
stresses o 1 and a3 are considered , and oh and av are again 
located by the origin of planes construction, it will be noted 
from Fig . 1 b that a greater horizontal stress oh2 together 
with a smaller vertical stress av2 are required for sliding to 
occur on the hopper wall*. Note also that the shear stress 
on the vertical surface has decreased. It would not be 
unreasonable to expect the stress changes indicated by 
Fig. 1 b to occur in material adjacent to a silQ wall at the 

(")An opposite conclusion can be reached by drawing the hopper surface from 
right to left in Fig . 1 b to obtain the conjugate stresses but this possibility 
seems to be excluded by the experimental evidence. 
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cylinder-to-hopper transition as the change from filling to 
emptying occurs. The mechanism for the stress change 
would be the change in the predominant direction of move­
ment of the fill and the rotation of the directio~ of maximum 
shear. Note also, that even during filling it is possible for 
ahlav to exceed K0 . 

The major stress a1 in Fig. 1 b must be closely related to the 
weight of material overlying the point under consideration . 
There is no obvious way in which a lateral pressure greater 
than the overburden pressure could arise without involving 
environmentally related effects such as temperature or the 
swelling of wetted grain. 

Away from the wall, shearing would have to occur within the 
material itself. As it is unlikely that o1 would increase, it is 
more likely that o3 or o1 and o3would decrease to allow the 
stress circle in Fig. 1 b to become tangent to the shearing 
resistance envelope for the fill material. · 

At the start of emptying therefore, one would expect the 
following changes in the stresses on the silo wall in the 
vicinity of the cylinder-to-hopper transition : e 

(i) the vertical stress will decrease ; 

(ii) the horizontal stress will increase ; and 

(ii i) the shear stress will slightly decrease. 

Experimental evidence for the occurrence of the process 
outlined is given in Fig . 2 which shows simultaneous 
measurements of frictional wall load and horizontal pres­
sure on the wall of a 20 m diameter multi-outlet sugar silo 
5 m above the base. It will be noted that both the wall load 
and the horizontal pressure built up progressively while the 
silo was being filled . As soon as emptying started , the 
horizontal pressure increased considerably and the wall 
load decreased (Blight and Garstang [8]). 

On the basis both of theory and observation therefore, one 
would expect the horizontal pressure in the vicinity of the 
cylinder-to-hopper transition in a silo to increase moderate­
ly at the start of emptying after uninterrupted filling . It 
appears unlikely that the horizontal pressure could increase 
beyond the value of the material overburden. 

This statement does not conflict with the concepts 9iii.i.. 
Jenike and Johanson [2] and Walker [3] except in tt9 
extent to which the horizontal stress is expected to in­
crease. 

3. Experimental Results 
The experimental results that W a Iker [3] and CI ague [4] 
used to justify W a Iker 's theory have been reproduced in 
Fig . 3. Both sets of measurements correspond to emptying 
of thei r model silos after uninterrupted filling . 

The theoretical pressu re line in each case features a large 
discontinuity in the stress ratio ahlav at the cylinder-hopper 
transition . In the case of W a Iker 's results, this corre­
sponds to an increase by a factor of 9 wh ile for CI ague 's 
results the factor of increase is 5. Accord ing to the Jeni k e 
and J o hanson theory (e.g . Johanson [9)) the ratio of 
peak pressure to the pressure on an adjacent area of wall 
may be as high as 10. 

The experimental results, in both cases, indicate that hori­
zontal pressures remained substantially in accordance with 
a linear pressure distribution according to which 

ah = KAyZ (5) 
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4ltxcept in the vicinity of the cylinder-hopper transition, 
where the horizontal pressure increased to lie on a second 
linear pressure distribution 

(6) 

The extravagant peak pressure according to the W a Ik er 
theory (which depends on the ratio of K values selected) is 
not needed to explain the results. The actually observed 
ratio by which K increased was only 
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Fig. 3: Re-examination of Walker's and Clague's results purporting to show 
the existence of "overpressure" during discharge of model silos 

This has a value of 1. 77 for cp = 50° wh ich is far less than 
the 9 assumed for the theory, and quite within the limits 
suggested by Fig. 1 b. Hence a re-examination of W a Iker 's 
and CI ague 's experimental results shows that they do not 
really support Walker 's theory. 

4. Comparisons of Measured Horizontal 
Pressures in Vertical Walled Silos 
With Code Recommendations 

A series of comparisons will now be made between pres­
sure distributions during emptying , measured in a series of 
full -size silos and the pressure envelopes calculated ac­
cording to the three silo loading codes or guidelines, ACI 
313-77 [5], DIN 1055-1984 [6] and the Australian gu idelines 
[7]. 

Wherever possible, the materials properties listed in the 
guidelines or codes have been used in the calculations. To 
give a more direct comparison between the codes , the 
calculations for ACI and DIN have been made using the 
properties listed by DIN. 

Only case histories where due attention has been given by 
the authors to accuracy of instrumentation have been in­
cluded. In one case, the authors appear to have used the 
wrong calibration for their instruments. However, because 
the characteristics of the instrument type is known , their 
readings have been corrected accordingly. 

Case 1 : 16 m diameter reinforced concrete 
pulverized fuel ash silo (Nie Ison (1 OJ) 

The measured and calculated pressures and the main di­
mensions published for this silo are shown in Fig. 4. 
Nie Ison unfortunately did not document the properties of 
the fly ash fully and for some of the calculations it has been 
necessary to assume certain values. The silo appears to 
operate in funnel flow and the effective cyl inder-hopper 
transition point would occur about 5 m above the silo base, 
i.e. about the level of the top of the concrete benching . 

The material properties listed in Fig . 4 (and in Figs. 5 to 7 
and 9 to 12) consist of properties measured on the actual 
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Fig. 4 : Compari son of code and measured horizontal pressures for 16 m 
diameter reinforced concrete pulverized fuel ash silo in Denmark 
(Ni e Iso n) 

filling material of the silo and properties listed in DIN 1055-
1984 or the Australian guidelines. As mentioned above, the 
same properties have been used to calculate the pressure 
lines for the DIN and ACI codes. The single property listed 
under ACI on the figures is the active pressure ratio KA, 
calculated for the value of <j> listed under DIN. 

As the diagram shows, neither the ACI nor the DIN pressure 
lines envelope the measured pressures. The Australian 
guidelines are more successful in their predictions, but even 
then, do not cover the larger pressures near the base of the 
silo. The only envelope that contains all the measured emp­
tying pressures is the "no-arching " envelope given by 
Eq. (6) and calculated with the actual materials properties. 

The reader will recall that this is the same envelope that 
applied in the case of the model tests of W a Iker and 
CI ague. The increased pressures near the silo bottom 
occur in the area within which the W a Iker-type pressure 
peak would be predicted or the Jeni k e and Johanson -
type switch pressure would supposedly originate. 

Case 2: 7 m diameter reinforced concrete wheat silo 
(Hartlen et al. [11]) 

Fig . 5 summarizes the dimensions and horizontal pressures 
on emptying published for this silo. It will be noted that 
again, not one of the three code pressure lines envelopes 
the pressures measured in th is silo. Also shown in the 
diagram are a pressure line labelled "measured properties 
(K0 = 0.5)" and two "no-arching" lines (one for KA = 0.35 
and for K 0 = 0.50). 

The first of these three lines was calculated by means of the 
Janssen equation with K = K0 . Again, it is only the no-arch­
ing line with K = K 0 that envelopes all the measured pres­
sures. 

With the squat dimensions of the fly ash silo of Case 1, it 
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Fig. 5: Compari son of code and measured horizontal pressures for 7 m 
diameter reinforced concrete wheat silo in Sweden (H a rt I e n et al.) 

is not surprising that a straight line pressure-depth relation­
ship best describes the observed pressures. In this case, 
however, with a height to diameter ratio of 7, considerable 
arching could be expected , and the lower limit of the ob­
served emptying pressures shows that this arching does 
occur. 

The upper limit to the emptying pressures appears to show 
that there is either a partial or intermittent break-down of 
arching in the silo and that this, together with the shear 
plane rotation effect referred to earlier results in the increase 
of lateral pressure. -Case 3: 26 m diameter reinforced concrete coal silo 

(Omote and Suekane [12)) 

The main dimensions for the silo and the pressure depth 
lines according to the three codes are shown in Fig. 6. 
Kyowa pressure cells were used as the instrumentation, but 
the authors make no mention of calibrating the cells for coal. 
The manufacturers routinely calibrate their cells using sand, 
and sand gives a higher calibration factor than does coal , 
which is more compressible (e.g. BI i g ht and Bente I [13]) . 
Hence the published pressure measurements have been 
corrected to correspond with a calibration for coal. 

Again , none of the code pressure-depth lines cover all of the 
measured pressures, although the Australian guidelines 
come close to doing this . 

0 mote and Sue k an e do not give full properties for the 
coal , and it has been necessary to assume that K 0 = 0.6. 
On this basis, the no-arching line envelopes all the meas­
ured horizontal pressures except for the upper limit pres­
sure at a depth of 5 m. 

Because of the outward tapering of the silo diameter one 
would not expect arching to occur in the silo and the code 
provisions are therefore not really applicable. 
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Fig. 6 : Comparison of code and measured horizontal pressures for 28 m 
(approx .) diameter reinforced concrete coal silo in Saijo, Japan 
(Omote and Suekane) 

Case 4: 20 m diameter reinforced concrete coal 
load-out silo (BI i g ht [14]) 

Fig . 7 shows the main dimensions and recorded pressures 
at the start of emptying for this silo. Because of the squat 
dimensions, one would not expect much arching to occur 
in the silo. This is borne out by the fact that the majority of 
the measured pressures cluster about the no-arching envel­
ope for K = KA. The corresponding envelope for K = Ka 
contains all the measured emptying pressures. 

•f the three code pressure-depth lines, those by ACI and 
WIN appear inadequate, while the Australian guidelines 

overestimate the pressure at small depths and underesti­
mate it at larger depths. Only the no-arching line with 
K = Ka is completely satisfactory. 

Case 5: 20 m diameter reinforced concrete coal 
load-out silo (BI i g ht and M id g I e y [15]) 

It will have been noted so far that although horizontal pres­
sures in silos are observed to increase at the start of empty­
ing, extravagant switch pressures such as those predicted 
by Jeni k e and Johanson [2] [9] have not been observed. 

This may be because, as postulated by Je ni k e and 
Johanson , the peak pressure is transient and travels up 
the height of the bin as the transition from initial emptying 
to filling occurs. Th is possibility is explored in Fig. 8 show- . 
ing pressures recorded on an ultra-violet recorder on two 
occasions during the first few minutes of emptying from the 
load-out silo. As the figure indicates, the pressure cells are 
located at the cylinder-hopper transition and on a vertical 
line (A ) at various distances above the transition . Gauge A 2 
is probably located right at the transition from the cylinder 
to the effective hopper formed in the flowing coal. If either 
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Fig . 7: Comparison of code and measured horizontal pressures for 20 m 
diameter reinforced concrete coal load-out silo at Optimum, S. A. 

static or transitory peak pressures arise in the bin , they 
shou ld initially be recorded on gauges A 1 or A 2 and should 
then be reflected on gauges A 3 and A 4 as the peak travels 
up the wall. 

The recordings in Fig . 8 show that there certainly are dy­
namic effects at the start of emptying . The pressures at 
gauges A 1, A 2 and A 3 all decrease, instantaneously in five 
of six cases, and after a small initial increase in the sixth 
(gauge A 3 in [a]). Gauge A 4 shows small increases in 
pressure. There is absolutely no evidence of a pressure 
peak, even a transitory one. 

In case it be said that a pressure peak would not be ex­
pected anyway in a funnel flow bin like that of this case, let 
it be recorded that similar measurements made in the hop­
per of the silo referred to in Case 4 showed the same 
complete lack of evidence of a pressure peak. 

Case 6: 20 m diameter insulated steel sugar storage 
silo (BI i g ht and Garst an g [8]) 

Pressures at the start of emptying from this silo are illustrat­
ed in Fig. 9. The DIN and ACI pressure-depth lines tend to 
underestimate horizontal pressures near the bottom of the 
bin, probably because they overestimate the effects of 
arching . In this case the Australian guidelines envelope the 
observed pressures. The no-arching line for Ka = 0.55 en­
velopes or lies close to most of the observed pressures. 
There is one measurement, however, that lies well outside 
this line. 

Here again , the general conclusions from Cases 1 to 4 
apply, but not quite as satisfactorily. The bin is insulated 
with 100 mm of polyurethane foam , hence, unlike the next 
case, the larger than expected pressures cannot be ascrib­
ed to diurnal temperature variations. 
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Fig . 9 : Comparison of code and measured horizontal pressures for 20 m 
diameter insulated steel sugar silo at Germiston, S. A. 

Case 7: 20 m diameter steel maize storage silo 
(BI i g ht [16) [17]) 

The six preceding cases have all concerned horizontal pres­
sure measurements made at the start of emptying , after 
uninterrupted filling . The three cases that follow in this 
section deal with silos operated on an intermittent or simul­
taneous filling and emptying basis. 

Fig. 10 shows measured horizontal pressures for a steel 
maize bin. It will be noted that the measured pressures are 
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Fig. 10 : Comparison of code and measured horizontal pressures for 20 m 
diameter steel maize silo at Randfontei n, S. A. 

considerably , i.e. up to more than 50 kPa, larger than the 
predictions of either ACI or DIN. The provisions of the 
Australian guidelines come closest to enveloping the meas­
ured pressures, but even they do not cover the whole range. 
The no-arching envelope with K = K0 in this case does not 
contain all the measured pressures, by far. 

The reason for the unusually large pressures appears to lie 
with diurnal temperature variations. The bin is not insulated, 
like the sugar silo of Case 6, and hence temperature varia­
tions considerably increase measured horizontal pressures. 
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Fig. 11 : Comparison of code and measured horizontal pressures for 20 m 
diameter reinforced concrete cement silo at Jupiter, S. A. 

The effect of temperature changes on th is silo has been 
studied in reasonable detail and the reader is referred to 
Ref. [17] for further information on the subject. 

For the present purpose, it is suffic ient to note that diurnal 
temperature variations can increase horizontal pressures in 
the bin by at least 50 kPa. If a 50 kPa surcharge pressure 
is added to the no-arching K0 envelope shown in Fig. 10, 
it will be seen that almost all of the measured pressures are 
enveloped. 

a ence the conclusions stated earlier remain, except that 
111111111!"nvironmental effects such as temperature, and in other 

cases, effects such as swelling of the silo contents, may 
have to be superimposed on the basic pressure-depth line. 
In this regard , note that the fact that the Australian gu ide­
lines gave the best resu lt of the three codes is purely 
coincidental and does not reflect any special rat ionality of 
the guideline. 

Case 8: 20 m diameter reinforced concrete cement 
storage silo (Sch affner and Blight (18]) 

This silo is used to load out road tankers for bu lk cement 
deliveries. It is subject to simu ltaneous filling and emptying. 
In this case Fig. 11 shows that all three code pressure­
depth curves far overestimate the actual horizontal pres­
sures in the silo . The basic reason for this is that the 
properties of the cement and , in particular, its density, are 
very different to the properties listed by the codes . 

The no-arching K0 pressure-depth line also overestimates 
the actual pressures by far. The reason for this is that 
whereas the proportions of the silo would indicate that not 
much arching is likely, the contents actually appear to arch 
fully. In this case the best contain ing line to horizontal 
pressures in the silo is given by the Janssen equation with 
K = K 0 ("measured properties (K0 = 0.35)" in Fig. 11). 
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Fig . 12: Comparison of code and measured horizontal pressures for rein­
forced concrete ring silo storing cement at Lichtenburg , S. A. 

This raises a basic fault with the three codes being consid­
ered here. All three list typical materials propert ies fo r a wide 
range of materials. While these are useful for preliminary 
designs and estimates, there is a strong temptation also to 
base final designs on these properties. 

The authors of the codes clearly recognize this and have 
deliberately listed properties that err on the side of conser­
vatism. Conservatism may mean safety but it also may 
mean unjustified expenditure on heavily overdesigned 
structures. It certainly does not mean good engineering. 
Codes should enjoin the ir users to establish the actual 
properties of the materials for which they are designing and 
shou ld discourage the use of parameters taken from the 
I iteratu re. 

Case 9: A 4.7 m wide, 24 m outside diameter, ring 
silo for storing cement (F I is s and BI i g ht 
(19]) 

Fig. 12 shows the main dimensions and horizontal pressure 
information for this silo. Like the silo of Case 8, this is used 
to load out road and rail tankers and also serves a bagging 
plant. It is subject to simultaneous filling and emptying. As 
Fig . 12 shows, the results are very similar to those for the 
previous case . There is clearly strong arch ing in the silo and 
the best containing line for the pressure-depth relationship 
is given by Janssen 's equation calculated for the actual 
cement properties with K = K0 . 

There appears to be a tendency for fine powders to arch 
strongly even in silos having a geometry that is unfavourable 
to arching. Although N ie Ison 's results (1 OJ (Case 1) do not 
show arching during emptying , they do show arching during 
filling. Another si lo on record (BI i g ht (20]) containing ce­
ment raw meal and having a height-to-diameter ratio of 3 
also shows strong arching. 
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Conclusions 

1. Many materials do not exhibit a pronounced Janssen­
type arching action when stored in a silo. Any arching that 
does occur may break down, at least locally or intermittent­
ly, when a silo is emptied after uninterrupted filling . In 
general , pressures will increase at the start of emptying, 
both as a result of the rotation of planes of maximum shear 
and as a result of the break-down of arching. The increased 
pressures do not generally exceed a limit defined by the 
equation ah = K0yz (6) 

2. Environmental factors , such as diurnal temperature vari­
ations may increase lateral pressures beyond the limit de­
fined by Eq. (6). Temperature effects are most likely to affect 
uninsulated steel silos. Other effects such as the swelling 
of the silo contents may also affect pressures in steel or 
reinforced concrete silos (e.g. BI i g ht (21 ]). 

3. Fine powders may exhibit a capability to arch strongly, 
especially if stored in silos subject to simultaneous filling 
and emptying . In such cases, pressures may not reach the 
limit defined by Eq. (6). 

4. Predictions of horizontal pressure based on the three 
codes of practice [5] [6] [7] examined here do not usually 
represent measured horizontal pressures particularly well . 
In some cases this is because they assume the develop­
ment of arching, which does not occur. In other cases, it is 
because the materials properties listed by the codes are 
unrealistic. Pressures should always be predicted on the 
basis of actual measured properties. 

5. Comparisons of Measured Normal 
Pressures in Hoppers With Code 
Recommendations 

Two comparisons will now be made between the design 
pressures for hoppers according to DIN 1055-1984 and the 
Australian guidelines, and pressure measured in two hop­
pers. 
Case 1 : Hopper to 20 m diameter coal load-out silo 

This is the hopper to the silo described in Case 4 of the 
previous section of this paper. The dimensions of the hop­
per and the information on normal pressures at the start of 
emptying are shown in Fig. 13. 

The Australian guidelines predict a peak pressure at the 
cylinder-hopper interface, but the step in the pressure dis­
tribution according to DIN results from the change in incli­
nation of the wall. The figure also shows continuations of the 
no-arching KA and K0 envelopes adjusted for the slope of 
the hopper wall. It will be noted that the measured pressures 
do not agree with either the Australian guidelines or DIN 
1055. Most of the measurements cluster about the 
no-arching KA line while the no-arching K0 line defines an 
upper limit to the measured normal pressures. 

Case 2: Hopper to 10 m diameter steel starch silo 
Information on the silo and the results of pressure measure­
ments are shown in Fig. 14. This silo serves a starch bag­
ging plant and is operated on a simultaneous filling and 
emptying basis. The pressures in the hopper were deduced 
from strains measured on the hopper wall. Here again , the 
measured stresses fall between the limits defined by the 
no-arching KA and K0 lines and bear no resemblance to the 
predictions of either DIN or the Australian guidelines. 

One other case of pressures in hoppers that has been 
investigated by the author (22] agrees with the evidence 
presented by these two cases. 
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Discussion and Conclusions 

As seen above, pressures measured in these two hoppers 
do not agree with the Australian guidelines' predictions in 
two respects : 
(i) there is no peak pressure at the cylinder-hopper tran­

sition ; and 
(ii) the pressure does not decrease towards the outlet, 

except right at the outlet. 

In other cases, however, there is a pressure decrease to­
wards the outlet. In this paper, the effect is shown by 
Clague 's results [4], by Hartlen et al. (11] , by the 20 m 
diameter steel maize silo, and by the two cement silos. 
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However, for design purposes, this decrease cannot be 
taken into account as the more severe condition shown in 
Figs. 13 and 14 might apply, and certainly will apply if the 
silo-hopper system is filled without interruption. 

The latter point is illustrated by Fig . 15. There has only been 
one opportunity to observe the build-up of lateral pressures 
in the steel maize silo described in Fig . 10. Fig . 15 shows 
the results of these measurements, which illustrate that 
when the silo is filled without interruption, the full pressure 
described by Eq . (6) acts in the lower part of the silo. 
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Fig. 15 : Relationship between horizontal pressure and depth of grain for 
uninterrupted filling of maize si lo referred to in Fig. 10 

6. General Conclusion and 
Recommendations 

(i) There is no evidence for the existence of Jenike and 
Johanson-type switch pressures or Walker-type peak 
pressures ; 

(ii) In the case of most materials , it would be preferable to 
design silos and hoppers on the basis of a linear hori­
zontal pressure distribution defined by 

• 
ah= K0yz (6) 

In this equation K 0 and y must be measured for the 
actual materials to be stored. With fine powders stored 
in silos subject to simultaneous filling and emptying, it 
would probably be satisfactory to design on the basis 
of the Janssen arching theory using actually measured 
materials properties. 

(iii) It may be necessary to surcharge the pressures calcu­
lated as above to allow for the effects of diurnal temper­
ature changes or other environmental factors . Tempera­
ture effects will affect only uninsulated steel silos. 
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SUMMARY: 
· The case of t he failure of a silo that had a sequel in 
a civil cour t is described. The conflicting technical 
evidence on t he causes of the failure is reported. When 
the silo failed it was storing materia l for which it 
had not been designed. The primary cause of the 
failure, however, was that the structure was subjected 
to eccentri c emptying. This generated forces and 
moments that the silo could not withstand. The intended 
design loads were exceeded by those that applied in 
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1. INTRODUCTION 

Blight, G E 
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In 1980 the British colony of Rhodesi a became the Republic of Zimbabwe, after a 
debilitating fifteen year long bush war. In 1981 the President and People of the 
United States or America made a gift of a ship-load of wheat to the people of 
the new republic. In July 1982 the ship-load arrived off Africa and was handled 
through the Port of Durban in the Republic of South Africa, as Zimbabwe is a 
land-locked country. 

The wheat was off-loaded into the si l os of a bulk handlir.g facility from where 
it was to be railed the 1600km to Harare, the capital of Zimbabwe. 

Part of the load was stored in the pair of steel silos depicted in Figure l, one 
of 10. 7m ( 35 feet) di arneter and one of 12. 2m ( 40 feet), both silos being 
completely filled. The 10.7m diameter silo was emptied, but the 12.2m silo stood 
undisturbed for a period of 15 days. On the night of the fifteenth day, a worker 
in the reclaim tunnel under the silo heard a groaning, grinding noise overhead, 
rushed out of the tunnel and found t hat the 12.2m silo had canted over and was 
leaning against the 10.7m silo. 

40.5 ft 
(12.35 m) 

,,....,. 
E Bucket 

C") 
elevator °" C'.i 

® Positions of C") ......, 
@buckles in t 

«> silo wall 0 
~ 

Concentric outlet · Eccentric outlet 

Figure 1: Layout and principal dimensions of silos 
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The alarm was raised and engineers were summoned to the site. The silos were 
inspected and the situation was assessed. It was discovered that the silo wall 
had buckled at the base, and also at a height of 6.4m (21 feet) above the base. 
It is not known which buckle occurred first. 

It was decided that nothing could be done until the silo was ~mptied, and that 
the silo should slowly be emptied and the wheat transferred to other silos in 
the complex. Figure l shows that each silo was flat-bottomed and was equipped 
with a central outlet anc an eccentric outlet. Emptying of the 12.2m silo was 
started through the central outlet and continued for a few hours, until at two 
in the morning, the 12.2m silo collapsed, knocking over the empty 10.7m silo. 
The empty silo fell into the adjacent property demolishing a factory building 
and doing some $2 million damage. Fi gure 2 is a reconstruction of how the silos 
fe 11 . 

Figure 2: Reconstruction of falling of silos 

The accident led to a civil court cl aim against the owners and operators of the 
bulk terminal and th~ir consultinQ engineers, as well as the designers and 
constructors of the silos. The ensui ng court case resulted in the facts given in 
this paper becoming public. 
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2. POSSIBLE CAUSES OF FAILURE 
As inevitably happens in a court case, the technical witnesses differed in their 
interpretation of the causes of the failure. As the author was one of those 
witnesses, the interpretation given in this paper is not necessarily the only 
possible one. 

• 1 

.3 

The plaintiff claimed that t he design of the silo was inadequate, 
particularly with regard to t he resistance of the walls to buckling 
under the frictional wall load. He also maintained that the form and 
location of the failure was consistent with denti~g caused by eccentric 
emptying of the silo. That was why the silo wall buckled in line with 
the reclaim tunnel. The worke r in the reclaim tunnel must have been in 
the process of drawing grain from the eccentric outlet when he heard the 
sounds of the failure occurri ng overhead. Therefore the silos had been 
negligently operated. 

The owner-operator maintained that the failure was caused by faulty 
design. In particular, the pl ate thickness of the walls was inadequate 
to withstand the frictional wall load, and the silo wall buckled at the 
base. The buckle occurred directly in line with the reclaim tunnel on 
the side of the eccentric out l et and developed slowly over the 15 day 
period that the silo stood full. According to the owner-operater no 
grain whatsoever was drawn from the silo between the time it was filled 
and the time it collapsed. According to him, the failure process was 
assisted by the diurnal t emperature changes which added to the 
compressive wall load. That was why the silo failed at night, as the 
temperature was falling, the mechanism being axisymmetric buckling under 
the action of the wall load. 

The designer-constructor poin t ed out that his contract with the owner 
called for the supply of two silos for storing barley malt. When the 
silo failed it was storing wheat, a material having a unit weight more 
than 45 per cent greater than that of malt. Records discovered to the 
court showed that at various t i mes the 12.2m silo had been used to store 
maize, rice, sunflower seed , wheat and de-fatted maize germ. The 
designer-constructor agreed wi t h the plaintiff that the primary cause of 
the failure was eccentric emptying. He disagreed with the owner's 
explanation of the effects of a fall in temperature, stating that a 
temperature decrease would have reduced the frictional wall load. It 
would al so have increased the hor1 zonta l pressure on the wa 11, thus 
improving the buckling resistance of the plates. 

This brings the reader back to the title of the paper: "Design loading -
intention and reality" . 

. 4 The loads for which a silo is intended are not necessarily those which 
it will really carry . 

. 5 According to Murphy's law, i f it is possible to operate a silo in a 
manner for which it was not intended, it will really be so operated. 
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3. DESIGN AND ACTUAL BUCKLING LOADS CARRIED BY THE SILO WALL 
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The silos were designed in 1972, when the only silo loading code in use in South 
Africa was the German DIN 1055 of 1969. The loads quoted in this paper are based 
on the 1984 version of this code which are more conservative that the 1969 
version. 

Text books available for the structural design of steel silos in 1972 made 
little or no mention of the possibility of buckling of a silo wall under 
concentric load conditions. One well-known text book (Reisner, Ward Rothe) 
published in 1971 makes no mention at all of the possibility of wall buckling. 
Another published in 1976(Reimbert) merely says of the subject "This [wall] 
thickness will be finally checked for resistance to general buckling". 

Even in 1988 there is no single, uni versally recognized criterion for checking 
the buckling stability of a silo wall . A recent publication(Trahair et al, 1983) e puts forward certain expressi ens that a 11 ow for the effects the s i 10 contents 
have in stabilizing the walls agai nst buckling. As shown in Table 1, this 
expression predicts an allowable stress that was well exceeded by the calculated 
stress when the silo was filled with wheat. However, in two more recent papers 
by some of the same authors (Rotter et al, 1986 and Jumi ki s et a 1, 1986) the 
opinion is advanced that the actual stress at which a silo wall will buckle is 
larger than that given earlier. On t his basis, the silo had a small margin of 
safety a.gainst axisymmetric buckling both at the base and at a height of 6.4m 
above the base, where the main buckle that 1ed to the silo failure occurred and 
also where the plate thickness was reduced from 6mm to 5mm. 

The data given in the last line of Table l casts doubt on the conclusion that 
the silo failed by axisymmetric buckling of the walls, but it does not rule out 
the possibility. However, if the temperature changes experienced by the silo are 
considered, the possibility cf failure by axisymmetric buckling is indeed ruled 
out: 

Meteorological records showed that for the month of July, the 
mean temperature change between noon and midnight is ~e = 9°C(l6°F). Taking 

tit the coefficient of thermal expansion for steel as a = 11.5 x lo-61°c and 
regarding the fill as being incompressible, the effect of a temperature fall of 
9°C would be to cause the silo wall to contract onto the contents thus 
increasing the 1atera1 pressures. If the fill is regarded as i ncompressi b 1 e and 
if vertical thermal strain is prevented by wall friction the horizontal pressure 
induced in the wheat and hence on the wall is given by 

EaM 2t 
~)· [) 

[ 1 ] 

where E and u are respectively Young's modulus and Poisson's ratio for steel 
and t/D is the ratio of wall thickness to silo diameter. Field measurements made 
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on a 20m diameter steel maize silo(Blight, 1985) illustrated and amplified in 
Appendix I, have shown that the assumption of incompressible contents gives a 
good agreement between calculated and measured thermally induced horizontal 
presrnres. 

TABLE l 
Calculated and Permissible Vertical Stresses in Silo Wall with Silo Storing 
Wheai: 

a = 6.4m above base of silo 
b = at base of silo 

I a 5 I 
I Vertical wall stresses calculated by I 
I DIN 1055 , 1984 aVWM Pa 61 73 I 
I I 
I Timoshenko Classical Buckling I 
I Stress a TMPa l 00 120 I 
I I· 
I Australian Institute of Steel I 
I Construction Permissible Stress aAMPa 57 60 I I 0A/ '\tw (Trahair et al , 1983) 0.93 0.82 I 
I I 
I 0.8aT/a VW (Rotter et al, 1986) l. 31 l.32 I 
I I 

The increase in horizontal pressure resulting from the fall in temperature, 
according to equation (1 ), would be about 25kPa. The fal l in temperature would 
in addition cause the silo wall to contract in a vertical direction also as 
illustrated in Figure 2. The contraction would be resisted by upward frictional 
forces between the silo wall and the wheat. Taking the a.ngle of wall friction 
between steel and wheat at a low val ue of 15 ° , the induced upward tensile wall 
stress would amount to 38MPa both at the base of the silo and at 6.4m above the 
base. Comparing these figures with the corresponding calculated compressive wall 
stresses given in Table l as 73MPa and 63MPa shows that the net compressive wall 
stress in the silo would have been more than halved by the fall in temperature. 
This completely contradicts the case of the silo owner-operator and shows that 
the silos were quite unlikely to have failed during the night. If a failure by 
axisymmetric buckling were to have occurred, it would have been most likely to 
occur in the heat of the day when t he frictional wall load would have had its 
greatest value, and the lateral pressure on the wa 11 s would have been at a 
minimum value. 

4. THE EFFECTS OF ECCENTRIC EMPTYING 
There was no evidence that more than a very sma 11 quantity of grain had been 
discharged from the eccentric outlet on the night of the failure. The outlet had 
not been locked, and the rubber skirt, which was used to prevent spillage of the 
grain from the conveyor belt as it discharged, was found fitted in place at the 
eccentric outlet. The worker who had been in the reclaim tunnel admitted to 
"cracking the eccentric outlet open to see if the grain would flow", but denied 
that "more than a few grains" had actually flowed out of the outlet. However, 
after the failure, wheat was found on the reclaim conveyor. 
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It is well established (eg. Jenike, 1967) that withdrawing material from a full 
silo via an eccentric outlet has the effect of forming a funnel of grain flowing 
towards the outlet, as indicated in Figure 3. Horizontal pressures in this 
funnel fall below those in the surrounding static grain, the net result being 
that where the flowing grain impinges on the wall of the silo, the wall bends 
inwards. If the bending stiffness and strength of the wall are insufficient, the 
s i 1 o will dent inwards. Once the denting occurs, the fri ct i ona 1 wall 1 oad wi 11 
complete the destruction of the silo by collapsing the wall in a vertical 
direction. 

@ Positions of 
@buckles in 

silo wall 

40.5 ft 
(12.35m) 

Limits of flow----+-i--+-.......... --... ........ ~ 

Bucket 
elevator 

channel for 
eccentric 
emptying ~WJ.ffii;g~~~~~~~~~~~r===~~.,:'~//S:=GRl::::eclaim 

tunnel 

Concentric outlet Eccentric outlet 

Figure 3: Flow channel for eccentric emptying 

Calculations based on Jenike's (1967) paper showed that the silo wall would have 
been quite unable to resist the forces generated by eccentric outflow. Also, as 
indicated in Figure 3, the position of the dent at 6.4m above the base of the 
si 1 o coincides with the height at which the eccentric fl ow funne 1 would have 
impinged on the silo wall. The wal l would have dented as soon as sufficient 
grain had been withdrawn to establis h the eccentric flow pattern. 
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There is no indication in the literature as to how much movement is required to 
establish the eccentric flow pattern. If the grain is regarded as being 
incompressible, then in this case, a withdrawal of 1 ton of grain would have 
caused the fill surface to fall by lOmm (0.4 inch). It seems possible that a 
withdrawal of even less than l ton would have beer. sufficient to establish the 
fl ow funnel . If this is correct, denting of the silo could have been i riduced 
within half to one minute of starting eccentric drawoff at the lowest possible 
reclaim rate of 60 tons per . hour. Experiments in the laboratory on model silos 
{see Appendix 2) consisting of a tube of aluminuw. foil filled with sand showed 
that eccentric withdrawal of about a teaspoonful of sand was sufficient to cause 
the tube to dent visibly. If withdrawal was then continued through a central 
outlet, the model silos continued to cant over in the direction of the initial 
dent. Continuing withdrawal through the central outlet of the prototype silo 
would, on the basis of the model tes t s, have inevitably led to complete collapse 
of the silo. 

The buckle or bulge at the base of the silo wall accords with deformations 
reported by Jumi k is et al ( 1986) for experiments on the eccentric emptying of 
model silos. If the bulge at the base occurred after the dent at 6.4m height it 
would have been generated by the cant ing movment of the silo fol,lowing formation 
of the dent. As the centre of gravity of the mass of grain above the 6.4m level 
moved across, vertical pressures on t he grain on that side would have increased. 
This would have increased the vertical stress in the silo wall, resulting in the 
buckle that was later observed. 

5 CONCLUSIONS 
The most likely cause of the failure was never pronounced by the court. However, 
it is highly significant that the matter was settled shortly after the 
owner-operator's technical witnesses had given evidence and been cross-examined 
by the plaintiff and the designer- constructor. Costs of the court case were 
borne by the owner and his consulting engineer. The designer-constructor bore no 
costs. 

The importance of this case history as stated earlier, is that it illustrates 
that: 

.1 The loads for which a silo i s designed may be nothing like those it is 
called to carry during its service life. Current silo design codes still 
do not pay sufficient attention to such factors as the effects of 
eccentric emptying or to temperature effects. Operators of s i 1 os often 
appear unaware that a silo i s a structure that is highly sensitive to 
the nature of the material st ored in it . 

. 2 Eccentric outlets should never be provided in a silo, especially a steel 
silo, unless the structure has been specifically designed to withstand 
the forces and moments generated by eccentric flow. Of the many hundreds 
of steel silos built by the designer-constructors mentioned in this 
paper, the only silos that have ever developed structural problems have 
been those equipped with eccentric openings. 
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APPENDIX l 

Figure 4 shows a daily record of temperature changes undergone by a 20m diameter 
steel maize silo. The accompanying changes of horizontal pressures in the grain 
and vertical and horizontal strain measured in the silo wall are also shown . 

. 1 When the temperature fe 11 by 8°C the corresponding increase in 
horizontal pressure was 18kPa . 

@ '20°C 

~ 1s
0cl 

a> 10°c a. 
E s0 c 
Q) 
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Figure 4: Effect on horizontal pressure and strains of diurnal temperature 
changes undergone by 20 m diameter steel maize silo 

The increase in horizontal pressure calculated from the expression 

tia h = 
Ea tie 2t -- . 
1- v u 

was 22kPa for the following numerical values: 

E = 200GPa Cl = 11. 5xl0- 6 /°C tie = 8°C 
t = 8mm v = 0.33 D = 20m 

40 

0 
30 a.. 

~ 

@ 
:J 

20 
.,, .,, 
@ 
a.. 

10 

[A] 

.3 The increase in horizontal pressure calculated from the prevented 
strains in the silo wall was 23kPa. 

4. The induced change in vertica l stress in the silo wall was a tension of 
58MPa. 

The stresses reported under .3 and .4 were calculated by applying the 
generalized Hooke's law to prevented vertical and horizontal strains in the silo 
wall using the values of E and v given above. 

' - . 
..-· .. 

..: ., ~ 
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To summarize: 

Measured change in horizontal press ure 
Change in pressure calculated from [A] 
Change in pressure calculated from prevented strains 

These figures are in satisfactory agreement. 

APPENDIX 2 

18kPa 
22kPa 
23kPa 
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, ... , · 

Figures 5a (left) and 5b (right) il l ustrate the mode of failure of a model silo 
made up of a tube of aluminum foil which was filled with sand and then subjected 
to eccentric emptying : 

Figure 5: Buckling mode of model silo 
(a) After eccentric emptying 
(b) After emptying continued centrically 

~· .. &···· 
,. 
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In Figure Sa a small quantity of sand has been withdrawn eccentrically (see the 
eccentric pi le of sand under the model) . The buckle adjacent to the eccentric 
draw-off point became visible after the withdrawal of only about a teaspoonful 
of sand. Eccentric wi thdrawa 1 was t hen stopped and centric wi thdrawa 1 started. 
As shown by Figure 5b,the buckling became progressively worse wit:1 
centric withdrawal (the pile of sand under the model is now centric) . 
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ABSTRACT 

TEMPERATURE-INDUCED LOADING ON SILO WALLS 

G.E. BLIGHT 

CIVIL ENG INEERING DEPARTMENT 
WITWATE RSRAND UNIVERSITY 

P 0 WITS, 2050, JOHANNESBURG 
SOUTH AFRICA 

A brief review is made of guidance concerning temperature-induced 

loading on silo walls, as give n by currently used design codes. The 

paper goes on to examine the detai 1 of the phenomena resulting in 

lateral temperature surcharge pressures, and the corresponding 

temperature effect on friction al wall loads. Thermal bending is also 

examined in some detai 1. The explanations in each case are based on 

observations of temperature, pressure and strain in full size 

operational industrial silos . 

INTRODUCTION AND REVIEW 

Primary 1 oadi ng on si 1 o wa 11 s consists of the 1atera1 pressure and 

frictional wall load arising from the weight and friction of the silo 

contents. A review of primary 1 oadi ng, its characteristics and its 

variability in full-size silos has been given recently by the author 

[l]. The term "temperature in duced loading" will be used to describe 

load effects arising from changes of temperature of the silo wall. These 

changes may result from di r ect solar "heating, changes of air 

temperature, or from the temperature of the silo contents. 
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Temperature Surcharge Loads: 

Changes of temperature hav~ two distinct effects on silos: 

Firstly, as the temperature changes, the perimeter and height of the 
silo vary. This has an effect both on the lateral wall pressure and the 

frictional wall load. 

Secondly, if there is a gradien t of temperature through the thickness of 

the wall, the wall will be subject to thermal bending. 

The guidance given by four current design codes on the subject of 

temperature loading reveals varying approaches to the problem. The 

Australian guidelines for the assessment of loads on bulk solids 

• containers [2] recommend using Anderson's [3] expression for lateral 

pressures caused by a fa 11 in t emperature of the wa 11 of a cyl i ndri cal 

s i l 0: 

• 

TS a t. eEw ( l ) 
[D/2t + Ew/Es(l- vs )] 

where TS is the temperatu r e surcharge pressure, ie the thermally 

induced lateral pressure, 
Ct the coefficient of linear thermal contraction of the wall, 

48 the fall in tempe rature, 

E w the modulus of el asticity of the silo wall, 

D the silo diameter , 

t the wa 11 thicknes s , 
E s the elastic modul us of the stored solid, and 
\) 

s Poisson's ratio for the stored solid. 

The expression is difficult t o apply realistically as it requires a 

knowledge of the elastic modul us and Poisson's ratio for the silo fill 
material. Values of these parameters have been established by means of 

conventional triaxial and oedometer laboratory tests. However, equation 
(1) has not been checked by other authors to any extent against measured 
values of TS to establish the val idity of these moduli for calculating 

temperature surcharges. 
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The range of thermal strains experienced by a silo wall in temperate 

climates probably has a maximum of 300 microstrain. The elastic or 

compression moduli of granular materials are highly strain dependent, 

with very much stiffer behavi our being displayed at very low strains 

than at higher ones. For exam ple, Padfield and Sharrock [4] show that 

the elastic modulus . of a clay is 40 MPa if measured as a secant over the 

first 500 microstrain, but onl y 23 MP_a if measured over the next 1500 

microstrain. If moduli are measured over only a few tens of 

microstrain, even larger values are obtained (eg. [5]). There does not 

appear to be a satisfactory method at present of measuring moduli in . 

laboratory tests in the range of 0 to 300 microstrain. 

• The Guidelines also state tha t "Additional wall frictional tractions 

should be expected during the t emperature drop" but do not clearly say 

if this represents an increase or a decrease in the frictional wa 11 

load. The word "additional", however, gives the impression that the 

frictional wall load will increase as the temperature falls. 

The American Society of Agric ultural Engineers (ASAE) [6] recommends 

that temperature surcharge pr essures for circular steel bins be 

estimated as 8% of the primary lateral pressure for temperature declines 

of l 0°C per hour and 15% for 20°c per hour. The commentary on this 

section of the ASAE standard st ates that tests on model bins indicate 

that thermally induced lateral pressures vary with static pressures and 

rates of temperature decline. The recommended figures are based on 

• tests by Manbeck and Muzzelo [7] and Zhang et al [8], who used 

measurements on small model silos in the strain range 0 to 500 

microstrain. These are the most realistically determined laboratory 

moduli in the literature, but they failed to model the stress range 

realistically. Thermally induced changes in frictional wall load are 

not mentioned by the ASAE standard. The older German standard DIN 1055 

[9] has nothing to say on the subject of temperature induced loading 

apart from drawing attention to its existence. 

Thermal Bending 

The oldest of the four codes, t hat of the American Concrete Institute 

(ACI 313) [10] does not mention thermally induced lateral pressures or 
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frictional wall loads, but does give guidance on thermal bending 

effects. The usual cause of thermal bending is hot material stored in a 

silo, but diurnal temperat~re changes can also cause thermal bending. 

The thermal bending moment MT is given as 

MT = Ew t 2 a6T/12(1-v) ( 2) 

Here, 6 T is the difference in temperature between the inner and outer 

faces of the wall, and vis Poisson's ratio for the wall material. The 

other symbols have been defined previously. This expression has 

short-comings as it ignores the effect of the hoop and vertical 

• reinforcing steel in a reinforced concrete wall (it is, of course, 

advanced for use in reinforced concrete walls) and assumes an uncracked 

section. 

The Australian Guidelines draw attention to the effects of a temperature 
gradient across the thickness of a silo wal 1, but make no 

recommendations. The ASAE Standard does not mention thermal bending at 
all, probably because it is mainly concerned with metal silos. 

The purpose of the present paper is to illustrate, by means of the 

results of measurements on ful 1 size silos some of the characteristics 

of temperature-induced loading. The object is to inform the reader and 
• to increase understanding of t he various phenomena involved. It is 

believed that assessment of these loads is subject to many uncertainties 
and variabilities and that it will never be possible to estimate them 
with great confidence. Even if the theory for calculation is perfected, 

there will always be · uncertainties and variabilities in the 

meteorological values (6T or 68) and materials parameters (Es, Ew, vs' 
v, a) to be used. However, the confidence of the designer wi 11 be 

increased if the basic phenomena, and the -uncertainties that beset them 
are more fully understood. 
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CHARACTERISTICS OF TEMPERATURE SURCHARGE LOADS 

Figure l illustrates some of the basic features of the development of 

temperature surcharge loads (Blight [ 11]). It represents two sets of 

simultaneous recordings of temperature and pressure on the western side 

of a 20m diameter steel silo storing 8 000 tons of maize grain. The 

observations were made over a week-end. when the silo was not in use and 

the grain was static. Hence the observed pressure variations are 

believed to have arisen only a result of temperature variations and 

adjustments of the stored grain to these changes. The pressures shown 

in Figure l were recorded on a mercury filled strain gauged diaphragm 

pressure cell, the strain gauging of which was fully compensated for 

~ temperature changes. 

It will be seen that the diurnal temperature wave has a double peak. 

Each peak corresponds to a peri od during which sunlight fell on the area 

of measurement. The dip between the peaks corresponds to the time 

during which the shadow of a ne i ghbouring silo ·fell on the instrumented 

area. It will also be seen tha t the recorded pressure was at a minimum 

shortly after noon and a maximum at about 6 am. Each successive peak 

pressure is slightly higher t han the last. Hence the temperature­

i nduced pressure tends to "ratchet" upwards from day to day. This is 

however not quite as serious as it appears. A longer record of 

observation [ll] has shown tha t after about 5 days an equilibrium is 

reached and thereafter, provided the daily drop in temperature does not 

' ~ increase, the peak pressure remains constant. Nevertheless the 

temperature surcharge pressure can represent a large proportion of the 

total lateral pressure on the s ilo wall. In the example of Figure l, 

the temperature surcharge pressure exceeded the primary lateral pressure 

by as much as 174 per cent. 

Note the jagged stick-slip cha r acteristic of the pressure recordings 

which presumably arises from intermittent slippage of the grain over the 

inside surface of the silo wall. 
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Figure 2 shows a set of strain and temperature measurements made on a 
15.5m diameter steel maize silo (Blight [12]). The overall height of 

the silo is 22.7m -and the plate thickness at its base is 7.9mm. Because 

the electric resistance strain gauges were compensated for changes of 

temperature, the recorded strain represents stress-inducing strain, ie. 

that portion of the thermal strain that cannot occur because of the 

resistance of the silo content s . Note that the microstrain scale in 

Figure 2 is a scale only, the numbers do not represent absolute values 

of strain. In the case of bot h hoop and vertical strains, a fall in 

temperature induces a tensile strain, and vice versa. 

• The changes of hoop strain again correspond to appreciable changes in 

lateral pressure, while the changes in vertical strain correspond to 

substantial variations in frictional wall load. In fact, for the second 

temperature cycle in Figure 2, the silo wall went slightly into tension. 
(Referring to Figure 3b), the strain and temperature records given in 

Figure 2 were recorded at point B. The absolute wall load corresponding 

to the second temperature cycle at B just before noon was 250 kN/m, the 

wall load at dawn would thus have been a tension of about 13 kN/m). Note 

that the frictional wall load decreases with decreasing temperature. As 

the temperature falls, the wall tends to shorten, thus moving downwards 

relative to the silo fill. Hence the wall friction tends to reverse and 

the frictional wall load decreases. 

• In considering these measurements, it should be noted that the 

temperatures represent values at the location of the thermocouple 

junction. Even though for Figure l the thermocouple was located only 

200 mm from the pressure cell, it was probably responding to variations 

of temperature smoothed out by heat conduction in the silo wall. 

Similarly, the pressure eel l was responding to pressure changes in the 

stored grain that were smoothed to a differing extent. Hence the maxima 
and minima of the temperature and pressure records shown in Figure l do 
not coincide. Similar phase differences are seen in Figure 2. The 
ju net ions for the air and wa 11 temperature thermocouples were only 

millimetres apart. The wall thermocouple was held against the wall and 
protected from wind and direct sun. The air thermocouple was 10 mm off 

the wall surface and exposed to sun and wind. It will be . seen that the 
peaks of the two temperature records do not coincide. Similarly, the 
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peaks of the strain measurement s do not coincide with those of the wall 

temperature. These phase diffe rences pose unavoidable problems in field 

measurements. 

Figure 3 shows the overall effect of temperature-induced loading on the 

15.5m diameter silo referred t o by Figure 2. Figure 3 shows stress 

paths for lateral stress (3a) and frictional wall load (3b) measured on 

four vertical lines A, B, C, D spaced at 90° around the silo perimeter, 

at heights of l .3m and 2.7m abo ve the base. The symbols A, B, C, D each 

represent a data point on one of these 1 ines. The lower bound to the 

stress paths for lateral pressu r e oh is defined by the line 

oh = KAyz (3) 
~ where KA is the active lateral pressure coefficient, 

y is the unit weight of the grain and 

z is the depth of grain above the point of measurement. 

The upper bound to the stres s paths in the absence of temperature 

stressing would have been the l i ne 

oh = Ko yz (4) 
where Ko is the lateral pressure coefficient for zero lateral strain. 

The difference between the KA and Ko 1 ines and the actual upper bou nd 

represents the temperature surc harge pressure TS which averages about 20 
kPa relative to the Ko line, in this case. In Figure 2 values for TS of 

30 kPa and 23 kPa are recorded. Note that pressures on 1 i ne D are 
• consistently higher than the other measurements. This is because the 

readings were always taken at the same time of day (about noon) when 
1 i ne D was in shade whi 1 e the other 1 i nes were either in sun, or had 

been in sun earlier that day. Hence, as a result of variable 
temperatures, lateral pressures can be highly variable around the 
perimeter of a silo. This is f urther illustrated by Figure 4. Figure 4a 

shows the distribution of late r al pressure around the perimeter of the 

silo. The high values of oh on line Dare very pronounced. 

These measurements have been cr i ticized on the grounds that the strains 

were measured only on the outside of the silo. Hence part of the strain 

could have arisen from bending in the wall. Subsequent measurements 

made on both sides of the wall have shown that differences in inside and 
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outside strain measurements are very small. The fact that most of the 

inferred pressures lie between the theoretical limits of the KA and Ko 

lines further supports thi~ observation. 

Figure 3b shows the stress paths for the frictional wall load. 
Measurements on lines A, B and C lie more or less within the theoretical 

limits defined by the lateral pressure _ coefficients KA and K
0

, but wall 
loads on line D are consistentl y low and ~ouch zero at a few points. The 

corresponding distribution of t he wall load Pw around the silo perimeter 

is shown in Figure 4b. It is obvious that high lateral pressures 
correspond to low frictional wall loads and vice versa. 

~ Although the data shown in Figur e 3 was recorded at two elevations only, 

it is inferred that similar stress paths, modified by localised 

temperature conditions (sun and shade patterns) wi 11 apply over the 

entire filled height of the sil o. This can be justified by reference to 

measurements of pressure and wall load distributions on other silos [13, 

14], where measurements have proved consistent when made over a 

considerable height. 

• 

The stress paths shown in Figure 3 were recorded while the silo was 

being filled, and the radial di stributions of ah and Pw are shown at the 

end of fi 11 i ng and after 2 week s of storage. The effect of storage was 

generally to accentuate the effects of temperature, presumably vi a the 
thermal ratchet effect illustrat ed in Figure 1 . 

CALCULATING TEMPERATURE SURCHARGE PRESSURES 

The difficulty of applying Ander sen's equation (1) to the calculation of 
the temperature surcharge TS is that representative values of Es are not 

available. Because the elasti c modulus of a granular material is both 
strain and stress dependent, it is important to define both of these 
vari ab 1 es when carrying out me asurements. Whi 1 e the stress 1eve1 can 
probably be defined fairly realistically, the distribution of radial 

strain within the silo is compl etely unknown, and considering the non­
uniform temperature around the perimeter of a silo, is probably quite 

indeterminate. Values of elastic modulus measured in the laboratory (eg 

Puri et al [15] and Blight [5, 16]) are too small to agree with field 
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measurements of TS when measured at large strains (1000 microstrain) or 

too large at small strains (10 microstrain). For this reason, the 

writer decided that 1t would be more realistic to calculate appropriate 

moduli from straih and temperature recordings for full size silos, such 

as those shown in Figure 2. The calculation has the following basis: 

The prevented radial st rain per unit temperature change(£) is 

determined from records like F-igure 2, covering several days and 
taken at two or three points on the perimeter of the silo. Then 

Me:= e:f - TS/M (5) s 
where e:f is the thermal strain the silo would have undergone had 

it been empty, and 

e:f = aM 

Ms is the overall modulus of compressibility of the silo 
contents for radial compression 

TS = 2 E t Me: -W-n 
and hence 

Ms = 2Ewte: 
o-ra=-e: l 

( 6) 

( 7) 

Equations (5), (6) and (7) clearly have the same basis as equation (1) 

with Es and vs lumped into Ms. 

Equation (7) was derived for corrugated steel silos with circumferential 

corrugations. The walls of these silos, being very flexible in the 
vertical direction, carry no wall load. The wall load is carried 
separately by vertical stiffeners. Hence the hoop strain in the wall is 

uni axial and Poisson's ratio effects are negligible. 

Data on Ms collected by this means is shown in Figure 5. In Figure 5, 
each data point represents measurements on a different silo, 11 

structures in all. So far, data relate mainly to grains of various 
types. Fortunately, the measurements seem to fol low a similar trend 
with verti ca 1 stress, but th i s can only _be confirmed as more data 
becomes available. 

It has been pointed out that the temperature surcharge for the same 

change in temperature, should, in terms of Figure 5, increase as the 
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overburden stress increases. This may not appear to be borne out by the 

data shown in Figure 3a. However, in this figure, TS has been indicated 

as the difference between th e K
0

yz line and the largest measured 

horizontal pressures. Actually as shown in Figure 2, TS is the 

difference between the pressure on the wall at the highest diurnal 

temperature and that at the lowest diurnal temperature, with the grain 

static. In Figure 3a, the flu ctuatio_ns in pressure as the overburden 

stress increases, which are thought to result mainly from day to day 

temperature fluctuations around midday when the measurements were taken, 

show that TS does increase considerably with increasing overburden 

stress. 

CALCULATION OF THERMAL BENDING MOMENTS 

Thermal bending will occur whenever a temperature gradient exists 

through the thickness of a wall or slab. Because metal silos are thin­

walled and metals are good conductors of heat, thermal bending effects 

will generally not exist. However, reinforced . concrete silos are 

subject to thermal bending arising either from diurnal temperature 

changes, or from differences in temperature between their contents 

(usually hot) and the ambient ai r. 

Figure 6 shows the basis for calculating the thermal bending moment, 

assuming an uncracked symmetrically reinforced wa 11. Figure 6b shows 

the assumed strain distribution for increases in temperature of the 

• outside face of Mo and of the inside face of Ml· The stress diagram 

will be similar, with local increases in area (shown dotted) to account 

for the reinforcing steel. If the continuity of the cylindrical wall 

forces the neutral axis for thermal bending to remain at the centre of 

the wall thickness, the thermal bending moment will be: 

(8) 

Where Ec is the elastic modulus of concrete, m is the steel-concrete 

modular ratio and the rema i ning terms are defined in Figure 6. 

The expression is similar to equation (2) with (M
0 

- eiel) replacing tiT 

and a term included to account for the reinforcing steel. There is no 
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Poisson ratio effect in this equation, as it is included in the method 
of measuring a. The equation can be modified for application to a 

cracked wa 11. 

Reinforced concrete silos are usually designed for hoop tension, on the 
assumption of a fully cracked section. The contribution of the concrete 
to carrying tension is complete ly ignored. However, strain measurements 
on hoop reinforcing in reinforced concrete silos (e.g. Blight and Dreyer 
[17]) show that silos may have essentially uncracked walls even after a 
decade or more in continuous service. Hence it is by no means al ways 
incorrect to assume an uncracked section for this analysis, as the ACI 
[10] have done. 

TEMPERATURE SURCHARGE PRESSURES IN REINFORCED CONCRETE SILOS 

According to Figure 6, a silo wall subjected to differential 
temperatures at its inner and outer surfaces will undergo a mean strain 

~ (Ml, + MO) 
2 

Hence if the mean temperature f alls, the silo wall should experience a 
temperature surcharge pressure. 

Figure 7 is a set of measurements made on the wa 11 of ·a 24m diameter 
reinforced concrete cement storage silo [5, 14] that illustrate the 

• development of temperature surcharges in the silo. Temperatures were 
measured by means of thermocouples built into the silo walls and 
pressures by means of strain gauged diaphragm-type pressure cells set in 
the walls. The two sections of record shown in Figure 7 were made at 
times when the silo was full of cement, but not in use, so that the 
changes of pressure should be solely a result of diurnal thermal strains 
in the walls. The figure shows the development of temperature surcharge 
pressures very clearly, and the corresponding value of Ms is shown on 
Figure 5. This supports the validity of the assumptions that form the 
basis of Figure 6. 

It should be noted that the average calculated hoop strain in the silo 
wall under the maximum measured horizontal pressure is less than 50 
microstrain, · based on the assumption of an uncracked section. Although 
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confirmatory measurements of s t rain have not been made, the wa 11 is 

unlikely to be completely cr acked although it has probably partly 

cracked , as explained below . 

CHARACTERISTICS OF THERMAL BEND I NG 

Figure 8 shows a set of measurements of strain in the outer hoop 

reinforcing of the 450mm thick r einforced concrete wall of a cement raw 

meal storage silo [18]. Strains were measured while fi 11 ing the silo 

from empty, the temperature of the incoming raw meal being about 60 °C. 

Fi 11 i ng was very rapid (average rate of surf ace rise 7. 7 m/h) in order 

to achieve a measure of blending during fi 11 ing. The various curves 

labelled 1423m, 1432m, etc repr esent changes of strain with time at the 

corresponding levels. 

It was only after a year of se r vice that the walls of this silo showed 

evidence of having cracked. It is likely that even at levels up to 

1437m, the hoop reinforcing was not carrying the full ring tension when 

these measurements were made. 

The fill level started at 1423m, hence the reinforcing at this level was 

affected by lateral pres sure from ti me zero. Fi 11 only reached the 

higher levels some time later, yet strain increases were registered 

immediately at all levels. Le vel 1437m for example had experienced a 

strain of 100 microstrain (tension) when the fi 11 reached that level 

• after 2.25 hours. This is clear ly the effect of thermal bending, with 

the inner surface of the wall expand i ng and forcing the outer surface 

also to expand . Once the lat eral pressure began to increase at that 

level, the characteristic of t he curve changed and strains thereafter 

were caused by a combination of hoop tension and thermal bending. 

Figure 9a shows a set of curves of temperature versus time on the inner 

and outer surfaces of the wall and 50mm in from the inner surface. Note 

particularly that the maximum temperature of the inner wall surface was 

reached when the fill first covered that point. Thereafter the surface 

began cooling. Figure 9b shows a set of temperature profiles through 

the wall. Early profiles are completely non linear, but later profiles 

(eg at 6 hours) approach linearity. Hence during the first 2 hours when 
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most of the thermal bending was occurring, only the inner lOOmm or so of 

concrete had experienced an appreciable rise of temperature. 

Figure l O shows a- set of tempe r ature profiles through the 350mm thick 

reinforced concrete wall of a cement storage silo [14]. Here thermo­

couple junctions were positioned on the inner and outer surfaces of the 

wall and lOOmm away from the in ner surface in the storage space. A much 

slower rate of filling (about 0.5m/h) was being used, and the 

temperature profiles through the wall were probably approximately 

linear. The observations are s imilar in ~ature to those shown in Figure 

9b, and show that the wall itself has a cooling effect on the fill 

adjacent to it that may amount to about 5°C. This is, on the face of 

it, a far more severe condition than that envisaged by the Australian 

Guidelines [2] which state, "it may be assumed that the inner surface of 

the bin wall reaches a temperature 20°C lower than the average 

temperature of the .bulk sol id". On the other hand, process engineers' 

estimates of product temperature generally seem to be too high . For 

example, in the cases dealt with in Figures 9 and 10 the estimated 

temperature of the air above the cement and the cement raw meal was 80°C 

as compared with a measured max i mum temperature of 56°. 

The maximum tensile strain induced by thermal bending will depend on the 

temperature difference across t he wall. Taking a= 12x10- 6 per °C and 

the tensile fracture strain of concrete as 150xlo- 6, the maximum . 
temperature difference that could be tolerated with out the concrete 

~ cracking on the cool side would be 25°C. Referring to Figures 9 and 10, 

it wi 11 be seen that in both cases, the concrete must either have 

cracked on the outside surface of the wall, or have been on the point of 

cracking. 

CONCLUDING REMARKS 

The object of the paper has been to inform the reader of some of the 

detail involved in the phenomena of temperature surcharge pressures, 

temperature effects on frictio nal wall loads and thermal bending. The 

guidance given by current codes of practice on these aspects is 

basically satisfactory when all advice is taken together. However, 
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there is a dearth of numerical data derived from measurements on full­
scale silos. In some respects available laboratory data does not seem 
appropriate. Also, it is _ important to realize the uncertainties 
involved in estimating temperature-induced loads. It is also important 
to understand the mechanisms and characteristics of the load-producing 
phenomena. 
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MEASUREMENT OF PRESSURES AND LOADS IN SILOS 

CONTRIBUTION TO LEARNING 

The two papers in this section summarize the experience built up in instrumenting sixteen full­

size silos and storage structures. In particular, the system for installing pressure cells is 

probably unique. 

In general, the techniques developed have resulted in robust, long lasting systems of 

instrumentation. Some of the strain gauges and thermocouples are fully operational 13 years 

after installation, while some of the pressure cells are in perfect order eight years after 

installation . 
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7.2 MEASUREMENT OF PRESSURES AND LOADS IN SILOS 

7.2.1 Blight, G.E. (1987). Measurements on full size silos Part 1 : Temperatures and strains. Bulk 

Solids Handling, vol 7, No 6, pp 781-786. 

7.2.2 Blight, G.E. and Bente!, G.M. (1988) . Measurements on full size silos. Part 2 : Pressures. Bulk 

Solids Handling, vol 8, No 3, pp 343-346. 

Dr G.M. Bente! was, at the time, a PhD student who developed the concept of the zero strain 

pressure cell under my supervision. I wrote the paper, and assess my contribution at 90%. 
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handUn11 

Measurements on Full Size Silos 
Part 1: Temperatures and Strains 

Summary 

.alhis first part of a two-part paper describes techniques 
• eveloped for the use of thermocoup les and electric resis­

tance strain gauges for measuring temperatures and strains 
in the walls of full-scale silos, and hence estimating horizon­
tal pressures and wall loads. The paper concentrates on the 
practicalities of installing instrumentation and on the prob­
lems of interpreting observations. Part 2 will treat the use of 
pressure cells for measuring pressures on the walls of silos. 

1. Introduction 

The interaction of containing structures and their granular 
contents has been studied on a rational basis at least si nce 
1776 when Co u Io m b published his remarkable treatise on 
retaining walls. Nevertheless there are still many aspects of 
containment-filling interaction that either are not understood, 
or at best are understood empirically or imperfectly. 
Theoretical studies have made great advances in the field of 
containment-filling interaction especially since the advent of 
the finite element method . However, theory treats of ideal 
situations involving idealized structures, and fillings having 

. mplified , idealized properties. Moreover all theory is based 
on preconceived ideas of structure-filling interaction , and 
therefore serves mainly to give mathematical expression to 
these preconceptions (which sometimes turn out to be 
misconceptions). 

An alternative approach to the subject is to carry out 
measurements on model structures. The great difficulty in 
this approach is to scale the model correctly and to avoid 
having effects, that may be minor in the prototype, from hav­
ing an over-riding effect on the behaviour of the model. For 
example the zone of interaction between a solid boundary 
such as a silo wall and a granular fill extends outwards from 
the wall to a distance of up to 300 mm. This zone is of negligi­
ble size in a prototype silo of 20 m diameter, but will affect 
almost the entire contents of a largish model of 1 m diameter 
which therefore cannot adequately represent the prototype. 
The combination of measurements on models that are too 
small and theory based on preconceptions drawn from 
model studies has led to belief in phenomena that just do not 
seem to occur in full-scale structures. For example , the con-

Dr. G. E. Bl ight, Professor of Construction Materials, University of the Wit­
watersrand, Dept. of Civil Engineering, P.O. Wits, 2050 Johannesburg , 
Republ ic of South Africa 

G. E. Blight, south Africa 

cent rated dynamic switch pressures predicted by Jeni k e 
and Johanson [1) and their static overpressure counterpart 
predicted by W a Ik er [2) appear to be confirmed by observa­
tions on models by CI ague (3), Deutsch and Schmidt [4), 
Ha rt I en et al. [5], and others. Allowance for these predicted 
loads appears to have found its way into at least one silo 
design code in the form of the overpressure factors of the 
American Concrete Institute Code [6) . However, the fact is 
that neither dynamic switch pressures nor static over­
pressures appear ever to have been measured in full scale 
silos (Deutsch [7), Blight [8), (9)) . 

All of the above reasons make measurements on full-scale 
silos doubly important as a means of advancing our 
knowledge of silos and silo-fill interaction . Measurements of 
loads and pressures in full-scale silos are physically difficult 
and costly to perform - which accounts for the few sets of 
such measurements that have been published. The mea­
surements themselves are fraught with difficulties and traps 
for the unwary that render questionable some of the few sets 
of measurements that do exist. The object of this paper is to 
describe some of the methods that have been successfully 
used to measure temperatures and strains in full-scale silos 
and hence to infer loads and pressures. Also, to point out 
some of the pitfalls and difficulties associated with such 
measurements. The types of measurements that will be 
described are: 

(i) thermocouple measurements of temperature 
(ii) measurements of strain on steel silos 
(iii) measurements of strain on reinforced concrete and 

prestressed concrete silos. 

Part 2 of this paper will describe the use of pressure cells to 
measure pressure in full -scale silos directly. 

All of these types of measurements use well-established 
techniques and reasonably inexpensive , readily obtainable 
components. The skills required are not extraordinary, but 
there are certain commonsense ru les to follow if reliable and 
dependable results are to be obtained . 

2. Measurements of Temperature in the 
Walls and Contents of Silos 

Thermocouples provide a simple, inexpensive, robust and 
long-lived method of measuring temperatures in the walls 
and contents of silos. The author has used copper­
constantan thermocouples, usually with great success, but 
with a few notable failures . 
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Silos, bins & bunkers 

Reasonably stout wire of 0.5 to 1 mm diameter should be 
used. l.nsulation is usually of braided fibre glass . The most 
successful and simplest temperature-sensing junction is 
made simply by stripping the insulation from the wires over 
a length of about 20 mm and twisting the wires tightly 
together using pliers. Junctions of this form have never 
failed. Once, at the insistence of an electrical engineer, junc­
tions were made by brazing the ends of the wires to a small 
brass disc. The failure rate for the thermocouples in this 
installation was 80 % , presumably because the wires 
became detached from the disc during installation . 

For steel silos, thermocouples can be installed simply by 
sticking the junction against the steel wall using aluminium­
backed , bitumen-adhered sealing strip. Alternatively , a metal 
or plastic saddle held in place with small self-tapping screws 
can be used to clamp the junction against the silo wall. As 
steel is a good heat conductor, there is no need to worry 
about lateral or transverse temperature gradients local to the 
junction. The junction must be covered , however, or it will 
respond to rapid surface temperature fluctuations caused by 
the wind . The aluminium backing or whatever is used to 
cover the junction should preferably be painted the same col­
our as the surrounding silo wall to avoid differences in 
albedo. 

For concrete silos there is usually an interest in measuring 
temperature gradients through the wall thickness. Hence 
thermocouples have to be installed at the inner and outer 
surfaces and possibly at intermediate points within the wall 
thickness. The simplest way of doing this is to drill or preform 
a hole (about 20 mm diameter) through the wall. The ther­
mocouples are then taped in their correct relative positions 
along a wooden dowel stick which is pushed through the 
hole. The hole is then sealed by injecting a sand-cement 
grout or alternatively, a sand-epoxy resin grout. As the dowel 
is itself a good insulator, it may be left in the hole. If a single 
thermocouple is installed on the outside of a reinforced con­
crete silo, it is best to protect the junction from the wind by 
placing it in a shallow (5 mm deep) 3 mm diameter hole 
drilled in the wall. The hole is plugged with sand-cement or 
epoxy putty and the thermocouple wire is clamped in posi­
tion by means of a saddle and steel nails. 

The thermocouple wires are taken down the outside of the 
silo wall to a convenient read ing position . It is important to 
protect the wires where they are exposed to the elements, 
otherwise the insulation deteriorates in the weather or gets 
abraded away as the wire is blown back and forth by the 
wind . If the exposed copper and constantan wires then touch 
at a point between the sensing junction and the measuring 
point , the recorded temperature will represent that at the 
point of touch , rather than that at the junction . 

The thermocouples are read by means of a thermocouple 
bridge or an automatic data logger, or can be recorded con­
tinuously by means of a chart recorder. Thermocouples can 
easily be calibrated over the expected range of measure­
ment by direct comparison with a mercury-in-glass ther­
mome er. 

An adequate and long-lasting labelling system for the wires 
is essential. Labels written or embossed on adhesive tape 
quickly become illegible. Tie-on labels come off and get lost. 
The best system , the author has found , consists of small , 
numbered plastic rings that slip over the wire. The numbers 
are pressed into the plastic and coloured black. Even if the 
black colouring should come off, the numbers remain easily 
readable. After threading on the label rings , a banana plug 
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should be soldered to each wire. This provides a quick and 
easy means of connecting the wire to the read-out device 
and also positively retains the label rings. 

Figs. 1, 2 and 3 show temperature profiles measured on full 
scale silos by means of thermocouples. 

Fig. 1 (Blight , Schaffner and Gilbert [10], Schaffner 
and BI i g ht [11)) shows a set of temperatures measured at 
various points in the thickness of the 450 mm wall of a 15 m 
diameter cement raw meal silo. The upper diagram shows 
the variation of temperatures with time as the silo was fi lled 
at a rate of 7.4 m of fill per hour. The temperature at the inner 
surface of the wall rose continuously until the raw meal 
covered the level at which the thermocouples were installed . 
Thereafter the temperatures at this point fell continuously 
wh ile the temperature 50 mm in from the wall inner surface 
and that at the outside surface slowly rose as the 
temperature equalised through the wall. The lower diagram 
shows temperature profiles through the wall at various times. 
These measurements were taken at the same level , but at 
two points 30 ° of arc part on the silo circumference. The~ 
show the highly non-linear nature of the temperature profilel9" 
as the silo was filled , changing to a more linear profile as 
time progressed . 
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Fig. 1: Temperature measu rements in the wall of a cement raw meal silo 
duri ng fi lling 

Fig. 2 (Fliss and Blight [12]) shows temperature profiles 
measured at various positions below the surface of the 
cement in a cement storage silo. In this case thermocouple 
junctions were positioned at the outer and inner surfaces of 
the wall and at 100 mm into the filling from the inner surface. 
These last junctions were housed in metal tubes that pro­
jected from the walls and into the filling . 

Fig. 3 (also Fliss and Blight [12]) shows temperature pro­
files with depth in the same silo. Note that the greatest 
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Fig. 2: Observed temperature profiles through the wall of a cement silo 
during filling 
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Fig. 3: Observed vertical profiles of temperature in a cement silo 

temperature occurred in the air above the cement, while the 
.4111111li::'.all also reached its greatest inside surface temperature 
9'ove the level of the cement. As was the case with Fig . 1, 

the cement cooled progressively once it had been deposited 
in the silo. 

Note that the maximum recorded temperature in Figs. 1, 2 
and 3 was 55 °C. This was less than half of the 115 ° to 120 ° 
for which it had been believed necessary to design the silos. 

Fig . 4 (Blight [14]) shows a continuous recording of the 
temperatures at a point on the shell of a steel silo. The figure 
shows corresponding records of horizontal pressure, and 
vertical and horizontal strain. It will be noted that the 
pressure rose as the temperature fell and the silo shell con­
tracted onto the filling (of maize grain). This temperature con­
traction is shown by the decrease in horizontal strain as the 
temperature fell. The recorded vertical strain was opposite in 
sense to that of the horizontal strain i.e. the silo shell went 
into horizontal ring tension because its thermal contraction 
was partly prevented by the filling. The shell also went into 
vertical tension even though it was also tending to contract 
vertically as the temperature fell. The explanation of this 
apparent anomaly is that the temperature of the filli ng 
remained almost constant because of its large volume and 
thermal inertia. Its volume therefore remained almost cons­
tant. If therefore, the diametral temperature strain was -E 

(contraction), the vertical strain must have been given by: 

Ev - 2E = 0 

Ev = + 2E (expansion) 

in order for the volumetric strain to remain at zero. In other 
words, the filling dragged the wall upwards by wall friction. 
It is important to note that these observations were made 
while the silo was not in use, so that changes in load­
associated strains were eliminated. 
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Fig . 4: Continuous record of temperature, strain and horizontal pressure 
in a steel maize silo 

3. Measurement of Strains in Steel Silos 

As steel approximates to an elastic isotropic material with 
clearly defined and constant elastic parameters at working 
stress, strains measured on a steel silo shell may be used to 
calculate stresses and hence horizontal hoop tensions and 
vertical wall loads. 

Because of the difficulty of access, gauges that can be read 
out remotely, such as electric resistance strain gauges are 
preferable to gauges requiring direct access, such as the 
demountable demec type. 

Ideally, strain gauge rosettes should be used, measuring 
strains in three known directions. As one is mainly interested 
in evaluating stresses in horizontal and vertical directions 
and because these directions approximately coincide with 
the principal strain directions in a silo shell, rosettes con­
sisting of a vertical and a horizontal gauge on a common 
backing are usually adequate. 

The author has had good results from electric resistance 
strain gauges applied directly to the bared steel. Each pair 
of gauges is read in conjunction with a temperature compen­
sating dummy gauge mounted on a small separate steel 
plate. This is attached to the silo by means of adhesive foam 
strips so that it remains stress-free. The gauges are water­
proofed with a rubber solution (sold for repairing shoes) and 
each set of gauges is protected by a small sheet metal cover, 
also attached to the silo with adhesive foam strips. Various 
other waterproofers have also been tried, but with less suc­
cess. Silicone rubber must be avoided as it contains acetic 
acid that attacks the steel and loosens the gauges. Two com­
ponent polysulphide rubber has also been used. This works 
well as a waterproofer, but is difficult to apply and inconve­
nient to mix. 

Connecting wires from the strain gauges are lead to a central 
reading point where they are labeled and provided with 
banana plugs, as described earlier. 
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To read the gauges, each is connected as a half bridge with 
its dummy gauge. Strains may be read statically using a 
strain bridge or data logger. Dynamic strains may be 
recorded by means of an ultra-violet (UV) recorder or a pen 
recorder if the recorder 's dynamic response is sufficiently 
rapid. 

Newly applied electric resistance strain gauges give variable 
stress-free or zero readings for about three weeks as the sol­
vent in the waterproofing evaporates and the backing strip to 
the gauge " settles down" . After th.is, zero readings remain 
stable to within a few tens of microstrain over periods of up 
to six months. It is, however, always advisable to use electric 
resistance strain gauges in a situation where the zero 
readings can be checked at regular intervals, e.g. where a 
silo is regularly emptied , cleaned and then re-filled (see e.g. 
Blight and Garstang [14)) . 

Interpretation of gauge readings as stress changes may be 
made by applying the generalized equations of elasticity. 
The vertical and horizontal strains can be interpreted in 
terms of stress, as follows: 

If Ev and Eh are the measured vertical and horizontal strains 
and av and ah the corresponding vertical and horizontal 
stresses in the silo plate, then: 

where E is the elastic modulus of steel, taken as 200 GPa 
and u is Poisson's ratio , taken as 0.33. 

The wall load per unit of silo circumference is then calculated 
as 

where t is the plate thickness, and the equivalent horizontal 
pressure exerted on the silo wall by the filling as 

where D is the diameter of the silo shell. 

EQUIVALENT HORIZONTAL PRESSURE Ph kPa 
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If the strain gauges are fully temperature-compensated, 
stress-free strains resulting from a change of temperature 
will not be recorded. If the temperature strain is partly 
restrained , the restrained portion of the total temperature 
strain will be recorded , i.e. the gauge set will record the dif­
ference between the stress-free temperature strain of the 
dummy gauge and the actual temperature strain of the struc­
ture. For example, the strains recorded in Fig . 4 are the 
stress-inducing temperature strains in the structure. 
Because of the existence of stress-inducing temperature 
strains, it is important to measure and record any changes 
of temperature that occur as a structure is loaded. Even 
then , it is usually difficult to differentiate between load­
induced and temperature-induced strains. 

Ideal situations for strain gauge observations exist where 
rapid filling with a " cold " material occurs so that 
temperature changes during the loading period are negligi­
ble. Another ideal situation exists if the silo is insulated 
against temperature change. An example of observations 
made on an insulated silo is given in Fig. 5 (Blight and. 
Garstang [14)) . Here a 7,500 ton 20 m diameter steel sugar 
silo is insulated with 100 mm of polyurethane foam within an 
outer cladding of aluminium sheeting. Fig . 5 shows the strain 
measurements interpreted as the variation of equivalent 
horizontal pressure and vertical wall load at three 
corresponding points, each 90 ° of arc apart and on the same 
level , as the silo was filled with sugar from empty. The 
equivalent horizontal pressure , i.e. that calculated from the 
inferred hoop stress at the points of measurement, increased 
steadily as the level of sugar rose, while the wall load also 
increased in reasonable accordance with the theoretical rela­
tionship based on the hoop stress. Once the calculated over­
burden exceeded 140 kPa, the wall load appeared to reduce, 
apparently as a result of a reduction of friction on the wall. 
The horizontal pressure increased in sympathy, exactly as 
would have been anticipated on theoretical grounds. 
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Fig . 5: Build-up of equivalent horizontal pressure and wall load at 3 points on the same level in a sugar silo during fill ing (ass umed y = 8.6 kN/m') 
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4. Measurement of Strains in Reinforced 
Concrete Silos 

When a newly contructed reinforced concrete silo is filled for 
the first time, the hoop stress is carried partly in tension on 
the concrete and partly on the hoop steel reinforcing. Over 
the first few months of service, tensile creep fracture of the 
concrete gradually occurs, and the hoop load in the concrete 
of the silo wall is progressively transferred to the reinforcing . 
There is therefore no point in measuring tensile strains on 
the concrete, and even tensile strains on the hoop reinforc­
ing are impossible to interpret at first , as there is no way of 
knowing how the total hoop load is shared between the steel 
and the partially cracked concrete. 

Vertical strains in a concrete silo wall are always small, as 
the wall remains in compression in a vertical direction and 
the steel and concrete share the load as a composite sec­
tion. After about a year of service, the hoop load will have 
been fully transferred to the steel , and hoop strains then 

abecome interpretable in terms of horizontal pressure on the 
95ilo wall. 

At this stage, hoop strain in the concrete will have become 
negligible. 

The process of transfer of load from concrete to steel as the 
concrete progressively cracks is illustrated in Fig. 6. The 
figure shows the results of a tension test on a 150 mm square 
concrete prism 800 mm long reinforced with a single axial 
12 mm diameter steel reinforcing rod . Both the rod and the 
concrete surface were strain-gauged at 100 mm intervals. 
The rod was subjected to an axial load and strains in the con­
crete and steel were observed . At a load of 15 kN (a) strains 
in both steel and concrete were identical over the central 
500 mm length of specimen which was acting as a composite 
section and sharing the load between steel and concrete. At 
the ends of the specimen , the concrete strain was zero and 
over the initial 100 mm to 200 mm of length at either end , 
bond between steel and concrete was in the process of 
distributing the load between the two materials. 

200 

I 
Strain gouges on 
steel and conctele 
ol100mmlnter.ols 

30 kN load 

o ~L~==,~00:=:==~200i2~~300~:;::::::=400l=!~~soo§::==:=ooot:::=::j,oo:::,,,_.J8f 
DISTANCE ALONG SPECIMEN (mm) 

Fig. 6: Effect of cracking and crack spacing on strains in concrete and 
stee l 

When the load was increased to 30 kN , a similar strain pat­
tern applied (b) except that the length of the distribution 
zones increased by about 100 mm. To break the steel­
concrete bond , the specimen was then deliberately cracked 
transversely at its centre by bending it , and the axial loading 

Silos, bins & bunkers 

repeated. The result was that the concrete strains reduced 
to zero and all of the load was then carried on the steel (A 
and B) . 

Fig . 7 shows how the process of progressive local transfer 
from the concrete to the steel occurs in a full scale silo. The 
silo was the 15 m diameter cement raw meal silo referred to 
earlier (Blight , Schaffner and Gilbert [10). Fig . 7a shows 
strains measured on the hoop reinforcing at various levels as 
the silo was filled for the first time in August 1976. The strains 
were quite small , and only at level 1,423 m did they approach 
the cracking strain of concrete (150 to 200 microstrain) . 
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Fig. 7a: Strains measured on first fi ll ing of reinforced concrete cement raw 
meal si lo, August 1976. 
Fill ing rates : 0 to 2 1/2 h : 7,3 mh-1 

3 to 6 h : 4,3 mh-1 

Strains are small as the hoop load is carried on the uncracked wall 
section 

Fig . 7b shows similar measurements taken in August 1977 
when the picture was completely different with strains at all 
the levels of measurement going well above the cracking 
strain of concrete. At this stage the silo wall had a cracked 
section , and the hoop load had been transferred to the hoop 
reinforcing . 
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Fig . 7b: Strai ns measured a year later in August 1977. 
Filling rate: 7,7 mh-1 

Strains have increased as the concrete has cracked and the hoop 
steel now carries all the hoop load 

The problem of separating restrained temperature strains 
from load-induced strains arose with the measurements 
shown in Fig. 7b. It will be noted that strains were observed 
at various levels before the fill reached that level. The reason 
for this was that the hoop reinforcing on which the measure­
ments were being made was located 100 mm from the out­
side of the 450 mm thick wall. As shown in Fig . 1, there was 
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a very considerable temperature gradient through the wall 
and the expansion of the concrete on the inside of the wall 
was inducing tensile strains in the hoop reinforcing on the 
outside. These were true load-induced strains with the load 
arising from the restraint of the expansion . However, they 
were not related to the load of the fill ing on the wall and had 
to be separated out. 

Fig. 8 illustrates the basis used for correcting for 
temperature-induced strains: 

a 

300 

r 
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x 
z 
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"' t;; 

100 

-----b 

HOURS FROM START OF FILLING 

Fig . 8: Correcting observed strains for temperature 

aba represents the variation with time of (temperature + 
load) induced strain. abb represents the temperature­
induced strain which was known to reach a maximum when 
the fill reached the level of measurement and to then decline 
as the temperature gradient evened out, as seen in Fig . 1. 

The value of the temperature-induced strain at ·a time of 6 
hours could be calculated as the restrained temperature 
strain at the position of the hoop reinforcing at this time. The 
load-induced strain was then represented by the difference 
between the above two curves, i.e. curve cc. 

5. Measurement of Strains in Prestressed 
Concrete Silos 

Short term measurements of strain in prestressed concrete 
silos should be feasible as, on a short term basis, 
prestressed concrete should behave as an elastic material. 
Long term measurements would not be feasible because of 
the difficulty of allowing for the effects of creep, shrinkage 
and relaxation . The main difficulty in interpreting the strain 
measurements in terms of stress or load arises from the 
need to estimate the elastic modulus of concrete. In one 
attempt to do this (Wo If (15]), the elastic modulus of con­
crete was estimated by means of Schmidt hammer tests 
made on the outside of the silo. It is quite unlikely that such 
a measurement would give a reliable indication of the elastic 
modulus of the stressed concrete in the direction in which 
the strains were measured. It would have been better, but 
still not adequate to have cored the walls and measured the 
elastic properties of the cores. 

6. Concluding Remarks 

This paper has described the techniques developed and 
used by the author and his colleagues over the past 15 years 
for measuring temperatures and strains in full-scale silos. 

786 

bulk 
Volume 7, Number 6, December 1987 solids 

handlins 

During this period , eleven full-scale containment structures 
have been instrumented and observed . Many mistakes have 
been made and much has been learned the hard way from 
these mistakes. It is hoped that sharing this experience with 
the profession will encourage others to follow, so adding to 
our pool of knowledge and increasing our ability to design 
silos with confidence. 
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Measure111ents on Full Size Silos 
Part 2: Pressures* 

G.E. Blight and G.M. Bentel, south Africa 

Summary 

As second part of a two-part paper describes the factors 
"'!f'ecting the performance of pressure cells used for measur­
ing pressures in silos. It also describes the techniques 
developed for installing such cells in full-scale silos. Finally, 
a new development, the zero strain cell is described. 

1. Introduction 

Part 1 of this two-part paper described the use of ther­
mocouples to measure temperatures in the walls and filling 
of silos, and electric resistance strain gauges to measure 
strains. Some of the difficulties of interpreting measured 
strains in terms of corresponding loads and pressures were 
also described. 

Measured strains have the great advantage of giving a direct 
check on the structural adequacy of a silo. Also, the mate­
rials required for strain gauging a structure are relatively 
inexpensive. However, if the aim of the instrumentation is to 
check the design loading against the loads actually 
experienced by the structure, it may be preferable to 
ailllilfSure the pressure normal to the silo walls by means of 
9>sure cells . The use of pressure cells requires a con­
siderable amount of pre-planning . Provision must, for exam­
ple, be made to build them into the silo walls. It quite often 
happens that the decision to make measurements takes 
place when the structure has been partly built, or is in ser­
vice. In these cases, strain gauging is much easier to carry 
out than installing pressure cells . 

This paper will describe the major requirements of a suc­
cessful pressure cell installation, as well as techniques 
evolved to install pressure cells . It will also introduce the prin­
ciple of the zero strain pressure cell and give examples of 
this type of cell's performance. 

2. Factors Affecting the Performance 
of Pressure Cells 

A pressure cell forms part of the silo wall. If it is to register 
pressures absolutely correctly its characteristics should be 
identical with those of the wall of which it forms a part . 

Dr. G. E. Blight , Professor of Construction Materials, and Mr. G. M. Bentel , 
University of the Witwatersrand , Dept. of Civil Engineering, P.O. Wits , 2050, 
Johannesburg , Republic of South Africa 

• The first part of this paper was published in bulk solids handling Vol. 7 
(1987) No. 6 

A number of investigations have been carried out into the 
factors affecting the correctness of pressure registration by 
pressure cells . Notable amongst these are the papers by 
Peattie and Sparrow (1] and Hvorslev [2] . The analysis 
that follows is largely based on the work reported by 
Hvorslev and repeats material given in an earlier paper by 
Blight (3] . 

Fig . 1 shows a pressure cell of diameter De and thickness le 
which is set in a vertical wall so that it protrudes a distance 
de from the general plane of the wall. The filling exerts a 
pressure ohf on the wall . Because a conventional pressure 
cell has to strain away from the fill in order to register, it will 
register a pressure oc which will differ from oht• and its 
deflection will affect the pressure in a zone of fill in the 
vicinity of the cell face. 

Pressure cell __ ...,.. 
(modulus Mc) 

De 

..-binwall 

::,,~ _, __ 
"c I " ht -+-'1--1-
~ 
fill (modulus ft) 

? 
-le-!~ --'I "-.. Limn of zone 

Ht inftuenced by 
compression of 
pressure cell 

Fig . 1: Factors influencing the performance of a pressure cell 

If the modulus of compressibility of the pressure cell is Mc, 
the cell will compress by an amount: 

(1) 

The strain in the fill affected by the compression of the gauge 
will average 

be Oht - Oc 
- =- ---
H1 Et 

(2) 

where H 1 is the thickness of the zone of fill affected by the 
gauge compression, and E1 is the strain modulus of the fill . 
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The accuracy with which the pressure cell records the 
pressure in the fill is described by the registration ratio 

R will be unity for perfect registration , less than unity if the 
recorded pressure is less than the actual , and more than 
unity if the recorded pressure exceeds the actual pressure in 
the silo. 

Because 8c in Eqs. (1) and (2) is the same, 

R 

1 + (3) 

The factor £ 11 H1 is a characteristic of the fill material and is 
therefore not controllable. However le I Mc is a characterist ic 
of the pressure cell and can be controlled by design . In par­
ticular the closer tel Mc can be made to approach zero, the 
closer R will approach the ideal value of 1 .0 for perfect 
registration . This is done most easily by maximizing Mc so 
that it approaches an infinite value. 

If the fill is moving past the face of the pressure cell , which 
it will do as it compresses under increasing overburden , or 
as the silo is emptied, the protrusion de will cause an addi­
tional average strain in the fill of de f H 1. Eq. (1) will then 
become 

(1 a) 

and the registration rat io will be modified to 

R = (1 + de E1) / (1 + Et le) 

ah1H 1 H 1Mc 
(3a) 

Hence, other things being equal , the cell will register 
perfectly if de is zero, it will over-register if de is positive and 
under-register if de is negative, i.e. set back from the wal l 
surface. 

The model of pressure cell operation represented by Eq . (3a) 
is not perfect, but it does show the role of the most important 
factors affecting the accuracy of a pressure cell , namely cell 
modulus or compressibility and accuracy of mounting . 

3. Mounting of Pressure Cells in a Full Size 
Silo Wall 

Various systems have been used by the authors to mount 
pressure cells in silo walls and so minimize the protrusion of 
the cells , de· The system described by Fig. 2 has resu lted 
from many years of trial and error. As described, the method 
is suitable for reinforced concrete silos. The method could 
easily be modified for use on steel silos. 

A steel pan containing three threaded studs welded to its 
back plate at 120 ° intervals is cast into the silo wall during 
construction . The pressure cell is bolted to a face plate hav­
ing a diameter 20 mm less than the inside diameter of the 
pan . 
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platefillec 
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SECTIONAL PLAN 

Pan cast 
inta wa ll 

Protective tube 
for pressure gauge 

lead 

Fig. 2: Method of mou nting pressure gauge in wal l of re inforced concrete 
silo 

The face plate has three plain clearance holes drilled in it at 
120 ° intervals and three tapped holes, also at 120 ° and on 
the same pitch ci rcle as the studs in the pan . Three studs 
having an overall length slightly less than the depth of the 
pan are then threaded into the tapped holes. The pressure 
cell is placed in position with its electrical lead threaded 
through the pipe which passes to the outside of the wall , and 
washers and nuts are then placed on the studs welded to the 
back of the pan . 

By tightening or loosening these nuts and adjusting the studs 
threaded through the face plate, the position of the pressure 
cell can be adjusted , using a short straight edge, until the 
face of the cell is as close as possible to co-planar with the 
inner surface of the silo wall. Fig . 3 shows a pressure cell at 
this stage of installation. • 

Fig. 3: View of pressure cell mounted in silo wall , before grouting and 
smoothing off fl ush with wall surface 

The 1 O mm gap between the face plate and the rim of the 
pan is then stuffed with a length of preformed rubber joint 
filler and the void behind the face plate filled with a quick­
setting cement grout that is poured through a funnel. Once 
the grout has set, the strip of joint filler is pulled out and the 
space between the pan and the side of the pressure cell is 
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Fig . 4: Pressure variations recorded at a single point during emptying of a cement storage silo 

plastered full with a sand-epoxy mortar to finish off the face 
of the pressure cell flush with the inside surface of the si lo 
Ai. Finally, the surface of the pressure cell is painted with 
~oxy resin and strewn with fine sand to give its surface a 
texture similar to that of the surrounding concrete. 

The electrical lead of each cell is taken down the outside of 
the silo wall in an electrical conduit to a convenient central 
reading location . There the ends of the wires are housed in 
an electrical junction box. Each wire is fitted with a banana 
plug and is labeled, as described in Part 1 of this paper. The 
gauges can either be read out manually using a strain 
bridge, or they can be scanned automatically by means of a 
data logger. Alternatively, pressure can be recorded con­
tinuously using a chart recorder. 

Fig . 4 shows an example of a continuous recording of a 
pressure gauge output made during the emptying of a 
cement storage silo (Fliss and Blight (4]) . 

The irregular " spikes" that occur on the record represent 
localized increases in pressure that arise when compressed 
air is fed to the aeration pads at the base of the silo. These 
!jiiSure spikes represent fluctuations of up to 10 kPa. The 
i•val between the spikes corresponds with the regu lar 
alternation of draw-off from the 18 openings provided around 
the perimeter of the silo so as to ensure concentric emptying. 

4. Calibration of Pressure Gauges 

Because the registration ratio of a pressure cell depends on 
the strain modulus of the fill £ 1 (see Eq. (3)) , pressure cells 
must be calibrated in conjunction with the material that will 
form the silo fill. Fig. 5 shows typical calibrations of a 
mercury-filled pressure cell with a fairly rigid material (sand, 
E probably about 40 MPa), a less rigid material (coal, 
E = 28 MPa) and a compressible powder (cement, 
E = 15 MPa). As predicted by Eq . (3) the higher the modulus 
of the fill material , the lower is the strain output of the cell for 
a given applied pressure. The calibrations also display 
hysteresis , presumably because once material has been 
pressed against the face of the pressure cell, it tends to 
resist moving back when the pressure is reduced . However, 
the hysteresis is usually small enough to ignore and to use 
a single linear calibration . 

The method used by the authors for calibrating a pressure 
cell is as follows : 

3500 

3000 

~ 2500 Linear approximation 
:J.. used for this silo 

...J 

...J 
LU 

u Manufacturers' 
u.. 2000 calibration (sand) 0 ,_ 
::::> 
"-,_ 
::::> 

Cool 0 1500 
z 
<( 
C< ,_ 
"' 1000 

APPLIED PRESSURE kPa 

Fig . 5: Calibration of a mercury-fil led strain gauged diaphragm pressure ce ll 
using various materials in contact with cell face 

Fig . 6: Pressure cell mounted in base of shear box ready for calibration 
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The cell is set into the base of a large (350 mm square) 
shear box by means of a sand-epoxy resin mortar, as 
shown by Fig . 6. The box is then loosely filled with the silo 
fill and loads are applied via a rigid top loading platen. 
Hence the relationship between the strain output of the 
cell and the known applied pressure can be established 
(Fig. 5). 

5. The Zero Strain Pressure Cell 

The zero strain pressure cell is based on the principle that if 
Mc in Eq. (3) can be made very large, the registration ratio 
R will approach unity. This can be achieved by balancing the 
pressure on the face of the pressure cell by means of a fluid 
pressure applied to the rear of the face. The pressure is con­
tinually adjusted to maintain zero strain in the face or 
diaphragm. Fig. 7 shows the prototype cell that is being used 
for development studies. 

The 0.75 mm thick face diaphragm is strain-gauged as 
shown and the strain of the face is zeroed or nulled by means 
of air pressure applied to the inside of the cell . 

Fig. 8 shows the calibration curves established: 

(a) with the pressure cell used in the zero strain mode; 

(b) as a conventional pressure cell with a deflecting 
diaphragm on the loading cycle; and 

(c) as a conventional pressure cell on the unloading cycle. 

It will be seen that the registration ratio for operation in the 
zero strain mode is almost exactly unity for both loading and 
unloading. 

A set of zero strain cells is currently being prepared for the 
instrumentation of a large model cement storage silo. It is 

f2)65mm 

Air pressure to maintain 
zero strain in diaphragm 

Fig . 7: Prototype of the zero strain pressure cell 
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Fig . B: Calibration curves for a pressure cell operated with a deflecting 
diaphragm and as a zero strain cell 

recognized that development still has some way to go. In par­
ticular, compressed air is not the most suitable fluid for main­
taining the zero strain condition , especially for a field installa­
tion . It would be preferable to use a more incompressible 
fluid such as an hydraulic oil. Work in this direction is pro­
ceeding . 

6. Concluding Remarks 

This paper described the experience of the authors over the 
past decade in using pressure cells to measure pressure in 
full size silos. It is hoped that making this experience avail­
able to the industry will encourage others to embark on the 
difficult, but rewarding course of instrumenting full size silos. 
The recent development of the zero strain pressure .• 
should assist considerably in future projects. 
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7.3 TEMPERATURES AND PRESSURES MEASURED IN SILOS BY MEANS OF 

PRESSURE CELLS 

CONTRIBUTION TO LEARNING 

The seven papers in this section show that design pressure envelopes for silos can be 

predicted with acceptable accuracy. To do this, materials parameters are measured 

in the laboratory using the recognized techniques of geotechnical engineering . The 

parameters are then used with recognized soil mechanics theory to predict the 

pressure distribution. 

The penultimate paper demonstrates that temperature surcharge pressures occur in 

reinforced concrete silos and can be of appreciable magnitude. 

The final paper examines the vexed question of the effect of eccentric emptying on 

horizontal pressure distributions, and supports a very simple view of the effect. 
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7.3 TEMPERATURES AND PRESSURES MEASURED IN SILOS BY MEANS OF PRESSURE 

CELLS 
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PRESSURE MEASURED IN A 20M 
DIAMETER COAL LOAD-OUT BIN 
G. E. Blight, 
Department of Civil Engineering, 
University of the Witwatersrand, 
1 Jan Smuts A venue, 
Johannesburg 2001, 
South Africa 

D. Midgley, 
Ove Arup & Partners, 
132 Jan Smuts A venue, Parkwood, 
Johannesburg 2193, 
South Africa 

As part of a large coal-mining project exporting ten 
thousand tons of coal a day a re inf arced concrete coal 
load-out bin, having internal diameter of 20m and a 
maximum storage height of 30m was designed and 
constructed at Ermelo, South Africa. The bin has a 
double pyramidal hopper bottom with twin outlets, each 
of which can be used to load export trains at a .rate of 
2, 800 tons per hour, a 84 truck train carrying 4, 800 tons (1 
ton =. 1,000 kg) of coal being loaded automatically in 
I JO minutes. To check on the assumptions and applica­
bility of the theories used in the design of the bin, a 
number of pressure cells were installed in the walls of the 
bin. There was a particular interest in monitoring possible 
over-pressures close to the transition between the cylin­
drical body of the bin and the hopper bottoms. Six sets of 
static and dynamic pressure measurements were available 
at the time of writing and the paper presents and analyses 
these measurements. 

Figure l(a). 
The coal load-out bin and associated plant 
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DESCRIPTION OF BIN 

Figure la shows the coal load-out bin together with its 
11:ssociated loading co.nveyor and part of the coal prepara­
tion. plant at t~e mme. Figure lb shows a simplified 
s~ction~l elevation an~ plan through the bin giving salient 
d1mens1ons and showmg the layout of the twin outlets in 
the hopper bottom. From this latter figure it will be noted 
that while the available storage height is 30 metres the 
conical top of the stored coal occupies some 8m of the 
storage height so that the walls of the bin are subjected to 
lateral pressure over a maximum height of approximately 
22 metres. The ratio of maximum fill height to bin 
diameter is thus close to 1. 

OBJECTIVES OF INSTRUMENTATION 

The design of the load-out bin was primarily based on 
the German Code DIN 1055. 1 Certain areas of the walls 
which were considered to be subject to pressures con­
siderably greater than those predicted by DIN 1055 were 
evaluated using the theory of W alker2• 

The objectives of the instrumentation study were to: 

(i) determine how well the design pressures correlated 
with the field measurements, 

(ii) establish the boundary between the mixed funnel 
flow and mass flow regimes that were expected to 
result from eccentric draw-off, 

(iii) evaluate the effect that eccentric draw-off has on 
the development of the flow funnel and on the 
intensity of pressure around the wall. 

The German Code1 represents an envelope of average 
maximum pressures and does not differentiate between 
funnel and mass flow. Walker's theory is based on the 
assumption of mass flow and enables the peak intensity 
of pressure to be evaluated. Jenike and Johanson's 3

•
4 

theories also enable a peak pressure intensity to be deter­
mined, and in addition would, for the present bin, predict 
funnel flow for which the wall pressures are significantly 
lower than those of mass flow. 
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Figure l(b). 

HO?PER 

/SHAPING 

SE:CTION 8 -8 

Simplified cross-sectional elevations and plan of 
load-out bin 

It was hoped to determine the position at which the 
flow channel intersects the silo wall and hence the 
applicability of the Jenike and Johanson and Walker 
theories . 

PHYSICAL PROPERTIES OF STORED COAL 
The coal that passes through the load-out bin is a 

washed graded product that enters the bin with a water 
contentof6% to 14% by dry mass. Figure2ashows grad­
ing analyses for the coal which has a maximum particle 
size of between 25 and 50 mm and 3 % to 6% of fines 
passing a 74 micron sieve. Table 1 summarises the proper­
ties of the coal as represented by samples taken on three 
occasions when pressure measurements were made. The 
measured properties for the coal are compared with the 
ranges of design values recommended by the German 
code DIN 1055 and the American Concrete Institute 
Committee 313 (Title 72- 38)5

• A comparison of the 
measured and code values shows that the product stored 
is a reasonably typical coal. The loose bulk density 
recorded in Table 1 was measured by pouring the coal 
loosely into a mould and weighing. The compacted den­
sity was achieved by vibrating the mould and contents on 
a Ve be vibrating table . The measured shear strength para­
meters recorded in Table 1 were obtained by means of 
triaxial compression tests on 100 mm diameter 
specimens. The specimens were prepared by pouring the 
coal at the sampled moisture content into a triaxial sleeve 
which was held in shape by a metal former. Provision was 
made to allow air to drain when the confining stress was 
applied and the specimens were sheared with full air 
drainage to simulate conditions during loading and 
emptying of the bin. · 

22 

rt_ OPENINGS ANO 
RAILWAY TRACK 

100 

90 

80 

70 

60 

20 

10 ·-_,_ 
-·- ---· i/7 
~·-

006 0.1 0.2 0.6 1.0 

PLAN C-C 

/,. 
~,.... 

/'/ 
~ 

VJ 
APRIL 900-/1 - Al..GJST 1 78 

/ / 
/,'/ 

,/ 

2 6 10 20 

PARTICLE SIZE tmml 

FINE MEDIUM I COl\RSE FINE I MEDIUM COARSE 

SAND FRACTION GRAVEL FRACTION 

Figure 2(a). 
Particle size analyses of coal stored in bin 
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• 

Figure 2b shows the results of triaxial shear tests on 
coal at a water content of 13.8% (sampled in April 1980). 
The open circles represent the results of tests on normally 
consolidated coal which was sheared at the greatest stress 
to which it has ever been subjected as a loose aggregate. 
The effect of reducing the stress or over-consolidating the 
coal is shown by the filled-in circles. In these tests the coal 
was first stressed to a particular value of o3, say 100 kPa, 
after which it was sheared at a reduced stress of IO kPa. 
The results clearly show the enhancement of strength 
obtainable by over-consolidation. 
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Table 1. 
Properties of coal 

Date Water Bulk Density (kN/m3
) Angle of Capillary Angle of 

Sampled Content Shearing Cohesion Wall 
fJ/o Loose Compacted Resistance kPa Friction* 

August 6.4 7.65 9.45 39° 14 1979 

October 8.1 7.99 8.85 43 ° 10 1979 

April 13.8 7.99 8.85 40 ° 0 29° to 40° 
1980 

e Design Values 
DIN 1055 10.0 35 ° 21 ° to 26° 
ACI 313 8 to 10.4 32° to44° 27 ° to 31 ° 

*Coal on Concrete 

0 Shea red at maximum consolidation stress 

e 

~ 
~ 
I 

£ 
~.f:' . 

a 

e Consolidated to stresses of 
100, 75 & 50 kPa 
sheared at a 3 = 1 Ok Pa 

• Consolidated to stress of 100 kPa , 
sheared at a 3 = 50 kPa 

)i( Consolidated to 100 kPa with 
10 stress applications, 
sheared at a 3 = 50 kPa 

200 
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P• \-i!O",+OjlkPa 
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Figure 2(b). 
Shear properties of coal at 13.8% water content. 
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The square filled-in symbol represents the results of 
consolidating to 100 kPa and shearing at 50 kP A, while 
the crossed square symbol is the result of a test on a speci­
men on which o3 was increased to 100 kPa and reduced to 
50 kPa ten times before shearing at o3 = 50 kPa. This 
result indicates that repeated stressing of coal within the 
same stress range has little influence on its strength. 

The angles of wall friction recorded in Table 1 were 
measured in a shear box in which the lower half of the 
specimen was replaced by a block of concrete. The two 
limits of 29° and 40° correspond, respectively, to a condi­
tion in which the coal is stationary with respect to the con­
crete surface and a condition in which the coal is sliding 
across the concrete surface at a constant velocity. Details 
of the difference between the two states is shown in Figure 
2c. A constant sliding resistance is developed while the 
coal and the concrete surfaces are moving relative to each 
other. When the motion is stopped, the sliding resistance 
decays to a lower static resistance. The static resistance 
rapidly increases to the sliding resistance once relative 
motion is resumed. In the case illustrated, the normal 
stress across the coal-concrete interface was 60 kPa and 
the 11.6 kPa change between static and sliding resistance 
represents a change in the coefficient of friction of 0.19 or 
a change in the angle of wall friction of 10.9°. The case 
shown in figure 2c was recorded by means of a UV 
recorder activated by the load cell used to measure the 
sliding resistance. 

The coefficient of pressure at rest in a granular material 
(K

0
) represents the ratio of the horizontal to the vertical 

principal stress under conditions of zero laterial strain. 
This ratio was measured in the triaxial test by varying the 
vertical stress ov, while simultaneously adjusting the 
horizontal stress so as to maintain a condition of zero 
lateral strain. This is achieved by using a sensitive lateral 
strain indicator6 which was attached across a diameter of 
the specimen. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

_----------- COAL M:JllNG 

Figure 2(c). 
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Figure 2(d). 
Measurements of the coefficient of pressure at rest 
for coal at 13.5% water content. 
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The results of two series of K0 measurements are 
summarized in Figure 2d. The upper diagram shows the 
relationship between the measured pressures, while the 
lower one shows the variation of K0 with ah while av was 
first increasing and then decreasing. It will be noted that 
there is an abrupt discontinuity in the behaviour of the 
coal when av is decreased and that the value of K0 changes 
correspondingly. No value for K0 while av was decreasing 
has been quoted as the actual value appeared to be slightly 
greater than unity. This could not be measured precisely 
in the available apparatus. The observed results for av 
decreasing have been included to illustrate the sudden 
change in behavior of the coal when the stress regime 
changes. 

INSTRUMENTATION OF BIN 
Eight Kyowa pressure cells were installed in the walls in 

order to measure lateral pressures in the bin during filling 
and emptying. Figure 3a shows the positions of the 
pressure cells in relation to the outlets and the hopper 
shaping while Figure 3b shows a typical pressure cell 
during installation with its pressure-sensitive face located 
flush with the inner face of the bin wall. As shown in 
Figure 3a, four load cells (line A) were positioned in th­
vertical plane that passed through the axes of the two 
outlets. The three lower cells were expected to be in a 

H 

CELL H(m) 

A 1 16.4 

A2 .... 
A3 20• 

A 4 ,. .4 

85 20 .1 

86 ,. .5 

C7 25 .05 

CB 3C.O 

Figure 3(a). 
Location of pressure cells in bin wall. 
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region that would be affected by flow through the south 
outlet or loading chute. A pair of load cells (line B) were 
positioned in the vertical plane at 45 ° to that containing 
line A, while the remaining two load cells (line C) were 
positioned in the vertical plane at 90° to that containing 
line A. 

Figure 3(b). 
Typical pressure cell during installation. 

The pressure cells were installed in cylindrical openings 
that had been cast in the bin walls during construction. 
The pressure-sensitive faces of the cells were accurately 
aligned with the average inner surface profile of the bin 
walls in the vicinity of each cell and the cells were then 
grouted in solidly using an epoxy-resin/ sand mortar. In 
this way, the face of each pressure cell presented a mini­
mum of discontinuity on the inner surface of the bin while 
the perimeter of each cell was protected from the effects 
of cross-sensitivity resulting from stresses applied in the 
plane of the strain-gauged diaphragm. 

600 

Figure Jc is a diagrammatic cross-section showing the 
method of installation of the cells. 

The manufacturer's calibrations for the load cells were 
accepted as being correct as a previous experience with 
Kyowa load cells had shown the calibrations to be accur­
ate and stable. In this previous case a number of similar 
load cells had been installed in a maize silo for a period of 
two years7

• They were removed from the silo and their 
calibrations were checked by one of the present authors. 
The values obtained for the recalibration agreed almost 
exactly with those given by the manufacturer. 

The strain gauges on the diaphragms of the load cells 
are arranged in a full bridge. Static pressure readings on 
the cells were taken by means of a Huggenberger strain 
measuring bridge, while dynamic pressure measurements 
were made using the Huggenberger strain bridge as a 
balancing box in conjunction with a Rapet portable UV 
recorder. The pressure cells are connected to the record­
ing equipment by means of fully screened conductor 
cables to eliminate any interference from electrical 
equipment operating in the vicinity. 

RECORDED LATERAL PRESSURES 
Lateral pressures have so far been recorded on five 

occasions. Further measurements are planned. In Aug­
ust, 1978, part of the filling cycle was recorded followed 
by the full emptying cycle, for coal discharging from the 
south outlet chute. In October 1979, a complete filling 
and emptying cycle was recorded while the north loading 
chute was in use. In November, 1979, dynamic pressures 
were recorded while coal was being loaded from both the 
south and north chutes and in March and April, 1980 
dynamic pressures were again recorded using the south 
and north chutes . Figure 4 shows a typical time record of 
the tonnages and approximate volumes of coal dis­
charged from and loaded into the bin during a normal 
train loading cycle. Figure 5 shows the variation with time 
of recorded lateral pressures at various of the load cells, 
corresponding with the discharge and loading cycles 
recorded in Figure 4. Once the discharge cycle 
commences the almost immediate changes in pressure 

r 600 
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Typical discharge and loading records for bin tonnages. 
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Figure 5. 
Typical pressure cell readings during discharge 
and loading. 
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recorded by certain of the cells is clearly shown, as are the 
increases in pressure after completion of the filling cycle. 
These latter changes presumably occurred as a result of 
slight settlements of the coal as it compacted into a denser 
mass. Figure 6 shows recorded dynamic changes in 
pressure during discharge from the south and the north 
chutes. In each case the pressure changes recorded at the 
lowest pressure cell on each of lines A, Band C is shown. 
In Figure 6 zero time corresponds to the first opening of 
the load-out chute when commencing to load a train. It 
will be noted that when discharging from the south chute 
there is a brief time lag of about 12 seconds before any 
pressure response is observed. This time lag corresponds 
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14 15 16 

_,_ 1000 

0 
17 18h 

• 

17 18h 

to the movement of a certain minimum volume of coal 
before the mass of coal above the chute is activated . At 
this point there was a slight reduction of pressure at Al 
and an increase at B5 while the pressure at C7 also 
increased slightly. The left-hand portion of Figure 6a 
shows that these pressure changes stabilise within two to 
three minutes from the start of discharge. When loading 
out was commenced from the north chute the pressures at 
cells Al and BS were virtually unaffected while the 
pressure at C7 at first increased, then decreased to slightly 
less than the initial value. After this the pressure at C7 
increased again to a value of 10 kPa above its initial 
value. 
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Figure 6. 
Dynamic changes in lateral pressure loading from south 
and north chutes. 
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Maximum lateral pressures during discharge from South 
chute-Radical distribution at cylinder-pyramid 
transition. 

ANALYSIS OF RECORDED PRESSURES 
Figure 7a summarises the maximum pressures 

recorded during discharge from the south loading chute 
while Figure 8a provides similar data for discharge from 
the north loading chute. In both Figures, the depth of coal 
is the depth in contact with the wall. It will be seen from 
Figure 7a that pressures on the A line of cells reduced 
during emptying over a height of 6 to 8 metres above the 
level of cell A 1. The pressures on the Bline appear to have 
increased over a considerable height above the level of cell 
BS, while similar conclusions apply to the cells on line C. 
The magnitudes of the changes of pressure shown in 
Figure 7a differ somewhat from those indicated in Figure 
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tion. 

6. This is probably to be expected as the physical proper. 
ties, state of compaction, moisture content and hence th 
flow regime within the coal vary with time. 

A considerable quantity of coal remains in the bin after 
loading a train. The state of compaction of this coal will 
depend, for example, on whether the bin was being filled 
while loading was in progress, and on whether the south 
and north loading chute (or both) has been used during 
the previous occasion on which the· bin was emptied. Bin 
pressures on refilling will be affected by the state of the 
coal already in the bin. It is therefore unlikely that the 
extremes of possible bin pressure are represented by the 
data shown in Figure 7a. 
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Figure 7b shows the radial distribution of horizontal 

pressure plotted along the transition between the cylindri­
cal bin walls and the pyramidal hopper bottom. The 
pressure distribution at the end of filling was highly 
irregular but became considerably more regular when 
emptying started. The diagram shows that the pressure 
along an axis at right angles to the centreline of the dis­
charge chutes was greater than that along the centreline. 
This indicates that there is a tendency for the coal to arch 
along this axis when discharge occurs from the south 
chute and for a zone of reduced pressure to form adjacent 
to the chute. 

Figure 8a summarises maximum pressures recorded 
during emptying of the bin through the north loading 
chute. This figure confirms the patterns shown by Figure 
6b, except that in this case cell B5 recorded an increase in 
pressure instead of no change. 

Figure 8b shows recorded pressures during discharge 
from the north chute plotted on a similar basis to Figure 
7b. This diagram confirms the highly irregular nature of 
the lateral pressures at the end of filling and indicates that 
these pressures can vary considerably from one filling 

aycle to the next. The pressure distribution in the south 
•aif of the bin again became more uniform once empty­

ing was started but as shown earlier was not greatly 
affected by emptying from the north chute. 

PREDICTION OF BIN PRESSURES 
As pointed out earlier, if the cone at the top of the bin 

contents is ignored, the ratio of fill height to bin diameter 
is close to 1. Hence it would not be reasonable to expect 
frictional arching of the coal off the walls of the bin, (i.e. 
silo action) to have any significant effect on either vertical 
or horizontal pressures, except in the vicinity of the 
hopper bottoms. It would be reasonable to expect that a 
granula material filled into a cylindrical container with 
relatively rigid walls would assume a stress state corres­
ponding to a condition of zero lateral strain and that the 
lateral pressure within the mass would correspond to the 
at-rest condition. As shown earlier, the coefficient of 
pressure at rest for the coal has a value measured in 
laboratory tests of 0.48 for a condition in which a is 
increasing. This value compares reasonably well with a 
value of0.36 predicted by the empirical relationships 

A K0 = (1 - sint) (1) 

~here <t> is the angle of shearing resistance of coal. If suffi­
cient lateral yield could occur within the mass of coal to 
cause the material to fail by lateral yielding, the ratio 
between horizontal and vertical pressures in the bin 
would reduce to KA given by the relationships 

KA = 1 - sin+ (2) 
1 + sin+ 

KA is the active pressure coefficient. Pressure profiles 
corresponding to the above two relationships have been 
shown in Figures 7a and 8a for a value of + of 40°. The 
data recorded on Figures 7a and 8a show that neither 
Equation (1) nor Equation (2) adequately describe the 
relationship between depth and lateral pressure for the 
bin at the end of the filling cycle. However, the at-rest 
condition seems to represent a stress state that is reason­
ably close to the observed static pressures. In reaching 
this conclusion it will be realised that, apart from any 
other uncertainties, a value for K0 of 0.48 represents 
conditions for first-time loading of the coal and may not 
necessarily represent the actual at-rest pressure coeffi­
cient for the coal. It is well established6·s that the at-rest 
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pressure coefficient is considerably influenced by the 
previous stress history of the material, namely a material 
that has experienced loading in its past attains a greater 
at-rest pressure coefficient than one which has not been 
pre-loaded. This is clearly illustrated by the measure­
ments shown in Figure 2d. 

FLOW THROUGH THE ECCENTRIC DISCHARGE 
CHUTES 

Regardless of the mode of flow within the material as 
the bin is emptied, the confluence towards the outlet can 
be expected to cause localised arching (eg. Walker2) off 
the walls of the bin. Because of the eccentric location of 
the outlets and the geometry of the hoppers, it is likely 
that the state of flow within the bin during emptying will 
be one of funnel or core flow with the axis of the funnel 
approximately coincident with the axis of the outlet 
which is in use. It was difficult to decide conclusively by 
merely observing the surface of the coal in the bunker 
during emptying, but the observed changes in the surface 
profile were not inconsistent with the mechanism just 
postulated . 

Jenike4 has shown both theoretically and by observa­
tion that a zone of reduced pressure should develop when 
a flow funnel impinges on the wall of a bin. A correspond­
ing increased pressure should develop between the 
material in the flow funnel and the static material 
surrounding it. This increased pressure will be trans­
mitted to the walls of the bin, although its effects will be 
modified by the compressibility and thickness of the 
material that transmits it. 

The existence of the zones of reduced and increased 
pressure at the start of emptying are ·indicated by the 
ovality of the pressure distribution for the start of empty­
ing shown in Figure 7b. 

In order to further investigate the zone of reduced 
pressure that develops along the A-line of gauges, a series 
of dynamic measurements were carried out in March 
1980. The results of these measurements are summarized 
in Figure 9. 

The south loading chute has been disused for three 
months as the operators find it more convenient to use the 
north chute. The dead volume of coal above this chute 
had therefore been subjected to approximately 140 cycles 
of loading and unloading and was also hot as a result of 
oxidation of the coal. Figure 9a shows the pressure 
changes that occurred at gauges Al to A4 at the start of 
emptying from this chute. 

It will be seen that the pressure changes are similar in 
character and magnitude to those shown in Figure 6a. 
The age and stress history of the coal apparently having 
little if any abnormal effect. 

Figure 9b shows similar pressure changes recorded 7 
hours later when the bin had been refilled with coal. If 
anything, the pressure record for the freshly filled chute is 
more irregular and shows greater pressure changes than 
that for the aged coal. 

In both cases the measurements show that a zone of 
reduced pressure develops to above cell A3, while the 
pressure at cell A4 increases, presumably because the 
flow funnel does not impinge on the wall at this level. 

Figure 10 summarizes all available information on 
pressure changes at the start of emptying on lines A and 
B. The changes have been normalized by dividing by the 
corresponding values of K

0
yZ, the at-rest pressure. The 

Figure shows that the August 1978 measurements, when 
the bin was emptied for the first time in its service life were 
abnormal. However, subsequent measurements agree 
with each other and show: 
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Figure 9. 
Dynamic changes in lateral pressure recorded on the 
A-line pressure cells at the start of emptying from the 
south chute. 
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(a) that the zone of reduced pressure on the A-line 

extends to a height of about 8 m above cell Al, and 
(b) that the zone of increased pressure on the B-line 

appears to extend to the surface of the fill. 

Figure 10 also shows that the pressure changes are 
relatively modest and that now that the walls of the bin 
have been conditioned by use, amount at most to about 40 
percent of the filling pressures. Although not shown in 
Figure 10, pressure changes along the C-line are similar in 
character to those along the B-line. 

For the fifth set of measurements shown in Figure 10, 
discharge was started from the north chute, and then, six 
months later, switched to the south chute. With the 
exception of cell B6, however, the changes in pressure 
from the static condition did not appear to be much 
affected by the change in the flow regime. 

According to Jenike, 4, the pressure changes should be 
roughly in proportion to the diameters of the flow funnel 
and the complete bin. This prediction appears entirely 
reasonable in this case, as the diameter of the flow funnel 
appeared to be 40 to 50 percent of the bin diameter. 

alt is of great interest and importance to note that no 
Wdication of pressure peaks, either static, as predicted by 

Walker2
, or dynamic, as predicted by Jenike and 

Johanson3, were recorded. The authors do not consider 
this to be proof that such peak pressures do not arise, but 
merely that they have not been recorded on this particular 
structure. It would be foolish, and possibly dangerous, to 
ignore the theoretical prediction of these overpressures or 
the limited amount of observed evidence on prototype 
structures that they may, in fact, occur9• It is possible that 
the Walker-type pressure peak is occurring within the 
hopper bottom of the bin where it would not be recorded 
by the lowest pressure cells. 

CONCLUSIONS 
In a relatively wide, shallow bin (height of fill / dia­

meter = 1) the relationship between depth of fill and lat­
eral pressure approximates to the at-rest condition. How­
ever, the exact relationship between depth and pressure 
appears to be influenced by the previous loading history . 
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of the bin. For the bin under consideration emptying 
from the eccentrically placed outlets results in the 
development of a zone of reduced pressure on the walls of 
the bin adjacent to the outlet in use, while pressures 
increase elsewhere. 

Measurements have not indicated the occurrence of 
peak pressures against the bin wall. 
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IN A LARGE COAL LOAD-OUT SILO 

G. E. Blight, 
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1 Jan Smuts A venue, 
Johannesburg 2000, 
South Africa. 

Pressures have been measured in a JO, 000 ton coal 
e;d-out silo. The measuring system and measurements 

are described, as well as the flow pattern observed 
within the silo. The envelope of measured horizontal 
pressures is compared with the design pressure 
envelopes, both for the cylindrical and hopper portions 
of the silo. 

It is concluded that little arching occurs within the 
silo, and that the horizontal pressure envelope can be 
described by the linear relationship ah = Kyz, in which 
yz is the overburden pressure and K is Ko, the at rest 
pressure coefficient. 

INTRODUCTION 
The reinforced concrete silo that is the subject of this 

paper is one of a pair of 10,000 ton train rapid load-out 
silos at the Optimum Colliery in the Transvaal, South 
Africa . The silos were instrumented with pressure cells 
in order to check the assumptions made in the design 
against conditions actually experienced by the silo . This 
is the second load-out si lo owned by the Gencor group 

i mining companies to be instrumented in this way. 
e results of the previous study, at the Ermelo mine, 

ere reported by Blight and Midgley 1 in 1981, and will 
be referred to again in this paper. Figure I is a 
photograph of the pair of silos with a train passing 
through them. The open-topped cyli ndrical silos are 
20m in internal diameter, have a wall thickness o f 
400mm and a storage height of 54m. 

PROPERTIES OF COAL 
As often happens, the si los had to be designed before 

the product they were to store became available. 
Properties for design were therefore selected from the 
literature . Once the si lo was in operation, the coal was 
sampled on two occasions and subjected to laboratory 
tests in order to establish its properties. The range of 
coal properties found in the literature, the properties 
selected for design and those measured in the laboratory 
are summarized in Table I. 

Figure 2 shows two grading curves for coal sampled 
from the silo . The maximum particle size is 25mm. 
(Hence the diaphragm diameter of the pressure cells (see 
later) of 200mm is just within the range where t~ 

1 

effects of individual particles would be negligible). For 
comparison, Figure 2 shows the mean grading establish­
ed for Ermelo Mines coal. 

Figure 3 shows the results of measurements of the 
angle of wall friction, coal on concrete. Most of the 
measurements were made in a IOOmm square shear box 
which theoretically is too small for the maximum 
particle size of the coal. However, less detai led repeat 
measurements made in a 350mm square shear box con­
firmed the results shown in the Figure. 

Figure 1. 
The Optimum Colliery load-out silos. 
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Table 1 
Comparison of design parameters and parameters 

measured for coal taken from silo 
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Parameter 

Bulk unit weight 

Lateral pressure 
coefficient, K0 

Angle of repose, 
Angle of shearing 
resistance, f 
Angle of wall 
Friction, d0 

Lateral pressure 
Coefficient, 
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A - I+ sinf 
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PARTICLE SIZE mm 

Range from 
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6.8 kN/ m3 
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design laboratory 

10 kN/ m3 8.08 kN/ m3 
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Filling: 27° 36° 
Emptying: 40° or Fill moving 

27° relative to wall 

0.23 
(for f = 39°) 

The measurements show that moisture content has · 
very little effect on the angle of wall friction. For 
comparison, Figure 3 also shows the results of wall 
friction measurements on Ermelo Mines coal. All of the 
measurements shown in Figure 3 relate to coal in motion 
across a concrete surface. The static angle of wall 
friction is always a little less than the dynamic angle. 
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Figure 4. 
Measurements of K0 in coal at two water contents. 
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Figure 4 shows measurements of the at rest pressure 
coefficient Ko, the ratio of horizontal to vertical 
stresses, when the coal is compressed vertically without 
allowing any lateral strain to occur. The measurements 
were made on lOOmm diameter triaxial specimens using 
a Bishop-type Ko belt2. The results show that moisture 
content and possibly grading have an effect on Ko, the 
indication being that Ko increases with increasing 
moisture content. The value of Ko earlier measured on 
Ermelo Mines coal is included in Figure 4 for com­
parison . 

The angle of shearing resistance of the coal, ~ 1 , was 
also measured on I OOmm diameter triaxial specimens in 
tests at constant water content and with zero pore air 
pressure. 

DESIGN PRESSURES 
The design pressures calculated according to the 

American Concrete Institute Method3 and an in-house 
method of the designers (Messrs. Bateman Engineering 
Limited) are shown in Figure 5. The diagram also shows 
the largest pressures measured in the Ermelo silo 1• 

~STRUMENTATION 
• Instrumentation consisted of IO Kyowa strain gauged 

mercury-filled diaphragm-type pressure cells, type BE-

LATERAL PRESSURE Oh kPa 
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Figure 5. 
Design pressures for Optimum silos. 

3 

5KF with a maximum capacity of 500kPa and a sensiti­
vity of 0.2kPa per micro strain. The diameter of the 
pressure-sensitive diaphragms is 200mm. The perfor­
mance and calibration of these cells has earlier been 
described by Blight4

• 

The outlet of each silo consists of a slot with semi­
circular ends measuring 6.53m long by 2.05m wide over­
all the opening. Because of the non-symmetric flow this 
opening was expected to induce, the pressure cells were 
installed in two vertical lines of 5 cells each, one on the 
long axis of the slot and one on the short axis. 

The hopper section of the silo is formed of concrete 
benching with a constant height, giving a hopper slope 
of 50° on the short axis of the opening and 58° on the 
long axis. There was a particular interest in monitoring 
the occurrence of Walker5-type peak pressures or 
Jenike6-type switch pressures in the vicinity of the 
cylinder-to-hopper transition, as there is an unresolved 
controversy as to whether these peak pressures actually 
occur, and if so, under which circumstances. For this 
reason, pressure cells were concentrated in the vicinity 
of the cylinder-hopper transition, and four were instal­
led on the benching below the transition in case the peak 
pressure only occurred below the transition . 

Figure 6 shows the position of the pressure cells on a 
section through the silo . Line I (gauges 11 to 15) was 

surface profile assumed 
in design 

E 
0 .... 
Cl) 

E 
8 
i 

25 

E ..... 
moss concrete ao 

benching 
0 

gi ~ .§ 
.8 ;;; ..: 

Figure 6. 
Layout of pressure cells in elevation and observed and 
design surf ace profiles. 
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installed on the long axis of the outlet, while line 2 
(gauges 21 to 25) was installed on the short axis. 

The electrical leads from the pressure cells were taken 
down the outside of the silo walls to a control room 
below the base of the silo, where they were connected to 
a i:nuiti-point switch box. P ressures were read manually 
usmg a Huggenberger strain bridge and in certain cases 
recorded via a Toa two pen chart recorder. ' 

INSTALLATION OF GAUGES 
Ideally, the gauges should have been installed before 

the silos had been commissioned. However, because of 
production requirements the installation was actually 
only carried out after the silos had been in service for 
over a year. It was then discovered that some of the steel 
pans that should have been cast into the silo walls to 
hold the gauges had been omitted. New pans were made 
and had to be installed before the gauges could be 
mounted. Access to line l gauge positions was by sky­
climber platform, the platform being entered from the 
steel structure that bridges the silo and supports the 
filling conveyor (see Figure 1). Line 2 gauge positions 
were also accessed by sky-climber. To enter this 
platform, it was necessary to travel to the bottom of the 
silo down line I, walk the sky-climber down the concrete 
benching and then scramble across into the second sky­
climber. This then had to be walked up the benching to 
reach the cylindrical portion of the silo. Travel time 
from the top of the silo to a position on line 2 was 45 
minutes. 

The gauge holders that had been cast in during con­
struction of the silo were of the type used earlier at 
Ermelo mines . These have been fully described pre­
viously, and the reader is referred to the paper by Blight 
and Midgley 1 for details. Lugs were welded into the 
gauge holders in situ, after which the pressure cell, 
bolted to a mounting plate was secured to the lugs by 
welding the mounting plate to the lugs. The lead from 
the pressure cell was threaded through a pipe leading to 
the outside of the silo prior to welding it in position. 
Quick-setting cement grout was then used to fill the 
cavity behind the gauge and bed it in solidly. Once the 
grout had set, a sand-epoxy resin mortar was used to fill 
the annulus around the gauge and to smooth off the 
surface flush with the surrounding concrete wall sur­
face . Gauge holders installed after construction were of 
an improved type which did not require any on site 
welding. Gauge mounting plates were now bolted into 
position. (See Schaffner and Blight7 for details). 
Otherwise the installation procedure was identical. 

Installation was made doubly difficult by the presence 
of coal hung up on the walls and benching of the silo. 
This hard compacted coal had to be dug away down 
lines l and 2 before access to the concrete could be 
obtained. The presence of the hung up coal was both 
dangerous and a nuisance during installation as coal 
particles and dust rained down continually over the 
installers (who included the writer) as they worked. 

FLOW PATTERN WITHIN SILO 
A good indication of the pattern of flow occurring in 

the silo could be obtained from the disposition of hung 
up coal around the lower walls and benching. This is 
sketched in Figure 7. A ring of coal of varying height 
had formed around the perimeter of the silo to form a 
roughly circular eccentric opening as shown in Figure 7. 
Whereas the slope of the concrete benching varies from 

4 

60" to\ 1€6 

positions of 
pressure 

cells 

Figure 7. 

i 

"Hung-up " coal at outlet of silo. 

llne2 

• 

50° to 58 °, the slope of the coal surface varied from 60° 
to 70° and formed a vertically sided pipe leading to the 
outlet. 

It appears that parallel flow occurs above the upper 
limit of the dead coal while slightly eccentric converge~ 
flow occurs below this. This flow pattern had be~ 
predicted in general terms during design, but , naturally, 
the eccentricity of flow which must depend on local 
dimensional and filling pattern irregularities had not. 

Because of the presence of the hung up coal, some of 
the pressure cells are permanently covered by dead 
material and register pressures transmitted through this 
material. Others are exposed to actively moving coal. 
The exposed and covered gauges are indicated in Figure 
7. 

As the observed surface profiles in Figure 6 show, the 
plug flow is not completely uniform. The inverted cone 
assumed by the coal surface during discharge shows that 
flow on the axis of the silo is more rapid than at the 
perimeter. 

PRESSURES MEASURED DURING FILLING 
AND EMPTYING 

To check out the design assumptions as comprehen­
sively as possible, it was decided to carry out the 
following measurements and sequence of 
measurements : 
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(i) Start with the silo empty and measure pressure 
during filling, uninterrupted by emptying. 

(ii) Measure changes of pressure when emptying is 
commenced. 

(iii) On selected gauges, make continuous recordings 
of pressure changes when emptying is 
commenced , in order to detect dynamic effects , 
transient switch pressures, etc. 

(iv) On selected gauges, make continuous recordings 
of pressures occurring over a period of several 
days during normal operation of the silo. 

These measurements had to be fitted in with the 
normal revenue-producing operations of the silo and 
proved unexpectedly difficult to arrange with the 
operating staff. Even when arranged, measurements did 
not always go as planned because of break-downs of 
equipment, unexpected cancellation of trains, etc . 

The instrumentation generally performed well . 
However, gauge 13, although operational at the end of 
the installation, never functioned thereafter and gauge 
22 ceased to operate about 8 months after installation. 

Pressures measured during un-interrupted fil ling, 

t llowed by emptying 
Figure 8 shows pressures measured on line I gauges 
ring uninterrupted filling (long axis of outlet) while 

Figure 9 shows corresponding measurements on line 2 
gauges (short axis of outlet). In each figure , the design 
horizontal pressure envelope (the AC! envelope shown 
in Figure 5) , has been superimposed on the measure­
ments. 
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Figure 9. 
Pressures observed on short axis of slot outlet. 

Pressures measured on gauges 11, 12, 21 and 22 are 
normal to the slope of the benching and require 
correction to give equivalent horizontal pressures which 
can be compared directly with pressures measured on 
the remaining gauges. The correction factor and the 
stress circle geometry on which it is based are shown in 
Figure 10. Pressures plotted in Figures 8 and 9 have not 
been corrected in this way. 

SHEAR 
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0 

Figure 10. 

origin of 
planes 
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at o< to horizontal 

DIRECT STRESS (J 

Oh = (1 + 1h (1/K-1 )sin(2 o<. - 90°)) 

Correction of pressures normal to benching to 
equivalent horizontal pressures. 
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Lateral pressures proved to be surprisingly low during 
filling. When emptying commenced on 30/7, appreci­
able and sudden increases in pressure were recorded by 
gauge 14 (a maximum increase of 88kPa). However, no 
corresponding changes were recorded by gauge 24. 
When emptying was commenced on 17 /7 the pressure 
change recorded by gauge 14 was negligible. Continuous 
recordings of pressure at gauges 14 and 24 did not show 
any pressure increase at the start of emptying either. It 
therefore appears that appreciable pressure increases 
may occur at the point of transition from parallel to 
convergent flow, but that their appearance is an 
irregular phenomenon. 

All of the readings recorded by gauge 21 appear 
anomalously high. This may result from a local irregu­
larity in the profile of the concrete or from a high sen­
sitivity of the gauge. The latter explanation is not likely 
as all of the gauges were calibrated before installation. 
The profile of the benching was very rough and poorly 
shaped and local irregularity which caused the gauge to 
be located on a high spot on the benching is the most 
likely cause of the anomaly. 

To summarize Figures 8 and 9, lateral pressures in the 
silo were generally far lower than expected. There is 
vague evidence that Walker-type peak pressures may 
occur, but their appearance and magnitude are 
irregular. 

Figure 11. 
Relationship between measured horizontal stress and 
calculated vertical stress during filling. 

6 

There is a tendency for pressures measured parallel to 
the short axis of the slot (line 2) to be slightly larger than 
those measured normal to the long axis (line 1). This is 
consistent with the observed eccentricity of flow (see 
Figure 7). 

The measurements recorded in Figures 8 and 9 have 
been replotted as horizontal stress (oJ versus vertical 
stress (av) in Figure 11. The field measurements can thus 
be compared directly with the laboratory measurements 
shown in Figure 4. In compiling the figure, the vertical 
stress has been taken as the mean unit weight of 8,4 
kPa/ m multiplied by the depth below the fill surface. 

Most of the measured pressures are considerably less 
than would be expected on the basis of laboratory Ko 
measurements. In fact, measured pressures show better 
agreement with the active condition for which 

(1) 

Maximum pressures, however, are contained by the 
Ko condition. The larger recorded pressures have been 
corrected to equivalent horizontal pressures using a 
value of K = 0.23. Figure 11 shows that the correction _ 
is valid, as corrected pressures agree with direcA 
measured horizontal pressures. (Pressures measured 6f'!" 
gauge 22 have not been included). 
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Figure 12. 
Ermelo mines silo: relationship between measured 
horizontal stress and calculated vertical stress during 
filling. 
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For comparison, Figure 12 shows a plot similar to 
Figure 11 for the Ermelo Mines silo. The pattern is very 
similar with the . mean relationship between av and oh 
being represented by the active condition and the Ko 
condition providing a containing envelope to the 
maximum pressures. 

Note in each case there is no differentiation between 
horizontal pressures measured on vertical walls or on 
the sides of the hopper. Equation (1) applies equally 
well to pressures in either zone. 

Calculated pressure envelopes 
Figures 8 and 9 also show a pressure envelope 

cakulated on the basis of Equation (I) above with av 
estimated as 

av = yz and K = 0.23 

This simple relationship gives a good containing 
envelope to all of the data except one observation of 
gauge 14 and the data recorded by gauge 22, which 
appears to be anomalous. Arching effects appear to be 
virtually absent from this silo. This is not surprising 

•hen one considers that the ratio of fill depth to silo 
•ameter is only about 2. 

As Figures 8 and 9 show, conventional design 
pressure envelopes grossly overpredicted horizontal 
pressures in this case. 

PRESSURE CHANGES RECORDED WHEN 
EMPTYING IS COMMENCED 

Figure 13 shows pressure changes recorded on gauges 
14 and 24 at the commencement of emptying a si lo 
previously filled from empty without interruption. The 
first portion of the chart was recorded overnight from 
l 9h30 to 11 h30 on the next day and shows thcrt when the 
silo is left standing in a full condition, very little change 
in pressure occurs, the maximum change in the reading 
of gauge 24 being about 3kPa. The spikes in the record 
indicate the start of emptying, each spike representing 
the opening of the chute to fill a wagon with coal. The 
60 second interval between spikes represents the time 
required to discharge 65T of coal. It is suspected that 

• 
19h30 to 11 h30 

I 20 kPa 

Figure 13. 
Pressure record before and at start of load-out. 
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the short vertical lines recorded at each opening of the 
chute (representing about 7kPa change in pressure) do 
not result from pressure changes at all, but represent 
electrical interference as the motors driving the si lo 's 
hydraulic system cut in . 

Figure 13 shows that there is a small change in 
pressure at gauges 14 and 24 when loading is started. 
The pressure changes are very small but the directions of 
change are consistent with the larger pressure changes 
recorded by these gauges on another occasion (see 
Figures 8 ·and 9). 

PRESSURES RECORDED DURING NORMAL 
WORKING OF THE SILO 

Figures 14 and 15 represent portions of a week-long 
recording of pressures at gauges 14 and 24 as well as the 
temperature at a point on the outside of the silo wall on 
gauge line 1. Figure 14 shows the effects of partly 
emptying the silo, followed by complete emptying some 
14 hours later. The recorded changes of stress of 52kPa 
at gauge 14 and 30 kPa at gauge 24 agree with pressures 
recorded for these two gauges in Figures 8 and 9. The 
temperature change recorded in Figure 14 was only 
about 4°C and had no effect on pressures in the silo. 
Figure 15 shows pressure changes recorded during 
filling and subsequent emptying. The recorded stress 
changes again agree reasonably well with those shown in 
Figures 8 and 9 and 14. There are, in Figure 15, a couple 
of unexplained features, mainly a disturbance in the 
pressure recorded that appears to be associated with a 
small, but sharp drop in temperature. In no case was 
anything resembling a switch pressure measured. 

CONCLUSIONS 
1. The observations made on the Optimum and 

Ermelo silos have shown that arching effects are 
negligible in coal silos having a height to diameter ratio 
of up to 2: 1. The relationship between fill depth and 
lateral pressure can adequately be described by the 
relationship 

GAUGE 
14 

L.Jl4-l'~-l"--N-<~~.....r.~GAUGE 
24 

1 min between spikes 

(I a) 
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Figure 14. 
Recording of pressures at gauges 14 and 24 over 24h 
period during which silo was completely emptied. 

Figures 11 and 12 of this paper show that Equation 
(la) with K = KA gives a good description of the 
average lateral pressure in the silo, whereas if K = Ko, 
an envelope is obtained which . contains all measured 
values of lateral pressure. This envelope applies both to 
the cylindrical and hopper portions of the silo. 

2. If the silo is filled without interruption and then 
emptied, lateral pressures increase slightly as emptying 
starts. There is only vague evidence that anything 
approaching a switch pressure may develop. 
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Measurements have been made of the pressures nor­
mal to the walls and inverted conical bottom of an 
IBA U-type silo that stores cement powder. 

The physical properties of the cement powder were 
measured in the laboratory and used to predict the pres­
sure distributions by means of a modified form of 
Janssen's theory. 

Excellent agreement was obtained between the mea­
sured and predicted pressures, both on the vertical walls 
of the silo and on the sides of the inverted cone. 

INTRODUCTION 
The Pretoria Portland Cement Company has recently 

commissioned two 14,000m3 cement storage silos at 
their Jupiter works in Germiston , South Africa . The 
silos are designed to serve road tankers for distribution 

A f cement in the Witwatersrand area. The silos are of 
~e lbau-type , having an inverted conical base . The 

principal dimensions of each silo are: 
inside diameter: 20m 
height of storage cylinder: 50m 

Figure 1 shows the structure of one of the silos com­
plete. The second silo is at pedestal level with the inter­
nal shuttering of the cone in place . 

During the course of designing the silos , a com­
prehensive investigation was made of the mechanical 
properties of Portland cement. Pressure cells were 
installed in the walls and cone of one of the silos to ena­
ble service pressures normal to the walls and cone to be 
measured . 

The silos were designed in late 1982, in accordance 
with the recommendations of the German silo design 
code DIN1055 Part 6 of November 1964, including the 
May 1977 amendment and taki ng into consideration the 
recommendations of the redrafted version of November 
1982. 

*To whom all correspondence should be addressed. 
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Figure I. 
Silo I complete, pedestal to silo 2 complete with internal 
shuttering for cone in place. 
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The purpose of this paper is to report on the mea­
sured pressures on the walls and cone of the one silo, 
and to give a comparison between the actual pressures 
and the design pressures calculated at the time of the 
design. 

TESTS ON CEMENT POWDER 
Information on the physical characteristics of Port­

land cement that are relevant to silo design have never 
been determined for South African cements. Properties 
recommended by various codes of practice, eg. the Ger­
man DIN1055 , are not necessarily realistic. This is both 
because South African cements may differ in proper­
ties , for example, from European and American 
cements, and also because "code properties" are 
designed to give safe values of lateral and vertical pres­
sures when used in conjuncton wi th the method of cal­
culation advocated by the code. These methods of cal­
culation are formalized so that the designer does not 
need to have a deep knowledge of how material in si los 
behaves in order to design safe silos. 

In this case it was decided to measure the following 
properties of some typical Pretoria Portland Cement 
products: 

~
i) loose and vibrated unit wei~ht ()') 
ii) angle of internal friction ( <!> ) 
iii) angle of wall friction (o) 

(cement on concrete) 
(iv) at rest pressure coefficient Ka 
( v) cohesion at low stress after precompression ( c) 

The tests were carried out on fo ur samples of mate­
rial that might eventually be stored in the new silos . 
These comprised: 
1. Ordinary Portland Cement (OPC) 
2. Portland Blast Furnace Cement (PBFC) 
3. OPC plus 5% milled blast furnace slag (JPC5/SL) 
4. OPC plus 5% pulverized fuel ash (JPC5/FA) 

The angle of internal friction and the angle of wall 
friction were measured in the shear box apparatus using 
standard geotechnical methods. The at rest pressure 
coefficient was measured in a modified oedometer 

apparatus (Blight and Ofer1
). The cohesion at low 

stress was measured after precompressing to a normal 
stress of 500kPa, a pressure in excess of any likely to be 
realised in the silo. In every case, the envelopes from 
which <!> and o were measured were perfectly linear up 
to a normal stress of 250kPa. Comprehensive tests were 
performed on the OPC, while for the other three pro­
ducts, loose and vibrated unit weights were measured 
and single measurements of cj> and o were made to see if 
these products have significantly different properties to 
OPC. As the summarized results in Table 1 show, differ­
ences proved small enough for all four products to be 
regarded as identical. 

The comparison between the "design values" and 
those actually measured illustrates the points made 
above concerning "code properties". 

The combination of a very high assumed unit weight 
and a very low angle of wall friction must result in calcu­
lated wall pressures that are safe, but in all probability 
unrealistically large . 

During filling of a silo, the material is "at rest", ie . it 
is compressing vertically, but not straining laterally. The 
vertical compression is sufficient to set up a shear stress 
between the walls and the fill and hence silo action can 
develop. This statement is supported by Figures 2a an. 
2b . Figure 2a shows that under a vertical stress of 
250kPa (approximately the maximum that will develop 
under the design assumptions), a vertical compression 
of 13% occurs , or 130mm per m depth of cement. 
Figure 2b shows that this displacement would be far 
more than enough to develop full wall shear. One is 
therefore quite justified in assuming full silo action in 
calculating wall pressures for cement silos during filling. 

CALCULATED WALL PRESSURES 
Figure 3 compares pressures normal to the wall and 

cone of the silo calculated for the design properties and 
on the basis of actual measured properties for cement 
powder. 

The design pressures were calculated by means of 
Janssen's theory using a ratio of horizontal to vertical 

Table 1 

Unit weight 'Y kPa/m 
Loose 
Vibrated 

Cement property 

Angle of internal friction <!> 

Angle of wall friction 
cement on concrete o 

At rest pressure coefficient Ka 
Approximate: Ka=l -sincj> 

Measured Ka: Loading 
Unloading 

Cohesion after pre-compression c kPa 

Properties of Various Cements 

Type of cement (measured) 

18 

Design 
values 

17.0 

28a 

22a 

0,53 

0 

OPC 

12.3 
16.3 
42a 

39a 

0,29 

0,35-0,37 
Up to 1,5 

25 

PBFC JPCS/SL JPCS/FA 

11.4 11.5 11.9 
14.8 15.0 15.5 
42a 42a 42a 

39a 37a 33a 

0,29 0,29 0,29 
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Stress-strain relationship for K0 compression of Jupiter 
OPC Powder. 

Typical stress-shear displacement relationship in wall 
friction test on Jupiter OPC Powder. 
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stresses of 1.0 for the emptying condition, an angle of 
wall friction of 22° and a fill unit weight of 17kPa/m. 
They include an allowance for eccentric discharge in the 
form of a factor C1. In this case C1 was assessed as 1.16. 
In addition, a computation factor C2 = 1.2 was applied 
together with a factor to allow for local load peaks, C3 
= 1.24. These were based on office practice. 

Hence the total extent to which the calculated design 
pressures was factored was 

C = C1.Cz.C3 = 1.73 

For design purposes , pressure on the cone was calcu­
lated as arising from a vertical pressure equivalent to 
the full overburden pressure . The vertical and horizon­
tal pressures were combined according to the equation: 

<Tn = <TvCOS
2a + ahsin2a (1) 

in which a is the cone angle of 60°. A computational fac­
tor of 1.14 was then applied to the result. 

Pressures based on actual material properties were 
later calculated using Janssen's equation together with a 
loose fill unit weight* of 12kPa/m, an angle of wall fric­
tion of 39° and a ratio of horizontal to vertical stresses 
of Ko = 0.35. the value of Ko for unloading was not 
used as the measured pressures gave no indication that 
any significant unloading effect occurs in the silo during 
operation. 

Normal pressures on the cone were calculated from 
the equation 

an = ah [ 1 + ( ~ -1 ) cos260° ] (2) 

again with K =Ko= 0.35 . 
Justification for these procedures and comment on 

the comparison between pressures calculated on this 
basis and the design pressures will be given after consid­
ering the pressures measured in the silo. 

INSTRUMENTATION 
The silo has been instrumented with 11 TML strain­

gauged mercury-filled diaphragm-type pressure cells 
(type KD-5B) having a maximum capacity of 500kPa 
and a sensitivity of 0.05kPa per microstrain. 

The pressure cells have a sensitive diameter of 
200mm. The performance of this type of pressure cell 
has been described by Blight3

. It would obviously have 
been preferable to have more pressure cells installed . 
The budget for the research limited the number to 11. 

In addition to the pressure cells , three pairs of 
thermo-couples were installed to measure temperature 
gradients through the walls of the silo. These proved 
unsuccessful and will not be referred to again. How­
ever, it should be noted that the pressure cells are fully 
temperature-compensated . Their readings are quite 
unaffected by temperature fluctuations. 

The layout of the instrumentation in relation to the 
main dimensions of the silo is illustrated in Figure 4 . 
Discharge of material takes place via a series of eight 
symmetrically disposed outlet ports at the apex of the 
ring-conical hopper formed by the outer walls of the 
silo and the central inverted cone . The flow pattern 
within the silo consists of parallel plug-flow in the mate­
rial above the top of the cone with a transition to ring-

* The loose unit weight was used because measure­
ments on other silos (eg. Blight2

) have shown that 
material poured into a silo remains in a loose state. 
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convergent flow within the ring-conical hopper portion . 
Emptying takes place by rotational use of diametrically 
opposite pairs of outlets and the flow should, on aver­
age, be uniform around the periphery of the silo . The 
silo is filled through the top by a single central pipe so 
that filling should also be centric. 

The pressure cells were positioned in two vertical 
planes at right-angles so as to detect any major cir­
cumferential non-uniformities of flow. The gauges in 
the outer walls were staggered in height so as to provide 
a better coverage of the height of the silo. In Figure 4 
gauges Wl, W4 and W6 are located midway between 
outlets. Gauges W2 , W3, W5 and W7 are located in the 
plane of an outlet. 

Figure Sa shows the method used to install the pres­
sure cells in the walls of the silo: A pan containing three 
studs welded to its back plate at 120° intervals was cast 
into the wall during construction. The cell was bolted to 
a face plate having a diameter 20mm less than the 

W1 to W7 are pressure cells in walls 
C1 to C4 are pressure cells in cone 
T1 to T3 are thermo couple pairs 
Dimensions are mm 

Figure 4. 
Layout of instrumentation in silo. 
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annulus 
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filled with 
sand-epoxy 

• 
Figure 5a. 

SECTIONAL PLAN 

edge ot pressure 
cell 

ELEVATION 

pan cost into 
wall 

3 studs threaded 
through lace plate 

protective tube 
tor pressure gouge 

lead 

Method of mounting pressure gauge in wall of silo. 

insi.de diameter of the pan . The face plate has three 
plam clearance holes drilled in it at 120° intervals and 
t~ree tapped holes al~o at 120° and on the same pitch 
Circle. Three studs with an overall length slightly less 
than the depth of the pan were threaded into the tapped 
holes. The cell was placed in position with its electrical 
lead threaded through the pipe, passing to the outside 
of the wall, and nuts and washers were placed on the 
studs welded to the back of the pan. 

By tightening or loosening these nuts and adjusting 
the studs threaded through the face plate , the position 
of the pressure cell was then adjusted, using a short 
straight-edge until the face of the cell was co-planar 
with the inner surface of the silo . Figure Sb shows a 
essure cell at this stage of installation . 

fhe space between the face plate and the rim of the 
pa.n w~s then stuffed w~th a length of pre-formed rubber 
JOmt filler and the v01d behind the face plate poured 
full of a quick-setting cement grout. Once the grout had 
set, the strip of joint filler was pulled out and the syace 
between the pan and the side of the pressure cell (seen 
in Fig~~ 5) was plastered full with a sand-epoxy mortar, 
thus fm1shmg off the face of the pressure cell flush with 
the inside surface of the silo wall. Finally the surface of 
the pressure cell was painted with epoxy resin and 
strewn with fine sand to give its surface a similar texture 
to that of the surrounding concrete. 

PRESSURES ON VERTICAL WALLS 
Figure 6a summarizes measurements of pressure on 

the vertical walls of the silo. The pressures shown in 
Figure 6a have been plotted against the calculated over­
burden -yz. They thus correspond to the depth z of each 
pressure cell below the surface of the cement in the silo. 
Also shown in Figure 6 are two curved pressure 
envelopes labelled "arching KA = 0.20" and "arching 
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Figure 5b . 
Gauge installed in wall prior to grouting and smoothing 
off. 

K0 = 0.35". These represent the results of calculations 
by means of the Janssen formula using measured prop­
erties for the cement. KA is the active pressure coeffi­
cient 

KA = 1- sin42° = 0 2 
1 +sin42° ' 

(3) 

while K 0 is the at rest pressure coefficient of 0.35 which 
was measured in the laboratory (see Table 1). 

Also shown in Figure 6a are two straight-line 
envelopes labelled "no arching" and drawn for the 
same pressure coefficients. These represent the lines 

ah = K-yz 

in which ah is the horizontal pressure, K is the pressure 
coefficient and -yz is the calculated overburden pressure 
at depth z below the surface of the fill. 
Th~ silo is filled when cement is av°:ilable, and 

emptied on demand. The pressures shown m Figure 6a 
therefore correspond to a condition of mixed filling and 
emptying. It will be seen later that the transition from a 
static to an emptying condition causes little change in 
pressure. 

It will be seen from Figure 6a that the calculated lines 
represent containing envelopes to the measured pres­
sures and that most of the measured pressures are con­
siderably less than the calculated values. The arching 
envelope for K0 gives the best-fitting containing 
envelope, although at very low overburden stresses, 
some pressures fall outside this line. The effect of con­
vergent flow is to cause the pressure to decrease 
linearly towards the outlet. The pressure profiles calcu­
lated by means of the Walker theory, for which the "un­
~oading" value for Ko of 1.5 would seem appropriate, 
JUSt do not seem to apply. This linear pressure reduction 
towards the outlet is indicated by a dashed inclined line 
in Figure 6a . 

Although Figure 6a shows that the results of the pres­
sure measurements are scattered, it does not indicate 
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the shape of individual pressure-depth profiles. Fl.gore 
6b shows four selected pressure profiles made up of 
readings taken on both vertical lines of gauges. The 
irregularity in the profiles results mainly from differ­
ences in the pressures recorded over an outlet and bet­
ween outlets . 

Examination of the readings shows that pressures 
measured midway between outlets always exceed those 
measured directly above an outlet. There is, therefore, 
quite an appreciable radial pressure non-uniformity. 
This cannot be explored in this paper, but will be dealt 
with in detail in a later paper. 

PRESSURES ON THE CONE 
All available measurements of pressure on the cone 

of the silo have been summarized in Fl.gore 7a. These 
include some readings in which the apex of the cone 
was exposed above the level of the fill and others in 
which the cone was deeply buried in the fill (whereas 
the design curve shown in Fl.gore 3 corresponds to a full 
silo). The two curved envelopes were calculated from 
Janssen's formula with K = Ko = 0.35 . 

The calculated horizontal pressures ah were modified 
a give equivalent pressures normal to the cone surface 
Wt the following two assumptions: · 

(i) assuming that the cement was sliding on the 
surface of the cone: 

U c = ah [(1/K+l) - (1/K-l)sin8] (2a) 
in which K = 0.35 and () is the angle of wall 
friction for cement on concrete (39°) 

(ii) assuming that sliding occurs through the cement 
and not on the cone surface: 

U c = ah [1+(1/K-l)cos260°] (2) 

+5 
W1 

0 

0 
5 minutes 

-5 

-10 

Figure 8. 
Pressure variations recorded during discharge from silo. 
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· As Fl.gore 7a shows , the calculated lines fit the mea­
sured pressures quite well , again representing contain­
ing envelopes to the data. 

The inclined lines in Fl.gore 7a join measurements on 
the highest and lowest pressure cells on the cone and 
again indicate the reduction of pressure that occurs 
towards the outlets in the zone of convergent flow. 

Figure 7b shows four selected pressure-depth profiles 
for pressure on the cone, that correspond to the profiles 
of wall pressure shown in Fl.gore 6b. The measured 
points all appear in pairs which relate to the two pairs 
of pressure cells, one at 90° in plan to the other, that are 
installed on the cone. These profiles show the very 
steep reduction in pressure towards the outlet that 
occurs on the cone. 

If measurements at corresponding points on the wall 
and on the cone are compared, it is found that horizon­
tal pressures on the cone are very similar to wall pres­
sures at corresponding depths. 

CONCLUSIONS CONCERNING PRESSURES ON 
WALL AND CONE 

The evidence of Fl.gores 6 and 7 shows that the upper 
bound to pressures on the walls and cone of the silo are 
represented quite accurately by envelopes calculated 
according to Janssen's formula, using measured proper­
ties of the cement. Pressures normal to the cone can be 
found by modifying the horizontal pressures according 
to Equation (3) or Equation (3a). 

Based on the experimental evidence , there is little 
justification for adopting the extremely conservative 
approach of most design codes for the design of a silo to 
store a fine powder - provided the actual material 
characteristics are known. It is possible that some 

~W1 

~1 

C3 
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operating condition may yet arise that will result in 
more severe pressures than those recorded in the first 
year of the silo's operation, but that possibility appears 
remote . Naturally, if the properties of the stored pow­
der are unknown , or are likely to vary widely, or if a silo 
is to be used to store a variety of products, a more cauti­
ous approach is warranted . 

PRESSURE VARIATIONS DURING DRAWOFF 
Flgure 8 shows pressures recorded simultaneously on 

gauges Wl and C2 and W2 and C3 (see Flgures 4 or 6 for 
location). 

It appears that discharge of cement from the silo can 
result in either a simultaneous increase in pressure on 
both wall and cone or a simultaneous decrease (Wl and 
C2). Alternatively, the pressure on the wall may be rela­
tively unaffected , while that on the cone decreases (W2 
and C3) . 

The changes in pressure during emptying are clearly 
very complex and unpredictable . The measured 
changes of up to lOkPa are, however, relatively minor 
in comparison with the total wall pressures. In particu­
lar, there is no evidence of any concentrated transient 
over-pressures or local load peaks, as referred to in 
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DIN1055 or by Jenike, Johansen and Carson4, and 
others. 
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TEMPERATURES IN A LARGE DUO-CELL 
CEMENT STORAGE SILO 
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The paper describes the results of measurements of 
horizontal pressure and temperature transferfed to the 
walls of a duo-cell ring silo by the contained freshly mil­
led cement powder. The results of the pressure measure­
ments are compared with pressures calculated by means 
of the Janssen theory, which in turn were based on mea- · 
sured properties of the cement. 

It is shown that the combination of a simple theory 
and realistic materials parameters results in an accurate 
prediction of horizontal pressures. 

Temperature gradients measured in the walls of the silo 
were found to conform with the pattern assumed in 
design. • INTRODUCTION 

In 1982-83 a new cement storage complex consisting 
of two concentric walled Duo-cell silos was erected at 
the Blue Circle Cement Works at Lichtenburg, Trans­
vaal , South Africa. 

For this project the owner, Blue Circle Cement Ltd 
acting as overall project manager, appointed Babcock 
S.A. (agents for Claudius Peters in South Africa) as 
mechanical contractor and Engineering Management 
Services (EMS) as civil and structural designers and 
construction managers. 

The owner's requirement was to provide storage 
facilities for 3 different products , as follows: 
• Two silo cells of 12,000T capacity each for Ordinary 

Portland Cement; and 
• Two silo cells of 5,000T capacity each for Rapid 

Hardening Cement and Wallcrete (a proprietary 
type of cement), respectively. 

*To whom all Correspondence should be addressed. 
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A preliminary study showed that a pair of Duo-cell 
silos would be more advantageous than four individual 
silos, from both operational and economic aspects. 

As the Duo-cell silo is a relatively new development 
in bulk storage technology and the proposed complex at 
Lichtenburg was claimed to be the world's largest , it 
was the structural designer's concern to establish the 
design parameters with utmost possible accuracy. 
Amongst other design parameters , one which substan­
tially affects the structural safety and cost of a silo shell 
is the lateral pressure produced by the silo contents . 

There are many standards and codes of practice deal­
ing with this subject but none applies specifically to the 
case of a ring type cell .. Available data may only be 
extrapolated for this particular case . 

To carry out the design , certain assumptions had to 
be made and , to assess the validity of these assump­
tions, the only practical way was to perform a full scale 
test of the silo under actual working conditions. For this 
reason EMS decided that it was worthwhile to instru­
ment one of the ring silos with pressure cells and ther­
mocouples. 

Installation of test instruments and monitoring of test 
data over a period of 2 years have been carried out 
jointly by EMS and specialists in silo testing from the 
University of Witwatersrand . 

A brief description of the project , including design 
and construction, is presented to assist the reader to 
understand the Duo-cell silo system and its structural 
engineering problems. 

HISTORIC BACKGROUND 
The concept of dividing a circular silo into two com­

partments either for storage of two different materials 
or for two phases of a production process is not new. 

For many decades vertical plane partition walls or 
horizontal slabs were used for this purpose but these 
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systems proved to be either difficult to construct or 
expensive , or both. Vertical plane walls introduce large 
bendi ng moments into the cylindrical shell thus defeat­
ing the advantage of a circular shell , that of being 
mainly a ring tension element. 

Horizontal partitioning slabs in silos are difficult to 
contruct because they require a thicker shell under­
neath to allow for support and high heavy scaffolding 
for construction. In addition , for large diameter silos 
the slab becomes impractically thick since intermediate 
supports inside the lower si lo compartments are not 
acceptable. 

The concept based on a vertical cylindrical partition 
wall concentric to the silo shell was originated by Prof. 
J. Peter 1 and used by IBAU for the first time at 
Wuelfrather Zement Works at D uisburg , Schwelgern -
West Germany2 in 1978. 

Since then several concentric si los from 18 to 24m 
outer shell diameter have been constructed in various 
parts of the world3. 

From the beginning two main variants of concentric 
silos were available: 

One , with the concentric shells supported by a com­
A 10n conical bottom ca lled the Ring silo , was developed 
~y IBAU on Peter's structural concept . 

The other, was subsequently developed by Claudius 
Peters also in West Germany and called the Duo-cell 
silo, has the concentric shells supported on a flat bot­
tom slab . 

In South Africa the first Ring si lo was bui lt for a 
cement depot near Cape Town in 19814 fo llowed by the 
two D uo-cell units at Lichtenburg, Transvaal and one at 
Boksburg Transvaal. 

The concentric si lo presents several structural advan­
tages such as: 

a. The horizontal silo pressures developed in the 
ring cell are substantially lower than the pressures 
developed in an equivalent capacity cylindrical 
silo , due to a reduced hydraulic radius . 

b. The inner cell wall , being an internal one , does 
not need to be designed for limited crack width 
as a serviceability limit state . 

c. The roof of the ring cell , spanning between the 
two concentric shells , is a very economical small 
span element. 

. ESCRIPTION OF SILO COMPLEX 
The Duo-cell silo complex at Lichtenburg consists of 

two identical elevated silos having the following princi­
pal dimensions: 

Inner Silo Outer Silo 
Capacity (T) 5000.0 12000.0 
Internal diameter (m) 14.0 24.0 
Shell height(m) 35.1 35 .1 
Shell thickness (mm) 300.0 350.0 
Total silo height above 

ground level (m) 51.0 51.0 
The arrangement of each silo and its supporting 

structure is shown in Flgure 1 while Flgure 2 is a photo­
graph taken of the complex during construction. 

Each Duo-cell silo consists of five parts: 
a . Bottom slab. This is a circular slab of variable 

thickness from l. Om to l.9m, with a radial fall to­
wards the centre , which incorporates trenches, 
ducts and cast-in-pipes for the aeration extraction 
system . 

b . Outer shell . This is a cylindrical shell supported 
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Figure I. 
Vertical cross section through Duo-cell silo . 

by the bottom slab and supporting the roof, which 
ties the inner and outer shells together. 

c. Inner shell. This forms the inner silo wall , 
provides support for the roof and is supported by 
18 stub columns. The reason for supporting the 
inner shell on columns is that openings have to be 
provided at the bottom of the inner shell to allow 
the cement from the outer cell to flow into a 
collecting trench located around the hopper base . 
Both outer and inner shells were constructed 

d. 
using slip forms. 
The inner cell hopper is a truncated cone lOm 
high varying in diameter from 14m at the top to 
6m at the bottom . The space between the hopper, 
the inner shell and the bottom slab is utilised as a 
de-aeration chamber. 
The bottom slab inside the hopper base is 
provided with a system of airslides and trenches 
for the discharge of cement. 
The conical hopper was made of 18 precast panels 
joined together by hoop reinforcing bars and 
cast-in-situ non-shrink concrete. The hopper 
hangs from the inner shell to prevent transmission 
of wall friction loads from the shell , through the 
hopper, to the bottom slab which otherwise would 
require an impractically large thickness . The joint 
between the hopper and the bottom slab was 
sealed by injecting it with polyurethene foam. 
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Figure 2a. 
View of Duo-cell silo complex. The instrumented silo is 
that on the right. 

Figure 2b. 
View showing inner and outer shells, and roof construc­
tion. 
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e. The roof. In addition to its function as a water­
proof and airtight cover to the si lo, the roof 
supports the filling and de-dusting systems and 
acts as a horizontal diaphragm to tie the inner and 
outer shells together. 
Economics and limited crane lifting capacity 
contributed to the selection of the roofing 
structural system which consists of two different 
parts: 

The roof section covering the ring cell, spans 
Sm between the two concentric shells and was 
constructed using precast ribbed slabs provided 
with loop bars at the support ends. The inner 
cell , 14m in diameter, was covered with a 
structural grid of steel beams supporting steel 
QC decking as a permanent shutter. 
Both the QC decking over the inner cell and the 
precast slabs over the outer one, received a 
reinforced concrete topping 100 to 200mm thick 
which created a monolithic diaphragm to tie the 
shells together and at the same time provided 
adequate support for the reinforced acrylic 
roof waterproofing. 

The total duration for the construction of the tw. 
Duo-cell silos, including piling and erection of the adja­
cent packing plant was 15 months. The cost of the struc­
tural works , including the piling, was approximately 
US$6 million at 1984 prices . 

SILO DESIGN LOADS AND 
STRUCTURAL ANALYSIS 

At the time the Lichtenburg silo complex was 
designed and even to date none of the recogmsed Stan­
dards and Codes of Practice for silos refers specifically 
to ring cells. 

To carry out the design, it was decided to extrapolate 
the recommendations of DIN 1055 - Part 6 - 19645 for 
the case of ring cells. 

The following physical characteristics for cement 
were used as design data: 

Unit Weight-y 17 kN/m3 

Angle of Internal Friction cp 1 20° 
Maximum Temperature + 115°C 

The density and angle of internal friction are in accc9 
dance with DIN 1055 - Part 1 - 1978. The pressures 
were much lower than the ones calculated by using 
other Standards such as ACI-313-776 (see Figure 3). 

To allow for eccentric emptying of the ring cell it was 
assumed possible for the cement surface to slope at 40° 
along a circumference having the average radius of the 
annulus. 

Using the above design data, the calculated horizon­
tal pressure diagram which has maximum values for the 
emptying case is as shown in Figure 3. 

Two load cases for temperature gradients were taken 
into account: 

a . The ring silo partially full with hot cement at 
+ 115° and outside air temperature +20°C. 
In this case , for the area of the shell above the 
cement surface , the calculated temr,erature 
gradient across the wall thickness was 43 C while 
for the area below this surface the temperature 
gradient was considered negligible due to the 
self-insulation effect of the silo contents as 
indicated by Koch and Peter7 

. . 
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Figure 3. 
Comparison of design and measured silo pressures in 
Duo-cell silo. 

b . Silo empty, outside air temperature +40°C and 
inside air temperature + 10°C. The calculated 
reversed temperature gradient was 25°C. 

The structural design model of the outer shell was a 
cylinder fixed at the bottom and laterally simply sup­
ported at the top. The shell was analysed using the 
finite element method on a 2.5 x 4.Sm grid. 

The serviceability state was defined by maximum 
crack width of 0.3mm , an acceptable value for the dry 
climate and alkaline environment at Lichtenburg 
Cement Works. 

Temperature gradient effects were significant only 
Ar the upper quarter of the shell. For the rest the hoop 
'inforcement was determined by the lateral pressure, 

as the highest lateral pressures do not occur simultane­
ously with the highest temperature effects. 

Reinforcement consisted of high tensile deformed 
bars with a specified characteristic strength of 410MPa. 

The total amount of hoop reinforcement required for 
each outer shell was 200T, distributed 2/3 on the outer 
face of the shell and V3 on the inner one to cater for 
temperature stresses and crack width control. 

INSTRUMENTS AND INSTALLATION 
The pressure cells used in the installation were TML 

KD2BS gauges made by Tokyo Sokki Kenkyujo Com­
pany Limited . The gauges are rated for pressure mea­
surements in the range 0 to 200 kPa and for tempera­
tures from - 20°C to + 100°C. 

The location of the pressure cells in the silo is shown 
in Figure 4. There are 5 vertical lines of pressure cells, 
so as to give a good reflection of radial pressure dis­
tribution, and 5 horizontal rows of cells. Two of these 
lines are complete , each having 5 cells installed. The 
remaining 3 lines each have 3 cells installed. The total 

21 

number of pressure cells installed in the outer wall is 
thus 19. A twentieth pressure cell was installed on the 
inner wall adjacent to the inspection chamber and on 
the same level as the lowest row of pressure cells on the 
outer wall. This was placed to study pressure differ­
ences between the outer and inner walls. Ther­
mocouples have been installed on one of the lines of 
pressure cells. The junctions are located as follows: 

1. at the end of a short steel tube projecting lOOmm 
into the fill; 

2. at the inner face of the wall; 
3. at the outer face of the wall. 

Instruments were installed from a sky-climber plat­
form suspended from the roof of the silo. Figure Sa 
shows work in progress. 

Installation proceeded as follows: 

(i) Steel 'pans' previously cast into the walls to 
receive the pressure cells were cleaned out. 

(ii) Using a template to ensure a constant distance in 
from the face of the wall, a series of 6 lugs were 
welded to the cylindrical rim of the pan. 

(iii) The pressure cell, bolted to a mounting plate , was 
now inserted, its lead passing through the central 
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(iv) 

(v) 

pipe of the pan . The mounting plate was now 
welded to the lugs. 
The gaps between the mounting plate and the 
rim of the pan were plugged with a joint-filling 
material and the void between the mounting plate 
and the pan was fill ed with a quick-setting 
flowable grout. (This stage is shown in Figure Sb) . 
The annulus around the pressure cell was then 
fill ed in with epoxy-sand plaster to give a smooth, 
uninterrupted surface. Figure Sc shows a 
completed installed pressure cell. 

Where thermocouples were installed , the following 
procedure was adopted: 

The thermocouple wire was fed through the hole in 
the pan prior to installing the pressure cell , with the 
junctions to the inside of the silo . The lOOmm Jong ther­
mocouple pipe had previously been welded to the 
mounting plate of the gauge, and the thermocouple No . 
1 was fed through the pipe when the cell was installed , 
with the projecting pipe at the lowest point of the 
mounting plate. 

The junctions of thermocouples 1 and 2 were then 
fixed in place using epoxy putty, prior to pouring in the 
grout. Thermocouples 3 were fixed to the outer surface 
of the wall using a saddle and steel nail s. A Smm deep , 
3mm diameter hole was drilled in the concrete . The 
thermocouple junction was inserted into the hole and 
fixed with epoxy putty. This is to prevent the ther­
mocouple from reflecting temperature fluctuations 
caused by the wind . 

Figure 5b . 
Pressure cell installed and ready for grouting. 

• 
Figure 5a. 
Work in progress on installing instrumentation. 

• 

Figure 5c. 
Completely installed pressure cell. 

22 
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CALIBRATION OF PRESSURE CELLS 
~he calibratio n of a pressure cell depends on the 

ra t10 of the compressibility of the fill it is in contact with 
and the compressibility of the cell itself8. For this 
reas? i:i , ~ II p~essure ~ell s must be ca librated using the 
specific silo fill maten al. Only one of the cells was calib­
rated in this case. The manufacturer 's calibrations 
showed that all 20 cells had characteristics that were 
within 10 per cent of each o ther and most gauges were 
closer than that. 

The gauge was calibrated by mounting it in the base 
?fa l a rg~ shear box , in a similar manner to its mounting 
m the silo wall . The gauge was then covered with a 
150mm layer of loose cement powder and a series of 
known pressures were applied normal to the gauge face 

A v means C?f dead _loads. The resulting calibration 
~rves fo r first loadmg , unloading and reloading are 

shown in Figure 6. 
A linear approximation , also shown in Figure 6 , was 

used to mterpret the measurements fro m the silo. This 
gave a gauge factor of 1000 µE = SO kPa . The factor is a 
good fi t with the calibration at pressures up to 100 kPa 
somewhat on the conservative side fo r pressures bet: 
ween 20 to 60 kPa. The maximum pressure so far mea­
sured in the silo has only been 32 kPa . 

Figu_re 6 also s_hows the effect of calibrating a pressure 
cell with maten als of diffe ring compressibilities. The 
manufact urer's calibration was made with sand and 
gives a calibration factor that is approx . 2.4 times that 
established with cement powder. 

CALCULATED PRESSURES FOR ACTUAL 
CEMENT PROPERTIES 

Measurements in the laboratory of the actual (as 
opposed to 'code') values of the physical properti es of 
the cement powder stored in the silo were as fo llows: 

(a) Loose density p = 1150 to 1230 kg/m3 

23 

Mean 
Unit weight 

p = 1200 kg/m3 

'Y = 12 kN/m3 

(b) Angle of internal friction <j> 1 = 42° 

( c) Angle of wall friction o = 37° to 39° 
(cement powder on concrete) 

mean o = 38° 

(d) At rest pressure co-effici ent Ko= 0.38 (for 
normally consolidated powder) . 

( e) Active pressure co-effici ent. 
1- sin<J> ' _ 

1 +sin<!> ' - KA= 0.20 

Figure 7 shows pressure curves calculated from the 
Janssen equation for the following properties: 

'Y = 12 kN/m3 

0 = 38° 
K = 0.20 and 0. 35 

(These ar_e de~cribed_ as arching curves in Figure 7) . 
For a nng silo, of mner and outer diameters D · and 

Do, respectively, the Janssen equation takes ' o~ the 
form : 

a h = K-y (1- e - A' ) 
A 

A = 4K tano 
(Do- Di) 

where a h is the horizontal pressure at depth z below the 
fill surface . 

. Fi~ure _ 7 also_ shows two lines representing pressure 
d1stnbut10ns with no arching and K = 0.20 and 0.35. 
For the no arching case , the horizontal pressure is calcu­
lated from ah = K -yz. 

0.35 was used rathe r than 0.38 because measure­
m.ents on other silos have indicated that Ko in a silo is 
slightly less than the value measured in laboratory tests. 

MEASURED PRESSURES IN SILO 
Most of the pressure measurements made to date 

have been plotted in Figure 7 . It will be seen that the 
majority of the measured Qressures lie inside the calcu­
lated line for 'Y = 12 kN/m3 and K = K0 = 0.35. A few 
measurements, at low values of -yz fall outside the arch­
ing envelope, but are contained by the no arching 
envelope for K0 = 0. 35. 

The measured pressures are low when compared with 
the envelope based on parameters recommended by 
DIN1055, or ACI 313-77 (see Figure 3), but agree very 
reasonably with the curves calculated fo r actual cement 
properties . 

The very low pressures , well inside the calculated 
cu_rves , appear to result fro m emptying of the silo. E mp­
tymg also causes significant radial non-uniformity of 
pressures, as will be seen later. 

Figure 8 shows_ a few individual pressure profi les . 
These conform qmte well to the shape of the theoretical 
curves . The effect of emptying is shown by the reduced 
pressures at the bottom of profi les Fl and F2 . 

Typical variations in radial pressure are shown in 
Figures 9 and 10. 

_Figure 9 shows the variations possible at a single leve l 
(either level 1or 2) at various times. The effects of emp­
tying or chan_ging the :vall pressure are very well 
demonstrated m the profi les F (compared with E) and 
A (compared with B) . 
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Ftgure 10 shows the variation of radial pressure dis­
tribution with height in the silo at a given time. In pro­
files B, the radial pressure distribution remains similar 
with height , possibly because the silo had been operat­
ing in the same mode for some time . In the case of A, 
however, the distribution changes drastically between 
levels 1 and 2 and levels 2 and 3. The profile at level 3, 
being uniform , probably corresponds to uninterrupted 
filling , while that at level 1 shows the effect of emptying. 

VARIATION OF PRESSURE WITH TIME 
Ftgure 11 shows recorded variations of pressure with 

time at cell 22 during emptying of the silo. It will be 
seen from the chart recordings that a series of irregular 
'spikes' occur on the recording charts. The spikes are 
caused by a rise in pressure in the silo fil1 when com­
pressed air is fed to the aeration pads. It will be seen 
from Ftgure 11 that quite major displacements of the 
pressure record are associated with the spikes. The dis­
placements represent pressure changes of up to 10 kPa. 
It is largely these changes of pressure that introduce so 
much scatter into the static pressure measurements 
shown in Ftgure 8. The regularity with which these sud­
den changes of pressure occur should be noted . The 
interval corresponds with the alternation of draw-off 
fro m the 18 openings around the inner perimeter of the 
silo . It will also be noted that , after every spike , there is 
a decay of pressure, caused by localised dissipation of 
air pressure from the fill. 

MEASURED TEMPERATURES 
Ftgure U shows two sets of temperature profiles mea­

sured in the silo . In case (a) , the temperature of the out­
side wall was reasonably constant with variation of no 
more than 1°C. The temperature of the inside of the 
wall was also reasonably constant, while the largest var­
iation of temperature occurred lOOm away from the 
inside of the wall. In case (b) , the fill level was lower 
than that of case (a). It is notable that up to 7.5m above 
the floor of the silo , the temperatures of the outside and 
inside of the wall and of the fill have nearly equalised . 
The cement above this level had obviously been placed 
more recently and the temperature gradient through 
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Figure 11. 
Pressure variations at a single point during emptying of 
silo. 
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the wall was larger. Even the outside surface of the wall 
had responded to the increased inside temperature . The 
highest temperatures of all were recorded in the air 
above the level of the fill, where temperatures reached 
a maximum of nearly 50°C. This is consistent with other 
observations8

•
9

. 

Schaffner and Blight9
, for example, observed that the 

highest temperature on the inside of a wall is reached 
just as the fill covers it. Thereafter, there is a progres­
sive cooling of the wall. Ftgure 13 shows the tempera­
ture profi les through the wall: 

(i) adjacent to the air space 
and 

(ii) just under the top surface of the fill. 

Also shown in Ftgure 13 is the shape of a hypothetical 
temperature profile sketched by Martens10

, Handcock 11 

(and others). The observed temperature data fit the 
hypothetical profile well. However, it must be remem­
bered (Schaffner and Blight9

) that the temperature gra­
dient through the wall will not be linear unless a steady 
state heat flow exists. A steady state is most unlikely to 
obtain in the wall of a silo during or after filling with a 
hot material. • 

The difference between the measured and design gr· 
dient appears to result mainly from the fact that the 
temperature of the cement fed into the silo has never 
exceeded 80°C instead of the 115°C assumed . 

CONCLUSIONS 
1. At this stage the availab le test results could be 

considered valid only for a particular material, 
namely cement. To extend the conclusions listed 
below to other materials similar tests should be 
carried out. 

2. In general it appears that the radial uni form 
horizontal pressures in a Duo-cell silo correspond 
to the well-known Janssen's theory. 

3. The difference between the measured and design 
pressures recommended .. by various Standards 
may be considered sufficient to cover possible 
non-uniform pressure effects. 

12h00 
WED 

pressure cell 
22 
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During the tests described , no major eccentric 
discharge or arch breaking overpressures were 
detected , perhaps due to the limited number of 
recording sessions. These unpredictable 
phenomena are the unfavourable effects 
standards must cover. 

4. Measured temperature gradients through the shell 
proved to correspond with previous observations 
as published in reference papers. 

5. As the intention is to continue the monitoring of 
silo pressures at Lichtenburg for a couple of 
years, the experimental data will increase in 
reliability making it possible to quantify more 
accurately the safety and economy of the present 
standards applied to Duo-cell silos. 
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: ina lly, we a l s o acknowledge the suppo r t a.~d 

encouragement of our co-sponsoring profess~ ona l 

o rgani sat i ons (a s listed on the ins ide bac~ 
cover ) who h ave assisted i n ensur ing a •ort...~while 

Programme and full i nternationa l part i c ipat ion. 

It i s hoped, as with the f i rst Conference. to 
pub li s h a supplementary vol ume to these Proceedi ngs 
based o n contribut i ons and discuss i ons sub=ittec 
in wr iting by Conference participants. ~h e actua l 
Conference di scussions will not be recorded s o as 
to stimulate a ud i ence participat ion ~n a ccnficential 
atmosphere . 

We sincere ly hope that this- the second o: our 
ser i es - event wil l stimulate searching practical 
d i scussion of al l aspects of silo design and l ead 
to more efficient and safer constructi ons and a l so 
stimul ate i nternational and interdisciplinary 
contact. 

b~)!!i· 
A. S. Goldberg 
Conference Chai rman 
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SYNOPSIS 

PERFORMANCE OF A 20m DIAMETER 
STEEL MAIZE STORAGc BIN 

by 

G.E. Blight 
Department of Civil Engineering, 
Univers ity of the Witwatersrand, 

Johannesburg, South Africa 

The paper describes an investigation of pressu res occurring in a 
mai ze storage bin opera ted by a milling concerr:. It is shown that 
measured pressures can be reconciled with calculated values based on 
laboratory data, provid ed the flow pattern within the bin is 
correctly assessed. Duirnal temperature chCL,ges are i dentified 
as an important cause o f pressure variations i~ a steel bin. 

INTRODUCTION 

.:\n opportunity recently arose to compare the _atera l pressures 
calculated for the des i gn of a 20 m diameter stee l maize storage bi n 
with the pressures to which the bin is actuall:; subjected in 
everyda y use. The bin is used to store maize :or a milling 
operation . It i s .sub j ect to regular daily w::.':...'ldrawa l s in a five day 
working week and random fillings which occur as anc ·..- :-ien new sup-::ilies 
of grain arrive. 

rigure shows the majo r dimensions of the SY!l!Oetrica l a ll -welded 
bin . The plate thicknesses used in its const~~ction are a l so noted 
~n the figure. 

~he bin was instrumente d by means of seven pressure cells of the 
mercury-filled strain-ga uged diaphragm type. All pressure cells 
were calibrated in the laboratory prior to ir.stallation in the bin, 
using maize to transmit pressure to the diaphragms. 

Access to the side of t he bin was only possib le at one point on i ts 
circumference and for t his reason, the ce lls were installed in a 
single vertical line a t the spacings shown in ~igure 1 . Because the 
bin as wel l as the fil ling and emptying arrangements are axisymmetric, 
this is not considered a limitation on the va:iditv o: the measure­
ments. Figure 2a is a n exterior view of the bi..n,-while Figure 2b 
shows one of the pressure cells as seen from t~e out s i de. Each 
pressure cell was bolte d to a stee l adaptor wh..i.ch in turn was 
clamped to a stiffener ring welded into the bir. wa l l . The surface 
of the pressure cell wa s adjusted until its p_ane coincided with the 
inside surface of the b in wall before clamping it in i ts final 
position. Figure 2b s hows the stiffening ring, the rear of the 
adaptor plate and two o f the three cap screws used for clamping. 
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The profile of the maize su r face in th~ bin could be de t e r mine d by 
dropping a tape from the cen tral grain in le t in t he r oo f and also 
from a second open i ng in the roof at a rad ius of 6 , 5 m from the 
centreline. Some t ypical s urface profiles have been shown in Figu r ~ 

1. 

The type of operation to wh i ch the bin i s subjected is further 
illustrated in Figure ]which s hows fluctuations in bin contents over 
a 3 month period. The hei g ht fluctuation-time relationship was 

FIGURE 1 
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Pressure ce l l ins t alled in bin wall 
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constructed from daily reco rds of withdrawals and flllings in terms 
of tons of maize. The tonnage record was reconciled with six tape 
measurements (A, B, C, etc . in Figure 3) made dur ing the 3 months . 
This gave an excellent est i mate of the average densi t y of the maiz e 
in t he bin. 

It is clear from Figure 3 t hat the classic design cor.cept that at any 
time either •tilling" or "emptying " condit i ons app l y to the contents 
of a bin, would be hard to justify in the case of b ins of this type 
where continual and often simultaneous filling and empt y ing occur. 

50 silo fu ll 

40 

... (/) 30 
0 ... 
... o 

A I UJ 
Cl (/) 
-< 
W al 
I 20 
z 
< 
UJ 

f :Ii 
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f 
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FIGURE 3 

TIME DAYS 

Dai ly f l uctuati ons ove r a 3 month per iod of i e·::i .:> f 
ma ize stored in bin 
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PHYSICAL PRO PERTIES OF MAIZ E 

A s ~ ries of laboratory measu=Pments were made to establish the 
physical properties of the maize. These included measurements of: 

¢ the angle of shearing resistance; 
6 the angle of friction for maize on steel; 
~ the loose and compact density; and 
K

0 
the at rest horizontal pressure coefficient. 

was evaluated by means of drained triaxial shear tests and proved t c 
have a value of 30° as c ompared with a range of values appearing in 
the literature (2) of 2 1° to 37°. Steel surfaces in three different 
conditions were u s ed t o assess ~ by means of shear box tests. 6 was 
found to va r y between 12° and 17° (the range appearing in the liter­
a ture is 14° t o 23 ° ). The values of ~ and ~ are slightly stress­
dependent, reauc ing with increasing stress. 6 is not affected by 
the condition of the s u r face. The static val ue of 6 is 3° to 4• less 
than the dynamic v alue. This result is similar to one reported 
earlier f o r the s l idi ng o f coal on steel (3), although the difference 
between mo vi ng and sta t ic values for maize is not as large as for coal 

The density of the mai ze in a loose state was determined as 750 kg/m> 
which pro ved t o be ide ntica l with the value determined from the 
filling and empt y ing r e cord s f or the silo. 

The a t rest p r e s su r e c oefficient for the maize was established using 
the Bishop (4) technique of axially compressing a specimen in a 
traxial cell while simultaneo usly adjusting the lateral pressure to 
maintai n a condition o f zero lateral strain . The results of the 
determination are show n in Figu re 4. 

Th e at rest pre ssu r e c oeffi cien t K
0 

was constant during loaaing ana 
had a va lue of 0,67 as compared wi t h 0 , 5 according to the 
empi rical r elationships (5 ) o f 

Jaky 

a nd Reimue rt 

K 
0 

K 
0 

1 - s in; 

45 >- p/ 2 
4 5 °+ ~/ 2 

On unloadi ng, the ratio inc reases and appro aches asymptotically to a 
va lue of 0 ,95. 
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Figure 4 
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PRESS URES IN BI!'J DURING FILLillG 

During the period of obse r~ation, only one o ppo r tun1c y aro s e co 
measure press ures in the b in dur ing un i nterrupted filling . It wa 
discovered that some of t he contents had decayed as a res u lt o f ra n 
water leaking into the bin around the heads of tempo r ary canstruct on 
bolts that had not been s e aled. The bin was comp l etel y en ptied , the 
leaks sealed and the bin was then ref ill e d t o 2 , 5 m a bove the level o f 
pressure cell 5 (see Figur e 1 1 before an y maize was d rawn o ff . 
Figure 5 shows the pressur e profile a t the end of t he fill~ng sca ge . 
The profi le agrees with that predic t e d fr om the re lations h1?· 

J h = K
0

yz wit h K
0 

= 0 ,6 ........ . ... . .. . ..... . . ...... . . .. . .. ( 1 1 

i.e. the effective v alue o f K is sl ight l y less than the value giv e n 
in Figur e 4. This confirms 0 a similar conclus i on report ed earl ie r 
(3) for the filling o f a b in with coal . (See additional comment 
later.) As the ratio of depth of contents t o bin diameter was close 
to 1, 0 at the end o f the filling, silo action h ad a negligib le effect 
on the pressure distribution. 
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FIGURE 5 
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PRESSURES I N BIN DURING NO RMAL OPERATION 

Fi gure 6 shows t he r e s u l t s of a series of pressure measurements taken 
o ver a period o f a year . The letters A, B, C, etc. (which represent 
the i ndiv i dual r e ad i ngs ) correlate with s i milar letters i n Figure 3. 
The pressure read i ngs ha ve bee n plotted at the level of the pressure 
c e lls . 

Var ious calculated curve s ha ve oe en super i mposed on the d i agram . 
These r epr e s ent : 

( i) the J anssen c urve fo r · = 13° a nd K = 0 , 6 , i.e . K
0 

f or f i rs t 
loading (Figu r e 5) ; 

(ii l similar curv es for : = 13 ° and 16° and K 
unload i ng (Figu r e 4 ) ; 

1 , 0, i . e . K
0 

for 

(iii) the J a n s sen cur v e fo r : = 13 ° a nd K = 2,0 (thi s passes throu g h 
the F me a s ur emen t a t p r e ss ure c el l 5 ); 

(iv) the Walker ( 6) curves for K values of 1,0 and 1,2 5 and a cone 
ha lf angle J of 20 °. These have been drawn for i nitial 
pre s su r es o f 110 k Pa (K = 1,2 5) an d 1 37 kPa (K = 1 ,0). 

Note that most of the p r e s s ur es recorded on gauges 5, 6 and 7 are 
e nveloped by the J ans s e n c urve s fo r K = 1 ,0 and also that a sharp 
i nc r e as e i n pr essu re o ccurs in many o f the pressure profiles at 
g auge 5 . 
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It is plain from the flat ang le of the c o nical ~:~ bo ttom that the 
flow patte r n within the bin must cons ist o f t~c =a :n r e oio n s : 

a zone of parallel plug flow above, feeding int o o ne o f convergent 
funnel flow towards the o utlet. The ang l e t o the horizontal that 
defines the zone of funnel flow would have a m nim~~ value of 45° + 
;/2 = 60°. As Figure 1 shows , pres s u re cells 3, 4 and 5 are located 
in the zone where the transition from paral l el ~o convergent flow 
cou l d be expected to occur. Therefore , the increased pressures 
recorded by t h es e cells probably reflec t the increased lateral 
stresses i n the parallel - conv ergent flow transit• o n zone . 

This deduction was confirmed when the bin was ern?tied and it became 
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poss i ble t o in spect it f r om the inside. The walls of the bin had 
been scoured a nd cleane d by moving grain down to a clearly defined 
horizontal r i ng . Below this ring, the plates were rusty and where 
the wat e r leaks me ntione d earlier had occurred, decayed maize 
adhered to the walls. · This was clear ev i dence that parallel flow 
of grain was occur r ing a bove the r i ng and that dead material was in 
c o ntact with t he bin wa ll s below the ring. 

The inside of a large b i n is pa rticularly difficult to photograph, 
but in Figur e 7 maize a d heri n g to the bin walls can clearly be seen 
and the junction be tween the rusty plates below and the scoured 
plates above o ccu rs jus t above the fourth horizontal plate seam in 
the photogra ph . Two o f the pressure cells are faintly visible 
between the second and t hi r d vertical stiffeners from the left of the 
p ho t og r aph. 

FI GURE 7 : Pho to g ra ph o f 
insid e o f b in -; ho 1..:ing a e .:i u 
m.:t t e r i.ill .ldhcri n g t o '.Jil l l s 
a nd tran si t i o n beu.:een 
par a lle l .:tfld co nvP r genc 
f l oY zone s 

i,. . ... , ,\ 

The position of t he observed lower limit of t he zone of convergent 
flow is marked o n Figure 1 and o ccurs just be l ow pressure cell 4. 
It appears from the markings on the bin and the pressure readings that 
the trans i tion zo ne is either static or nearly static in position. 
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The two pressure profiles (Figure 6) calculated b y means o f Wa l ker ' s 
theory (6) follow the gene r al trend of the pressures measured by 
cells 1 to 4, but the meas ured pressures show a much wi der peak than 

the calculated values. (Actually , a strai ght line from the maximum 
recorded pressure to zerv a t the outlet fits the recorded data very 
well.) 

The apparently random vari a tion in lateral pressures requires closer 
examination. Part of the variation may have been caused by the 
effects reported in Reference (1). However , the variat i on appears 
to be far larger than can be Jttributed to unacco unted errors in 
cell calibration. 

THE EFFECTS OF TEMPERATURE ON PRESSURES IN BINS 

One possible explanation f o r the wide variation o f measured p re s sures 
is that of the effect of temperature variat i ons. A thi n wa l led 
steel bin, being a good hea t conductor, wi ll resp o nd rap i d l y t o 
diurnal temperature variat i ons , whereas i ts contents wi l l not . If 
the temperature falls, the bin walls will contract o nto i ts conten ts 
and lateral stresses will r ise . Conversely, pressures wil l fal l 
when the bin walls expand away from the filling. 

To test this hypothesis, c ont i nuous record i ngs of temperatu r e and 
pressure were made at press ure c~ l ls 1 and 2 over a wee k-end wh e n t he 
pressures would not be affe cted by filling or emptyi ng f rom the bin. 
Because the pressure cells are strain gauged with a f ull br i dge, t he y 
should be temperature compe nsated. Neverthe l ess, to check that t he 
cells do indeed not respond to changes in t emperat ure , a ce l l o f 
similar make was connected to a chart recorder and s imul taneo us 
recordings of cell reading and temperature were mad e whi le t he c e ll 
was exposed to the outside envi ronment. The r esul t s of t he s e 
measurements confirmed t ha t t he c e lls are c omplete l y tempe r at ur e 
compensated. 

The res ult s o f the me as ur ement s ma d e on t he bin a r e s hown i~ ?igu r e 
8 . The t hermocouple j un c t ion s were taped t o the o uts i de o f the bi n 
wa ll ad j acent t o each p ress ur e c e l l . The r e cord ings con f i r.: t ha t a s 
the temperature r i ses , the pressu r e o n the b i n f all s and vice vers a. 
The d i ffere nce in the charact erist ics o f t he p ressur e - time r elat i o n ­
shi ps when the temperature i s r i s i n g o r fa l l ing i s of par t ic~ lar 
interes t . As the temperature fa ll s , p ress ure bui l ds up i n a s e r ies 
of small amplit ude, relat ive l y h igh freq uency o s c ill a t i ons. When 
the temperature rises, the pressure de c reases i n a s e r i e s of l arge r 
amp li t ude lower freque nc y steps. 

It will be noted t ha t t here is a tendenc y for t h e p r e ssur e t o r ise 
progress i ve ly as eac h d i urna l c y c l e of tempera t u r e t a ke s p lace . Thi s 
is presumably because the gra in sett l e s agains t the s ide s o: the bin 
as the b in walls move outwards. Subsequent dec r eas i ng tempe r a t ur e s 
therefore result in h i gher pressures t ha n i n the prev iou s t empe r a t ur e 
cycle. 
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The me as u r e me nt s sho wn i n Fig ure 8 were taken in spring when the 
diurnal temperature c ycle i s subdued. Bigger diurnal changes in 
t e mpe rature and pressure ca n be expected to occur in summer and 
winter. 

Fo r the two temp e rature cyc l e s shown in Figure 8, a pressure 
coefficient of 0,5 at noon o n Saturday would be transformed to between 
1 ,1 and 1,4 by 06h00 on Mon d a y . AK value of 1,0 on Saturday could 
become 2,8 by Monday. Hence it is not unreasonable to ascribe much 
o f the variation in the pre s sure profiles shown in Figure 6 to 
temperature effec t s . It i s also not unreasonable to expect the 
pressure coefficien t K to r i s e to it s maximum va lue o f 3 at times of 
ye ar when the da il y tempe ra ture c ycle is larqe. 
When empt y ing o f the bin was resumed, the accumulated pressures were 
relieved and pre s sures i n t he bin returned to a "working " condition. 

COMPARISON OF MEASUREMENTS WITH CALCULATED VALUES 

I t i s d iffi c u l t to c o mpar e calc ulated pressure prof i les with observed 
pressures bec ause: 

(i) the tran s itio n from parallel to convergent flow is static, 
whereas the surf ace of the grain that represents the datum 
for both measured and calculated pressures is variable; and 

(ii) the lateral p ressure c oe fficient varies with temperature as well 
as t he s t a te of operat i on of the bin. 

I f t he bin we r e being d es igned ab initi o by a designer with some 
kno wledge o f t h e flow o f mat e rial with i n bins and s i los, it is 
li kel y t hat the fl o w pat te rn wo ul d have been correctly identified and 
the r egi o n o f the trans ition fr om para llel t o c o nv ergent flow 
c o rrectly located. The des ign p ress u r e c u r ve ·.;oi.:id then in all 
pro ba b ility hav e bee n based on the Janssen curv e fo r K = 1 ,0 and 6 
1 3° a bove the t r an s ition and the Walker cu r v e with ~ = 20 ° and 30° 
a nd K ~ l , ~5 t o 1 , 50 be low tt.e t rans i ti on . As !' .:.gure 6 s hows, these 
assumptio ns wo ul d ha ve g ive n a r easona bly accurat e bas is for the 
d e si gn o f the silo , e spec i a l ly if a r ang e of poss ibl e l o c at i ons f o r 
the para lle l - conve r ge n t t r ans ition we r e cons idered. 

The c onclusion is t he r efo r e reac hed tha t i f correc t ly measured values 
o f t he fill paramete r s ha d been used t oge t her wi t h a realistic 
asses s ment of the flo w pat tern within the bin, i t would have been 
pe rf e c tly possible to p r ed i c t the limi t s of actua l pressures within 
the bin . 
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CONCLUSIONS 

1. It has been shown tha t when a bin is filled with granular 
material without any d rawoff occurring, lateral pressures 
correspond to the at r est ~or.iition for first loading. 

2. Where a transition from parallel to convergent flow occurs in a 
bin, there is an increase in lateral pressure, as predicted 
theoretically. The zone of increased pressure is, however, 
wider than that predi c ted by theory. 

3 . Pressures in steel bins are highly variable and diurnal 
fluctua t ions of tempe r ature have been identified as a major cause 
of the fluctuation. The walls of reinforced concrete bins 
would respond more slo wly to temperature variations and 
consequently would not perform in this way to the same extent. 

4. If current theoretical knowledge is rationally applied, it is 
possible to predict t he upper limits to the pressures in a bin 
with adequate accuracy for design purposes. 
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Temperature surcharge 
Pressures in Reinforced 

concrete Silos 

,-mmary 

It is fairly well recognised that tempera­
ture surcharge pressures do occur in 
steel bins and silos, although so far, only 
one silo design code [1 ] includes these 
pressures in their specified loading. This 
short paper shows that temperature sur­
charge pressures also occur in rein­
forced concrete silos and reports on 
measured temperature surcharges in a 
reinforced concrete cement storage si lo. 

1. Introduction: 
Thermal Strains 
in Silo Walls 

Temperature surcharge pressures have 
been firmly identified as a major compo­
nent of the loading carried by steel ­
walled silos (1 - 5]. However, at present 

•
. one silo design code, that of the 

rican Society of Agricultural Engi­
neers [1] formally includes temperature 
surcharge pressures as part of the de­
sign loading for silos. 

Attention so far has focused on steel si­
los. However, reinforced concrete silos 
must also be subject to temperature , 
surcharge pressures, although this is 
possibly not so obvious as in the case of 
steel silos. 

Fig. 1 a represents a section through a re­
inforced concrete silo wall of thickness t 
that is subjected to a temperature 
change at its outside face of L'> 60 and at its 
inside face of L'>~. As indicated in Fig . 1 b, 
L'.60 and L'>6i may be opposite in sense, or 
they may be of like sense. 

The requirements of force equilibrium 
and strain compatibility through its thick­
ness ensure that, if unrestrained by the si­
lo fill the wall would undergo a mean free 
thermal strain: 

Details about the author of this paper on page 386 

G.E. Blight, south Africa 

where ex is the coefficient of thermal ex­
pansion or contraction of the wall , and 
the temperature gradient th rough the 
wall is assumed to be linear (Fig . 1 b) . 
Hence even if the temperature at the in­
side face of the wall does not change, the 
wall as a whole wil l undergo thermal 
strain . If, however, the concrete is so 
thick or has such a high insulating value 
that the temperature variation does not 
penetrate through the full thickness of the 
wall (as indicated in Fig. 1 c) , the mean 
free thermal strain would be less than that 
given by Eq. (1 ). 

In both Figs. 1 b and 1 c force equilibrium 
requires that area A equals area B. For 
Fig. 1 c, this results in the conclusion that if 
the temperature change penetrates a 
distance of xt into the wall, the mean free 
thermal strain would be: 

(2) 

If x = 1, Eq. (2) reduces to Eq . (1) with 
L'.6i = 0. 

For a silo wall subjected to a uniform 
change in temperature L'.6 it can be 
shown [4] that the temperature sur­
charge pressure TS is given by 

TS = 2MEt cxL'.6 (3) 
MO + 2Et 

where 

M = modulus of compressibility of the si­
lo filling for radial compression 

E = modulus of elasticity for the material 
of the wall , and 

D = mean diameter of silo 

Noting that cx L'. 6 is the mean free thermal 
strain £f in the wall, it follows that for a rein­
forced concrete silo in which the wall is 

OUTSIDE FACE 

(a) 

INSIDE FACE 

t ~1 

a 
2 (66i + 660) 

(b) 

a66i 

+ 
a66o 

~ 1 

x 
2 a.Mo 

Fig. 1: Thermal strains in reinforced concrete 
silo walls 

303 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Reinforced Concrete Siios powder 
Volume 2, Number 4, November 1990 ...._... 

subjected to a varying tem perature 
change 

TS= 2MEt £1 (3a) 
MD +2Et 

where Ef is given by Eqs. (1) or (2). 

2. Temperature 
Surcharge Pressures 
Measured in a 
Reinforced Concrete 
Silo Wall 

Fig. 2 shows variat ions of pressure and 
temperature recorded for the outer wall 
of a 24 m diameter duocell cement stor­
age silo. This silo and its instrumentation 
has previously been fully described [6]. 
and is the only one available to the author 
that has pressure cells and functioning 
thermocouples that can be used for this 
type of measurement. 

The two periods of record shown in Fig. 2 
were periods when the silo was full of ce­
ment but not in use, and the recorded 
changes of pressure were thus solely a 
result of diurnal thermal strains in the 
wal ls. 

It wil l be noted that the temperature of the 
inner face of the wall varied, although 
very little, and was at a minimum shortly 
after noon, when the outside of the wal l 
was hottest. The entire 350 mm th ick­
ness of the wall is thus subject to diurnal 
change of temperature, although it is not 
known if the temperature gradient is line­
ar. 

The pressure on the walls clearly re­
sponds to the temperature changes, re­
ducing as the temperature rises and in ­
creasing as the temperature falls. 

The measured temperature surcharge 
pressure was equivalent to 0.29 kPa/°C 
on one occasion and 0.25 kPa/°C on the 

35 

"' ~ 
w 

30 a: 
:J 
rJJ 
rJJ 
w 

25 a: 
a. 

4.7 kPa 

1--~----j_ 

T 
0.29 kPa/°C 

other. Thus the two available measure­
ments were quite consistent. 

It can therefore be concluded that diurnal 
temperature surcharge pressures do in­
deed arise in reinforced concrete silos. 

On the assumption of a linear tempera­
ture gradient through the fu ll thickness of 
the wall, as in Fig. 1 b, and E for concrete 
of 30 GPa, the value of M for cement 
powder under a vertical pressure of 
about 60 kPa is 50 MPa. The corre­
sponding values of M for wheat and 
maize grain under a similar vertical stress 
would be about 25 kPa [4]. Hence the 
moduli for the three materials are not dis­
similar. 

3. Values of M 
Measured in the 
Laboratory 

In an earlier paper [7] the author de­
scribed the use of a special oedometer to 
measure lateral swelling pressure in wet­
ted grain. In this paper, values were given 
of the modulus for vertical compression 
of four types of grain including wheat and 
maize. The moduli were of the order of 5 
and 10 MPa respect ively and were far 
less than values of M subsequently de­
duced from measurements on silos [4]. 
Measurements by Puri .Zhang and Mar­
beck [8] on a 0.9 m diameter model silo 
lead to values of M for wheat of 8 MPa 
and maize of 12 MPa. These are also far 
too small to fit measurements made on 
full size silos. 

The oedometer ring is illustrated in Fig. 3. 
The oedometer has now been used to 
measure the modulus of compressibi lity 
for rad ial compression at small strains. 

The procedure was as follows: 

A vertical pressure was applied to the 
specimen in the oedometer and the re­
sulting lateral st rain was measured via 

2.5 kPa 

0.25 kPa/°C PRESSURE 

0 
40 

OUTSIDE FACE 
0 

w 
a: 
:J 
f-
< a: 
w 
a. 
::;; 
w 
f-

Fig. 2: 
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Recorded changes of lateral pressure and temperature for reinforced concrete wall of 24 m 
diameter cement storage silo 

-·--· 

Fig. 3: Section showing principal components 
of K0 oedometer ring 

1. Thin wall oedometer ring 
2. Casing ring 
3. 0 ring seals 
4. Strain gauge 
5. Temperature compensator 
6. Electrical outlet 
7. Rubber foam packing 
8. Air pressure inlet 

strain gauge 4. A lateral pressure A · 
then applied via air pressure inlet 8 and'W 
creased progressively until the lateral 
strain had been eliminated. Thus the lat­
eral pressure tip corresponding to a par­
ticular lateral strain Eh was determined , 
and hence 

(4) 

The results of measurements of M on 
wheat and cement powder for a range of 
vertical pressures from 0 to 100 kPa are 
shown in Fig. 4. Values of M deduced 
from measurements on 6 full size silos are 
shown in Fig . 5. 

It will be seen from Fig. 4 that values of M 
measured by means of the special oe­
dometer turned out to be almost con­
stant with vertical pressure and the same 
for loading and unloading cycles. Fig. 5 
shows that the laboratory measia 
ments of Mare far larger than values• 
duced from field measurements. The 
field measurements present a consistent 
picture in which the values of M for maize, 
wheat and cement, at the lower end of 
the overburden stress range , are of 
comparable magnitudes. 

The laboratory measurements of M were 
made at radial strains in the range of 5 to 
1 O microstrain, whereas radial strains in 
the full size si los were in the range of 100 
to 200 microstrain. Puri et al. 's [8] meas­
urements were in the strain range 0 to 
500 microstrain. 

This may be the reason for the lower val­
ues of M measured in the field and by Pun 
et al. as it is known that granular materials 
are extremely stiff at small strains and sof­
ten as the strain increases (e.g. [9]). Pun 
et al. 's measurements show that for tem­
perature changes from about 1 °C up­
wards the relationship between temper­
ature drop and temperature surcharge is 
linear. This is also the assumption made 
in deriving Eq . (3) . Hence if the small strain 
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laboratory measurements have any 
practical relevance, they are relevant on­
ly for very small changes of temperature, 
probably less than 1°c. Whatever the 
reason for the discrepancy between field 
and laboratory measurements it is con­
sidered that the field data shown in Fig. 5 
are realistic for design purposes. 

4. Conclusions 

It has been demonstrated, both by cal ­
culation and observation, that tempera­
ture surcharge pressures do occur on 
the walls of reinforced concrete silos. 
These pressures can form a very appre­
ciable part of the total pressure loading 
on the walls of large silos, and should be 
accounted for in design. 

l ay has yet to be found to measure the 
al compression modulus by means 

o small-scale tests in the laboratory, in a 

realistic way. Present methods of meas­
uring the modulus for vertical compres­
sion give results that are far too small, and 
measurements of the modulus for radial 
compression at small strains give results 
that are too large in comparison with 
moduli deduced from measurements in 
full size silos. Measurements made on 
small silos also do not seem to give a rea­
listic result, probably because the range 
of overburden stresses was not large 
enough. 
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Summary 

A - -of-mine coal bin with a diameter of 
25 m and a capacity for 15,000 t of coal 
has been instrumented to study pressure 
distributions during emptying through its 
six eccentric outlets. 

The measurements have shown that the 
Jenkyn [1] assumptions adequately ex­
plain the observed eccentric pressures. 

The behaviour of two steel silos under 
eccentric emptying is also described to 
show that the Jenike theory [2] of pres­
sures under eccentric emptying also 
seems valid in the vicinity of an eccentric 
outlet. 

Eccentric Emptying 
of a Large coal Bin 

with Six outlets 

Ci.E. Blight, south Africa 

1. Introduction 

Pressure changes arising during eccen­
tric emptying of bins and silos are one of 
the least well understood aspects of.silo 
loading. As long ago as 1904 Jamieson 
[3] reported that when a silo is emptied 
eccentrically the pressure on the wal l 
closest to the eccentric opening de­
creases, while that on the more remote 
wall increases. The first attempt at a ra­
tional explanation of this phenomenon, 
and a method of estimating pressure dis­
tributions during eccentric emptying ap­
pears to have been due to Jenike [2] over 
60 years later. Jenike postulated that ec­
centric flow generally occurs in a flow 

channel of diameter less than that of the 
silo. The ratio of the pressure in the flow 
channel at any level , to that in the static 
material around it is equal to the ratio of 
the diameters of flow channel and silo. 
Hence the pressure in the flow channel is 
reduced relative to that in ·the rest of the 
silo. Where the flow channel impinges on 
the silo wall, the wall is subjected to bend­
ing in the horizontal plane. 

Most later explanations of the effects of 
eccentric emptying have been based on 
Jenike's very logical -sounding explana­
tion (e.g. Wood [4] and Rotter [5]). How­
ever, Jenkyn [1] adopted an even simpler 
assumption based on the observation 
that eccentric emptying draws down the 
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surface of the material in a silo unevenly. 
According to Jenkyn the pressures 
around the perimeter of a silo, at any lev­
el , are proportional to the material over­
burden above that level . Because the 
surface is drawn down further on the side 
of the eccentric outlet, the pressure wil l 
be lower on that side and higher on the 
opposite side. There were, however, no 
measurements offered to support his 
assumption . 
The present author [6] made observa­
tions of the changes in pressure that oc­
curred in a large coal load-out bin with 
twin outlets when emptying was started . 
The results of these measurements are 
given in Fig. 1. The pressure cells A 1 to 
A4 were on a vertical line adjacent to the 
operative outlets, while cells B5 and B6 
were on a line displaced by 45° in plan 
from line A. Pressures were observed to 
decrease on line A, except high up on the 
silo wall at cell A4. On line B pressures 
were found to increase. These were 
short-term changes (right at the start of 
emptying) that occurred without any ap­
preciable change in the surface levels of 
coal in the silo. 

Fig . 2 shows the radial distribution of 
pressures in the silo on two occasions, at 
the end of uninterrupted filling from emp­
ty and at the start of emptying. Fig. 2a 
corresponds to the emptying situation 
applicable in Fig . 1. It shows the de­
crease in pressure adjacent to the outlet 
and the pressure increase remote from 
the outlet. Fig. 2b shows the situation 
when the other outlet was opened. 
There was again a very slight decrease in 
pressure on line A and increases in pres­
sure occurred elsewhere. 
Because the pressure cells represented 
in Fig . 2 were mounted on an oblique 
section through the cylindrical barrel of 
the silo, a completely uniform pressure 
distribution would be represented in 
Fig . 2 by an ellipse like the broken ellipse 
representing the radial distribution of 
K0 yz (where K0 is the at rest pressure co­
efficient, y is the density of the coal and z 
is the depth below the coal surface at the 
wall). The impression is gained from Fig. 2 
that the pressure changes at the start of 
emptying could have arisen from a ten­
dency for the non-uniform pressure dis­
tribution at the end of filling to become 

Start of emptying 

"- Distribution of K IS z 
" / 0 

\ 

\ 

\ 

50 kPa 

Fig. 2a: Maximum lateral pressures during discharge from South chute 
- radial distribution at cylinder - pyramid transition 

Fig. 2b: Maximum lateral pressures during discharge from North chute 
- radial distribution at cylinder - pyramid transition 
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more radially uniform once the coal start­
ed moving, rather than from the effects of 
eccentric flow. Certainly, horizontal 
bending in the silo wall would have de­
creased once emptying started , rather 
than increasing as Jenike's approach 
would predict. Hence these observa­
tions appear not to support the Jenike 
hypothesis. 

Hartlen et al. [7] studied the effects of ec­
centric emptying on pressures in a silo 
measuring 7 m in diameter and 46 m high. 
Pressure cells were mounted on four 
vertical lines displaced by 90° in plan, and 
at vertical intervals of 7 m. The eccentric 
outlet was at the side of the silo, at the 
bottom. These tests showed a slight de­
crease in pressure on the pressure cells 
closest to the outlet. However, as the 
nearest pressure cell to the outlet was a 
full silo diameter above it, the instrumen­
tation was not well placed to recor~e 
effects of eccentric emptying on .II 
pressures. These tests do, however, 
show that the effect of an opening is lo­
calized and may not be felt in areas re­
mote from the opening . 

The author was involved , in 1987, in 
checking the design for a 25 m internal di­
ameter run-of-mine coal bin with six out­
lets, all of them eccentric. This presented 
an opportunity for making further obser­
vations of the effects of eccentric empty­
ing on wall pressures. The present paper 
is the outcome of those observations. 

Construction of the silo started in 1 988 
and the pressure cells were installed in 
March and April 1989. The first coal en­
tered the silo in May 1 990 . 

2. Details of 25 m 
Diameter Coal Bin 
and lnstrumentati4 

A section through the bin is shown in 
Fig. 3a. The barrel is 36 m high and 25 m 
in internal diameter with 650 mm thick 
walls. The floor containing the 6 outlets is 
supported independently of the barrel on 
8 columns. The interior is benched with 
mass concrete at a 50° inclination to­
wards the outlets. 

Fig. 3b shows the 6 outlets in plan . The 
outlets will eventually be served by three 
conveyors, but at present only two have 
been installed and only two feeders are 
operative. All of the measurements were 
made with discharge occurring through 
both of these outlets. 

The instrumentation consists of 12 mer­
cury-filled strain-gauged diaphragm 
pressure cells with 200 mm diameter 
pressure-sensitive faces. The silo was 
built for a new colliery that did not come 
into production until a year after the bin 
was completed. Hence the pressure 
cells were calibrated with coal as similar 
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as possible in properties to that expect­
ed to be produced . 

The calibration of the cells and their instal­
lation was carried out in the manner de­
scribed by Blight and Bente! [8]. Access 
for installation was provided by means of 
a basket hanging from a tower crane. 

The layout of the pressure cells in eleva­
tion is shown in Fig. 3a and the layout in 
plan is shown in Fig. 3b. Leads from the 
pressure cells were taken down the out­
side of the bin walls to two junction boxes 
accessible from ground level. 

Fig . 4a shows the general appearance 
of the silo and Fig . 4b shows 3 of the 6 
outlets in plan. Two of the pressure cells 
are just visible as dark spots at 12 o'clock 
and one-thirty in this photograph . 

The limits of the flow zones to the three 
pairs of outlets are indicated in Fig . 3a. 
Cell A1 was positioned in a 'dead' zone 
of material, while cell 01 is close to the 
boundary of the flow zone to the side 
outlets. 

All of the remaining gauges are either in a 
flow zone or a dead zone when the side 
outlets are used, and al l are in a dead 
zone when only the central outlets are 
used. 

3. Observed Wall 
Pressures 

At the time these observations were 
made, the power station fed by the col­
liery had not yet been commissioned and 
the coal-handling circuit was being used 
to build up a temporary stockpile for fu­
ture use by the power station. 

It was necessary to fit in observations 
with the operations of the mine . 

Three sets of measurements have been 
made after the bin was filled without inter­
ruption from a part empty state and three 
sets when the bin had been drawn down 
eccentrically. 

The general pressure versus depth be­
haviour of the bin is illustrated in Fig. 5. 

In this figure, measured pressures have 
been plotted against the depth of each 
pressure cel l below the coal surface. 
Each letter represents a data point, A and 
a for gauges on line A etc. Capital letters 
represent filling and small letters empty­
ing pressures. 

As observed previously in a number of si­
los, including two coal silos ([6 , 9]), mea­
sured horizontal pressures 0 h were 
found to lie between two limiting lines rep­
resented by the equations 
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Fig. 4b: View into 15,000 t bin showing 3 of 6 outlets. Fig. 5: General relationship between depth of coal and horizontal pressure 
Pressure cells are visible at 12 o'clock and 
1 h30 in photograph, on bin wall 

and 

crh =Karz 

where KA is the active pressure coeffi­
cient and the other symbols have been 
defined previously. The active pressure 
coefficient was determined from the an­
gle of shearing resistance of the coal, 
<jl = 36°, while K0 was measured in the 
laboratory (see, e.g. Blight and Ofer [1 0]). 
The bin had been designed for a bulk 
density of the coal of y = 8 kN/m3 . The ac­
tual density during the tests averaged 11 
kN/m 3. 

During emptying, the coal surface slopes 
away from the wall at an angle i equal to 
the angle of repose <PR = 35°. 

The third pressure-depth line in Fig. 5 
corresponds to the Coulomb active 
pressure coefficient K' A for a negative 
surcharge angle of <PR· 

Fig. 5 shows that this bin behaves very 
much as would be expected of a squat 
structure with a maximum depth of filling 
roughly equal to its diameter. 

The pressure varies linearly with depth , 
there is no Janssen-type arching , and 
the pressure coefficient varies between 
predictable limits. 
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4. Pressures During 
Eccentric Emptying 

Figs. 6a and b compare pressures 
measured at the end of filling on two oc­
casions with those measured after sub­
sequent eccentric emptying. In both fig­
ures a cross-section shows the profi le of 
the coal surface in the bin corresponding 
to each set of measurements. In Figs. 6a 
and b pressures have been plotted op­
posite the absolute elevat ions of the 
pressure cells. 

In Fig. 6a pressures at the end of filling 
plot between the K0 and KA lines while 
pressures after drawdown plot closer to 
the KA line. This is particularly marked for 
line D gauges where the coal surface 
was lowest. 

The picture in Fig. 6b is similar except that 
most measured pressures appear to fol­
low the K0 lines. 

Figs. 6a and b also show the design 
pressure distributions, for wh ich the as­
sumed coal parameters were 

y = 8 kN/m 3; K0 = 0.5 

and the angle of wall friction, coal on con­
crete was o = 30°. 

Even though the actual coal parameters 
differed from those assumed, the design 
pressure envelopes contain all but one of 
the measured pressures. 

The important point emerging from 
Figs. 6a and bis that Jenkyn 's assuia 
tion [1] appears to be quite correct for• 
silo. Wherever the pressure is measured , 
it is directly related to the head of coal 
above the point of measurement. This is 
particularly well shown by the measure­
ments on lines D and A after eccentric 
drawdown. 

There may well be some re-distri bution 
of horizontal pressure at the start of ec­
centric drawdown, such as that shown in 
Figs. 1 and 2, but once an appreciable 
change in the position of the fill surface 
has occurred, J enkyn 's assumption 
seems to hold. 

This is a very important observation, be­
cause it means that the eccentricity of the 
pressure distribution becomes less, as 
the depth below the fill surface increases. 

The eccentricity of loading may be large 
where the absolute magnitude of the 
pressure is small, but will be much smaller 
where the pressure is large. Th is is illus­
trated by Fig . 7. 

•, 
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~ 
ECCENTRIC 

25. 6m BELOW TOP OF SILO 
2 TO 1 Om BELOW TOP OF COAL 

ECCENTRIC 

25 TO 33m BELOW TOP OF COAL 

Fig. 7: Typical pressure distributions for filling and 
eccentric emptying 

The upper part of Fig. 7 compares the 
eccentric pressure distribution predicted 
by the Jenkyn assumption at a depth of 
25.6 m below the top of the silo when the 
coal depth above that level varied from 2 
to 1 O m. The diagram also shows the 
pressures measured at this level (from 
Fig . 6b). The lower part of the diagram 
shows the pressure distribution that 
would apply at a depth of 25 to 33 m be­
low the coal surface. The maximum dif­
ference in pressure is the same in each 
case (about 23 kPa), but the eccentricity 
is very much less at the greater depth , 
because of the generally higher pressure 
level there. 

5. Consequences of 
Eccentric Emptying 

For a reinforced concrete silo, the main 
consequence of eccentric emptying lies 
in the horizontal bending moments in­
duced in the silo shell. Because the wall of 
the reinforced concrete si lo is relatively 
thick, providing a lever arm to resist the 
moment usually poses no great design 
problems. A reinforced concrete wall is 
also thick enough to resist buckling un­
der vertical wall load. 

However, a number of steel silos have 
either collapsed or their walls have buck­
led inwards as a result of being emptied 
eccentrically. It was this phenomenon 
that led Jenike [2) to his analysis of the ef­
fects of eccentric flow. Moreover, steel 
silos have been observed to collapse al­
most immediately after eccentric flow 
was initiated , and long before any appre­
ciable changes in level of the fill surface 
had occurred. 

Fig. 8 shows the collapsed remains of a 
welded plane plate si lo [11) . The silo, 12.2 
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Fig. 8: 12.2 m diameter by;;;; m nign weraea prane 
plate silo after collapsing and falling over 
as a result of eccentric emptying 

m in diameter and 33 m high, collapsed 
after wheat grain was accidentally drawn 
from an eccentric outlet at its base. It is 
believed that the silo buckled inwards 
and leaned over towards the buckle on 
the side of the eccentric outlet after less 
than a ton of the silo's 3,000 t capacity 
had been withdrawn . Once the buckle 
was observed, it was decided to empty 
the silo by drawing from the central outlet. 
After withdrawing a few more tons of 
grain, the silo fell over, knocking over an 
adjacent empty silo as it came down. 

In contrast , Fig. 9 shows an internally stiff­
ened corrugated steel bin 18.2 m diame­
ter and 24 m high that survived eccentric 
emptying with no damage. The bin had 
been filled with maize grain that had too 
high a moisture content and subse­
quently spontaneously caught fi re. The 
operators decided o remove the burn­
ing grain by cutting a hole in the side of 
the bin at the base. The hole can be seen 
to the right of the bin in Figure 9. Despite 

Fig. 9: 18.2 m diameter by 24 m high maize 
storage bin undamaged after eccentric 
emptying through opening at base (visible 
to right of photograph) 

Volume 11, Number 2, May 1991 
bulk 
solids 
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the very severe eccentric emptying con- ' ' 
dition imposed on the walls, the structure 
suffered no damage, although the stiff­
eners were distorted by heat at the top of 
the bin where the grain was actually 
burning . 

There was obviously a big difference in 
the behaviour of the two structures. It ap­
pears likely that in accordance with Je­
nike 's assumptions, a low pressure zone 
developed against the walls of both silos, 
in the immediate vicinity of the eccentric 
outlet. In the case of the wheat silo the 
wall was unable to support the frictional 
wall load and buckled inwards, precipi­
tating the col lapse. It was probably not 
horizontal bending that caused the fail­
ure, but buckling under vertical load. 
Theoretical studies by Rotter [5) show 
that this is a very likely explanation. On the 
other hand, the maize silo, being ade­
quately stiffened against frict ional ._11 
load, was able to survive the remO\. Jf 
lateral support to its wall at the base . 
There are no signs of any inward bending 
on its plates in the vicinity of the eccentric 
opening. 

No design calculations investigating the 
.buckling stability of the walls of the wheat 
silo were available. A subsequent analy­
sis after Trahair et al. [12) showed that the 
silo wall was safe against buckling while 
supported by the lateral pressure of its 
contents, but unsafe if this support was 
removed. This seems to have been ex­
actly what happened as a result of the 
eccentric emptying. 

In contrast, the stiffeners of the maize bin 
were designed to support the entire fric­
tional wall load without any support from 
the outward pressure of the contents. 
The structure was thus able to survive the 
effects of eccentric emptying. 

6. Conclusions 

Two main hypotheses have been ad­
vanced to explain the effects that eccen­
tric emptying may have on the walls of a 
bin or silo. It appears that both have 
validity: 

The Jenkyn assumption whereby pres­
sures during eccentric emptying are re­
lated purely to the head of material above 
any point of the silo wall seems to be valid 
in areas remote from the eccentric outlet. 

The Jenike assumption that postulates 
the development of a zone of low pres­
sure in the immediate vicinity of an eccen­
tric outlet also appears to be valid. 

Whereas Jenkyn -type eccentric pres­
sures result in horizontal bending in a silo 
wall, the Jenike-type low pressure zone, 
by removing lateral support from the silo 
wall, may precipitate a buckling failure of 
a steel silo wall if it is inadequately strong 
or inadequately stiffened to carry the 
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' frictional wall load without the assistance 
of lateral support from the silo fi ll . 
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7.4 MEASUREMENTS OF STRAIN IN THE REINFORCING OF REINFORCED 

CONCRETE SILOS. 

CONTRIBUTION TO LEARNING 

The first two papers of this section (7.4.1 and 7.4.2) describe the use of measured reinforcement 

strains In a reinforced concrete silo to estimate pressures resulting from rapid filling with a fine 

powder. As far as is known, this is the first and only case in which this form of loading has 

been investigated in a full size silo. 

A major problem with this type of measurement is uncertainty as to whether the reinforcing is 

carrying the full hoop tension, or if the concrete is carrying part of the hoop load. At the time 

of writing, the author was convinced that the silo walls were fully cracked and that the hoop 

reinforcing was carrying the full hoop tension. 

The third paper (7.4.3) describes an Investigation into the behaviour of a 12 year old reinforced 

concrete coal silo subjected to a design overload. To the author's surprise, the silo behaved 

as if the wall was uncracked except for a small section that appeared to be partly cracked. This 

was despite the fact that the silo had been in service continuously for 12 years and had been 

overloaded continuously for a period of months. 

This result has thrown some doubt on the results reported in 7.4.1 . Plans are now being made 

to return to the cement raw meal silo to check on its behaviour 13 years after it was filled for 

the first time. 
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7.4 MEASUREMENTS OF STRAIN IN THE REINFORCING OF REINFORCED CONCRETE SILOS. 

7.4.1 Blight, G.E. , Schaffner, R.H. and Gilbert, B. (1982) . Strains in a reinforced concrete silo during 

rapid filling with a fine powder. Journal of Powder and Bulk Solids Technology, vol 6, No 2, pp 

17-27. 

The designer of the silo was Mr Schaffner while Mr Gilbert represents the contractor. I estimate 

my contribution to the paper at 80%. 

7.4.2 Schaffner, R.H. and Blight, G.E. (1983). Comparison of design assumptions and measured 

performance for cement works silos. Proceedings, 2nd International Conference on Design of 

Silos for Strength and Flow, Stratford-upon-Avon, UK, pp 207-216. 

7.4.3 

I was commissioned to write this paper by Mr Schaffner, on behalf of his firm. My contribution 

to the paper was thus 100%. 

Blight, G.E. and Dreyer, H.N. (1989). Behaviour of a reinforced concrete coal silo under a 

design overload. Bulk Solids Handling, vol 9, No 1, pp 21-25. 

This study was commissioned for a mining house. Mr Dreyer was head office engineer for the 

mine. I planned and undertook the investigation and drafted the paper. I estimate my 

contribution to the paper at 90%. 
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STRAINS IN A REINFORCED CONCRETE SILO 
DURING RAPID FILLING WITH A 
FINE POWDER 

G. E. Blight, 
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Engineering, 
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Witwatersrand, 

R. H. Schaffner, 
Watermeyer, Legge Piesold 
& Uhlmann, 

and B. Gilbert, 
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P.O. Box 75102, 
Garden View, Box 31176, Braamf ontein, 

South Africa 2047 Johannesburg, 
South Africa. 1 Jan Smuts A venue, 
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South Africa, 

. INTRODUCTION 
RAPID FILLING OF SILOS WITH FINE POWDERS 

When a fine powder is rapidly loaded into a silo it 
entrains a large proportion of air. The pressure exerted 
on the silo walls at any depth is made up of two 
components: that exerted by pressure in the entrained 
air and that exerted by the solid particles. Thus the total 
horizontal pressure ah can be written as 

(1) 

where Pa is the pressure in the air (or the pore air 
pressure) and a~ is the intergranular pressure exerted by 
the solids. The relative magnitude of Pa will vary with 
the speed of filling. With extremely rapid rates of filling 
Pa may be large enough to support most of the weight of 
the solid particles, in which case a~ will be small and the 
powder will be partly fluidized. As time progresses after 
the depositon of a particular element of fill, the 
entrained air will escape, Pa will diminish and a~ will 
increase. Simultaneously, as the entrained air escapes, 

a he fill will compress, settle relative to the walls of the 
~ilo and develop increasing frictional stresses against the 

walls. This, in turn, will have the effect of reducing both 
vertical and horizontal intergranular stresses in the silo. 

Martens' carried out research into the effects of rapid 
filling using an instrumented model silo of 0.8 m 
diameter . The materials he used consisted of powdered 
limestone, cement and wheat flour. He came to the 
semi-empirical conclusion that the profile of ah in the 
zone affected by the speed of filling could be represen­
ted by two straight-line relationships: 

ah = 0.8 y Z (2a) 

with a vertical cutoff at depth Z given by 

(2b) 

In the above y is the density of the powder in its 
loosest state; v is the filling speed or rate of rise of the 
fill surface in the silo; and v0 is the limiting filling speed . 

If v and v0 are expressed in mh·1, t is taken as lh. 
Table 1 summarizes the values of y and v0 established by 
Martens for his three materials. 
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Table 1 
Properties of materials tested by Martens 1 

Minimum Limiting filling 
density speed 

Material y Vo 

(kNm·3) (Jbft·3) (mh·1) (fth·1) 

Powdered limestone 13.5 84 1.40 4.6 
Cement powder 15 .5 97 2.60 8.5 
Wheat flour 7.0 44 4.80 15.7 

Some of the derailed results of Marten's tests were 
published by Pieper2 and are reproduced as Figure 1. 
Note in particular that, at large times, the horizontal 
stresses in the silo became less than those predicted by 
the equations of DIN 1055 (1964)* and that the pressure 
was actually found to decrease with increasing depth 
over some portions of the silo. It should also be noted 
(see Figure 1) that Martens does not appear to have 
investigated pressures during rapid filling , but only the 
condition at the end of rapid filling and subsequent 
pressure changes as the fill consolidated. 

Marten 's work was subsequently extended by 
Nothdurft3 who refined Marten 's result to 

oho = (miny)v ta Kr VR 3.6 (in kPa) (3) 

In this expression: 
oho is the maximum horizontal pressure 
(miny) is the minimum density of the powder 
v is the rate of rise of the fill surface 
t. is a characteristic settling or consolidation time for the 
powder. 
R is the hydraulic radius of the silo, and 
Kr is the ratio of horizontal to vertical stresses in the silo 
during filling. 

Values for these variables recommended by Pieper, 
Martens and Nothdurft3 are given in Table 2. 

*Although the DIN curves were calculated for a higher 
density than that which actually obtained. 
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Figure I. 
Pieper's and Martens' observations on pressures after 
rapid filling of a model silo. 

Table 2 
Values of (miny) t1 and K1 according to 

Pieper, Martens and N othdurft3 

(miny) t. 
Material (kN/ m3)(lb/ ft' ) (h) 

Powdered limestone 11 62 0.24 
Cement powder 13 81 0.19 
Wheat flour 6 37 0.14 

Kr 

0.55 
0.53 
0.31 

Recently, Martens4 has indicated his opinion that 
Equation(2a) could be refined to 

ah = 0.6 yz (2c) 

The only other work in this field appears to be that of 
Murfitt and Bransby5•6 who studied the dissipation of 
pore air pressures after filling small (l.83m diameter by 
4.24m high and 2.44m diameter by 4.21 m high) hoppers 
with a fine chalk powder. The filling speeds were 23mh·1 

for the small hopper and 12mh·1 for the larger hopper. 
Murfitt and Bransby recorded virtually full hydrostatic 
pressures in their bins at the end of filling, i.e. 

(4) 

and recommended that silos filled rapidly with fine 
powders be designed for full hydrostatic pressures. 
Murfitt and Bransby' s work post-dates that of 
Nothdurft by some seven years. Hence there is still 
considerable confusion as to the true state of stress in 
rapidly filled silos . 

No measurements on full-scale silos subjected to 
rapid filling appear to have been reported. In particular, 
there appear to have been no measurements of pressures 
during filling either on model or full- scale silos. The 
present paper will report on strains measured in the 
walls of a full size silo (15 m diameter (49 .2ft) by 43 m 
high (141 ft)). The silo form s part of a blending and 
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storage complex for cement raw meal at the Slurry 
works of the Pretoria Portland Cement Company. 
Figure 2 shows a vertical section through one of the pair 
of blending and storage silos. The blending silos form 
the upper one third of the height of the structure. When 
both blending silos are full, their contents can be 
discharged simultaneously into one of the two storage 
silos at filling rates of up to lOmh-1• 

The objective of the observations on the Slurry silos 
has been: 
(a) to gather information on pressures generated 

during rapid filling at various rates, via 
measurements of strain in the reinforcing steel; 

(b) to resolve the present confusion regarding the 
relationship between rate of filling and the 
envelope of maximum pressure at the end of 
filling; 

(c) to investigate the possible existence of transitory 
overpressures at the start of emptying the silo (e.gA 
Walker7 and Johanson8). • 

With reference to (c), there are theoretical grounds 
for believing that an increase in pressure occurs when 
the contents of a silo become constricted as they flow 
towards the outlet. The existence of these "switch 
pressures" as the flow pattern switches from one of 
vertical parallel flow to radial converging flow has been 
a point of argument for many years. Switch pressures 
have been measured in model silos (e.g. Walker7) and 
their existence has been used to explain structural 
failures that have occurred in hoppers , bins and silos 
(e.g. Wright9). However, these overpressures do not 
appear to have been measured in a full- scale silo. 

THE INSTRUMENTATION AT SLURRY 
Ideally, the pressures developed in a silo should be 

measured by means of calibrated pressure cells e.g. 10 a nd 11 • 

However, at Slurry it was decided instead to measure 
the strains in the hoop reinforcing of the silo . This 
method has the advantage of providing a direct check 
on the design strains (or stresses) in the reinforcing. 
However, the approach suffers from the considerable 
disadvantage that in a composite structure such as a 
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Figure 2. 
Sections through silos and positions of strains gauges. 

reinforced concrete wall in hoop tension, there are 
severe difficulties in interpreting the measured strains in 
terms of pressure. The layout of the instrumentation is 
shown in Figure 2. 

A Electric resistance strain (ERS) gauges were installed 
~ the hoop reinforcing of the silo at levels 1423m (2 

pas· · ns) 1432m, 1437m and 1442m. At each 
instrumentation point at least two reinforcing hoops 
were exposed in a pocket cast into the concrete and 
measuring 450mm square by lOOmm deep. Each 
exposed bar was instrumented with two pairs of gauges; 
each gauge pair consisting of a longitudinal and a trans­
verse gauge. In this way each gauge pair is compensated 
for the effects of temperature on the resistance of the 
gauges and a slight magnification of the recorded strain 
is obtained, the gauge readings representing (1 + v)E 
where E is the longitudinal strain in the bar and v is 
Poisson's ratio for steel. The gauges were waterproofed 
and protected from mechanical damage by a thick layer 
of polysulphide rubber. 

Two sets of four thermocouples each were installed in 
the silo walls at level 1432m. A 20mm diameter hole was 
drilled through the thickness of the wall and the 
thermocouples were inserted, taped to a wooden dowel 
stick to maintain them in their correct positions. A disc 
of stiff rubber fastened to the end of the dowel was used 
to close off the inner end of the drilled hole, and the 
hole was then filled with an epoxy-sand grout. 
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Thermocouples were also attached to the exposed hoop 
reinforcing at levels 1423m, 1432m and 1437m. 
Unfortunately, at the time the thermocouples were 
installed, level 1442m was inaccessible. It would have 
been desirable to have installed strain gauges at a level 
above 1442m, but higher levels were inaccessible. 

The level of fill in the storage silo was measured by 
sounding from an opening in the roof slab at level 
1462,7m using a steel measuring tape weighted with a 
lOOmm square steel plate at its zero end. Similar 
soundings were taken as a check from openings in the 
roof slabs of the east and west blending silos at level 
1494m. 

As far as the measurement of switch pressures is 
concerned, the approximate limits of the zone of radial 
flow are indicated on Figure 2. Level 1423m just falls 
within these limits. In retrospect, it is unfortunate that 
strain gauges were not also installed at a level slightly 
below 1423m, say at level 1420m. 

THE INTERPRETATION OF STRAINS IN 
REINFORCING STEEL 

Reinforced concrete sections subjected to axial or 
hoop tension are usually designed on the assumption 
that the concrete will crack under load and the steel will 
carry all the load . Actual load-sharing between steel and 
concrete is illustrated by the data shown in Figure 3. A 
150mm (6 inch) square concrete prism 800mm (31,5 
inches) long, reinforced with a single axial 12mm 
( Y2 inch) diameter reinforcing rod was subject to axial 
tension applied via the ends of the reinforcing rod. The 
steel rod and the concrete prism were instrumented with 
electric resistance strain gauges at lOOmm intervals. 

At a load of 15kN, strains in both steel and concrete 
were identical over the central 500mm length of 
specimen, which was clearly acting as a truly composite 
steel-concrete section. At the ends of the specimen, 
concrete strains fell to zero, while steel strains increased. 
In these zones, about lOOmm long at one end of the 
specimen and 200mm long at the other, bond between 
steel and concrete was in the process of distributing the 
load between the two materials. 

When the load was increased to 30kN, a similar 
pattern of strains obtained, except that the length of the 
load transference zones increased by about IOOmm. 

DI STANCE ALO NG SPECI MEN (INCH ES ) 

>'--~~~+---~--~~' '~~~ 1 ~~~--'r-~~~--+-. 

Figure 3. 

30kN (3 T ) LOAD 

STEEL TRAINS • 
CENTRf CRACKED 
SPECIM N 

Effect of cracking and crack spacing on strains in 
concrete and steel. 
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The concrete was then deliberately cracked at a 
distance of 400mm from one end and the measurements 
were repeated. Figure 3 shows that at this stage, the 
concrete virtually ceased to carry load and almost the 
entire load was carried by the steel. 

In the initial stage, while the reinforced concrete was 
acting as a composite section, strains measured in the 
steel could not be used to give an indication of the total 
load carried by the section, unless the elastic modulus of 
the concrete was known. In the final stage, steel strains 
could be used to indicate the load in the section. At 
intermediate stages (for example the strains measured in 
the cracked specimen at a distance of 700mm along the 
specimen) the load in the member was indeterminate 
from strains measured in the steel. The question that 
now arises is: "Can strains measured on reinforcing 
bars in a full-scale structure be assumed to represent the 
determinate state of a fully cracked section?" This 
question will be answered by reference to a case history: 

A battery of eight free-standing reinforced concrete 
asbestos ore storage silos have internal diameters of 7m, 
storage depths of 23m and wall thicknesses of 250mm. 
They are emptied through diametral slots by means of a 
plough that runs the length of the row of silos. Early in 
their working life, the silos suffered severe vertical 
cracking which ultimately extended to about l 5m above 
the base of the silos. In order to check stresses in the 
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Figure 4. 
Strains measured in reinforcing of cracked 7m dia 
asbestos ore storage silo. 
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reinforcing steel of the silos, the hoop steel was exposed 
in six places around the perimeter of one of the silos and 
the bars were instrumented with electric resistance strain 
gauges in the manner described previously. Strains were 
then measured as the silo was filled and emptied. The 
filling rate of l .33m/ h (4.4 ft / h) ensured that no pore 
air pressures could have developed in the relatively 
coarse ore stored in the silo. 

Some of the results of the strain measurements are 
illustrated in Figure 4. Although the results are some­
what scattered, it is evident that 
a) strains for emptying were slightly larger than those 

for filling; and 
b) strains measured in line with the emptying slot 

were slightly less than those measured at right 
angles to the slot. This is consistent with the 
theory of eccentric-emptying suggested by 
Jenike 12• 

Strains in the silo at depths of 5m and lOm at 90° to 
the direction of the slot were analysed by means of the 
Janssen equation 

Oh = O(max) ( 1 - e - {K yz/Oh(max)} ) 

oh(max) = ~ 
4 tan d 

(5. 

(5b) 

In these equations K is the ratio of horizontal to verti­
cal stresses in the silo fill, D is the internal diameter of 
the silo; and d is the angle of friction of the fill on the 
silo walls . 

d for asbestos ore on concrete was measured at 31 °, 
while y was measured at 16kN/ m3 (100lb/ ft 3). 

Calculating ob on the assumption that the hoop 
reinforcing earned all the hoop load and solving 
Equation (5a) for K gave the values of K summarized in 
Table 3: 

Table 3 
Values of K = a/ a, calculated from measured strains 

in asbestos ore silo 

Condition Depth K Ko KA 

Filling 5m 0.27 

0.19-
lOm 0.26 

0.32 
Emptying 5m 0.36 

lOm 0.26 

Average 0.29 

During filling, K should lie between the coefficient of 
lateral pressure at rest, K 0 , and the active pressure co­
efficient KA for the fill (see e.g. Blight and Midgley 10) . 
K 0 is given approximately by 

K 0 = 1 - sin~ 

while KA is given by KA = (1 - sin ~)/(l + sin~) 

(6a) 

(6b) 

in which ~. the angle of shearing resistance of the fill 
was 43 °. The agreement between the value of K derived 
from the measured strains and the values given by 
Equations (6a) and (6b) is close enough to conclude that 
the hoop reinforcement must have been carrying the 
entire hoop force in the cracked reinforced concrete 
walls of the silo. 
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OBSERVATIONS AT SLURRY 
The programme of observations at Slurry was 

designed to study the effect of different filling rates on 
strains in the silo walls and hence to investigate the 
validity of existing information on pressures generated 
during rapid filling with fine powders. Table 4 summar­
izes the dates on which observations were made and the 
rates of filling used on those occasions: 

Table 4 
Dates and rates of filling for which 

strains have been measured at slurry 

Date 

August 1976 

August 1977 
November 1977 

'anuary 1978 
ctober 1980 

Rate of filling 
(mh-1) (fth-1) 

5.3 14.4 

7.7 25.3 
4.2 13.8 

10.1 33.1 
7.4 24.3 

Remarks 

First filling. Rate 
varied from 7 .3mh-1 

to 4.3mh-1 

1 year of service 

Lapse of 2. 7 years 

Figure 5 summarizes the strains measured on the 
Slurry silo in August, 1976, when the silo was filled for 
the first time. Figures 6a and 6b show similar data 
recorded a year later (August 1977 and January 1978). 

Two things will be noted on comparing the three sets 
of results: 
(i) The strains on first filling of the silo were con­

siderably less than those recorded at a similar 
filling rate a year later. For example, the 
maximum strain recorded at level 1432m changed 
from 55 x 10-6 to 345 x 10-6• It appears that a year 
of service had caused the concrete in the silo walls 
to crack and that the hoop steel was probably now 
carrying all, or certainly most of the hoop tension. 

(ii) Quite large strains occurred even before the fill 
had reached a particular level. The temperature of 
the raw meal varies from 55 °C to 65 °C whereas 
ambient air temperatures vary from 0°C to 30°C, 
depending on the time of year and time of day. 
Hence these strains can be ascribed to the temper­
ature gradient through the silo wall, although they 
may also include a component due to vertical 
bending in the walls. 
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HOURS FROM START OF FILLING 

Figure 6a. 
Strains measured in August 1977 
Filling rate: 7. 7mh-1 (25.3fth- 1) 

HOURS FROM ST ART OF FILLING 

Figure 6b. 
Strains measured in January 1978 
Filling rate: 10.lmh-1 (33.lfth-1) 

Typical temperature data for the walls at Slurry are 
shown in Figures 7a and 7b: 

Figure 7a shows the variation of temperature with 
time at the inner surface of the silo, 50mm in from the 
inner surface and at the outer surface as the silo was 
filled at a rate of 7.36mh-1 (24.3fth-1). It will be noted 
that the temperature of the inside surface reaches a 
maximum as the raw meal covers the thermocouple and 
that thereafter cooling occurs progressively with time. 
The temperature of other points within the thickness of 
the wall rises to a maximum, after a considerable time 
lag, and then also slowly falls as a result of cooling. 

Figure 7b shows the temperature profiles through the 
wall at three different . times, and also shows that two 
separately measured profiles coincide almost exactly. 

The strains induced by a temperature gradient in a re­
inforced concrete wall are difficult to evaluate, 
especially when there is no way of deducing the position 
of the neutral axis. Hence it has been assumed that the 
temperature-induced strains in the outer reinforcement 
of the wall are proportional to the temperature differ­
ence between the inner and outer surfaces. The initial 
temperature-induced strain is given by the strain that 
occurs in the steel before the fill surface reaches the level 
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Results of temperature measurements in silo wall 

at which the strains are being measured. Once the 
surface of the fill has passed the level of measurement, 
the temperature-induced strain must fall as the temper­
ature gradient reduces. 

The principle adopted for correcting the measured 
strains for temperature is illustrated by Figure 8: 

aba represents the variation of total, i.e. 
(temperature-induced + pressure-induced) strain. 

ab represents the temperature-induced strain which 
reaches a maximum at b. 

bb represents the reducing value of the temperature­
induced strain as deduced from cooling curves such as 
those shown in Figure 7a. 

cc represents the corrected curve of pressure-induced 
strain. 

Figure 6a, which is typical of the strain measured 
from August 1977 onwards, shows that strains actually 
start reducing slightly before the silo is completely full. 
This presumably results from the dissipation of pore air 
pressures from the fill. 

There was a significant increase in the strain recorded 
at level 1423m once emptying of the silo was started. 
This may represent the effects of convergent flow of the 
silo fill, but equally may represent the effects of com­
pressed air introduced at the base of the silo to facilitate 
emptying. A similar pattern of strain increases just after 
the start of emptying was also observed on other 
occasions. 

During rapid filling, vibration of the silo can be felt 
when standing at level 1462.7m. To see if rapid filling 
results in dynamic components of strain, an ultra-violet 
light (UV) recorder was linked to the strain gauges at 
each level during filling at a rate of lO.lmh- 1• Typical 
recorder traces are shown in Figure 9 and show that 
dynamic strains, if present at all, are less than lOxl0-6 in 
magnitude. 
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Figure 8. 
Correcting observed strains for temperature 

FILL AT 1442 m F I LLAT14~5m 

Figure 9. 
Attempt to record dynamic strains during filling at 
JO. lmh-1 (33 . lfth-1) UV traces show largest recorded 
dynamic strains at level 1442. 
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Figure JO. 
Comparison of Martens' and Nothdurft's pressure 
envelopes for a filling speed of 4mh-1 (13. Jfth -1). 
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Figure 10 shows the Equations (2) and (3) applied to 
the Slurry silo for a filling speed of 4mh-1 (13. lfth-1) 

assuming that cement raw meal has properties inter­
mediate between those of powdered limestone and 
cement, viz: 

(miny) or y 
V o 

t. 
Kr 
d 

11.5 kN/ m3 (72lb/ ft 3) 

2.0 mh-1 (6.6 fth -1) 
0.22h 
0.52 
angle of wall friction 38 °* 

In this diagram Marten's pressure envelope for a 
filling speed of 4mh-1 is given by o a b c while that 
according to Nothdurft is o a d c. 

Figure lla shows the envelope of maximum pressure­
induced strain recorded when the silo was first filled. In 
interpreting this envelope it should be remembered that 
the drying shrinkage of concrete, if restrained by the 
presence of reinforcing steel is itself sufficient to crack 

a,.he material. (A typical range of shrinkage strains would 
_.e 300xl0-6 to 500xl0-6 while the failure strain of 

concrete in axial tension is between 100 x 10-6 and 
200xl0-6 (Neville 13). Hence when the silo was first filled, 
it was probably already in a partly cracked state. 

The validity of this statement can be demonstrated as 
follows : Suppose that at level 1423m the horizontal 
pressure is assumed to be given by the DIN 1055 curve 
shown in Figure 10. The elastic modulus of the concrete 
Ee is estimated to be 24GPa (3.5x10-6lb/ in2) and the 
transformed thickness t of the uncracked wall, based on 
this estimate, is 490mm. 

Treating the silo as thin-walled cylinder, the hoop 
strain Eh can be calculated from: 

(7) 

to be 30 x 10-6• 

It will be noted that the actual strain at level 1423m 
was 140xl0-6 which is far in excess of this. Hence it 
appears that when the silo was first filled, the concrete 
was in a partly cracked state and pressures were not 
determinate from strains. 

A The alternative assumption that the silo walls were 
""!'rncracked would require lateral pressures of 4 llz times 

the DIN 1055 values. Pressures as high as this can only 
be rationally explained by assuming a value of d of very 
much less than the measured value for the raw meal of 
38°. The requisite value of d can be calculated from 
Equation (5b) to be 12°. In the absence of better infor­
mation, the value of d that had actually been used in the 
design of the silo was 20° . 

Figure llb summarizes the results of all the maximum 
strains measured in the silo walls since August 1977. In 
addition to the experimental results, the diagram shows 
the maximum pressure line of 0.6yZ suggested by 
Martens4 as well as the vertical cut-off line given by 
Equation (3) for v = 4.2mh-1• The theoretical curves in 
Figure llb have been calculated by simultaneous 
solution of the differential equations for the Janssen 
pressure equation and consolidation of the raw meal as 
its entrained air escapes. This analysis is given in 
Appendix II. 

* See Appendix I 
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start of emptying 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

The effects of a variable fi lling speed is shown very 
clearly by these results. It will also be seen that 
maximum strains 
(a) decrease with depth; and 
(b) are generally less even than the strains predicted 

theoretically for zero fi lling speed. 
Both of these features are evident in Marten 's results 

shown in Figure 1. . 
It was first thought that the pattern of maximum 

strains that reduce with depth may have resulted from 
uneven cracking of the silo. However, the repeated 
application of strains well in excess of 200xI0-6 over a 
period of more than four years must have thoroughly 
cracked the concrete. The latest measurements (October 
1980) are actually less than corresponding measure­
ments made 3 Yi years earlier. Hence it appears 
reasonable to assume that all the measurements shown 
in Figure llb correspond to a determinate state in which 
strains measured on the reinforcing steel may be used to 
evaluate silo pressures. 

This, however, does not explain either the reduction 
of strain with depth or the low values of the pressures. It 
will be noted from Figure 6 that strains at all levels 
reduce with time. Also, the level of the surface of the fill 
subsides as the entrained air escapes. Hence the entire 
mass of fill shrinks continuously as the silo is filled . It is 
probably this shrinkage that results in the form and low 
values of the observed pressure envelopes. 

Figure Uc shows two pressure profiles drawn for the 
maximum strains that occurred after the start of empty­
ing. Comparing these profiles with the corresponding 
ones for the end of filling, it will be seen that in both 
cases strains in the upper part of the profile have de­
clined, while strains at level 1423m have increased, 
probably as a combined result of the effects of conver­
gent flow and aeration. 

CONCLUSIONS 
The measurements made at Slurry are apparently the 

only observations available of the effects of rate of 
filling on strains in a full-scale silo. 

It has been demonstrated that strains measured on the 
reinforcing steel of a reinforced concrete silo can be 
interpreted in terms of internal horizontal pressures. It 
also appears that the strain measurements made at 
Slurry from August 1977 onwards can be thus 
interpreted . 

Pressures deduced in this way are generally less than 
those predicted on the basis of Janssen's theory modi­
fied for the effects of entrapped air pressure. However, 
agreement between the maximum deduced pressures 
and the theoretical predictions are quite close. 

It will be seen from Figure llb that maximum 
pressures can be predicted reasonably accurately by the 
procedure of simultaneous solution of the differential 
equations for the Janssen pressure distribution and the 
consolidation of the silo fill. However, this procedure is 
tedious and for design purposes, the equation of 
Nothdurft probably gives a sufficiently accurate and 
conservative envelope of maximum pressures. 
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APPENDIX I-
PHYSICAL PROPERTIES OF CEMENT 
RAW MEAL 

The raw meal was sampled on two occasions, August 
1977 and October, 1980. Physical properties were 
determined for both samples. 
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Figure 12. 
Particle size distribution of cement raw meal and chalk 
powder. 

The particle size distribution of the meal is shown in 
Figure 12. Although there was some variation between 
the two samples, the grading has, as would be expected, 
remained essentially constant. 

Figure 12 also shows the grading of the chalk used by 
Murfitt and Bransby5•6 which is very much finer than the 
cement raw meal and would therefore be expected to 
retain entrapped air for longer. 

Figure 13 illustrates the frictional characteristics of 
the raw meal. Figure 13a shows a typical relationship 
between the major principal strain and the principal 
stress ratio (o1 - o3)/ o3 measured in a drained triaxial 
shear test, while Figure 13b shows the results of drained 
triaxial shear tests (black dots) and wall friction tests 
(white dots) . The wall friction tests were conducted in a 
shear box in which the lower half of the specimen waW 
replaced by a concrete block. 

These results show: 
(a) that a considerable amount of strain is required to 

mobilize the shear strength of the raw meal; and 
(b) that the angle of shearing resistance ~' is sensibly 

equal to the angle of wall friction d for raw meal 
on concrete. 

Figure 13c shows the influence of relative movement 
between the fill and the wall on the angle of wall 
friction. When the raw meal is moving relative to the 
concrete, the angle of wall friction rises to about 2° 
above the static value. These results are similar to those 
reported for coal 10, but in the case of coal the difference 
between static and moving values was 11 ° . 

The consolidation characteristics of the raw meal are 
illustrated by Figure 14. Figure 14a shows a typical time­
consolidation curve for triaxial consolidation of the raw 
meal , while Figure 14b shows a series of void ratio -
consolidation stress curves for the meal starting from 
four different initial void ratios. It is evident from the 
parallelism of these curves that the compressibility of 
the meal is only slightly affected by the initial void ratio. 
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Figure 15 shows the relationship between horizontal 
and vertical principal stresses during consolidation of 
the cement raw meal with zero lateral yield. The ratio of 
the two stresses represents K0 , the coefficient of lateral 
pressure at rest. At low stresses K0 is about 0.65, 
declining as the stress increases to a value of 0.5. The 
approximate value of K0 = I sin~ is about 0.4. In the 
stress range of interest for the Slurry silo, K0 would have 
a value of about 10 kPa and K0 would therefore be 
about 0.65. However, a separate set of measurements of 
K0 using a slightly different technique gave a value in 
this stress range of 0.38. Hence calculated pressures 
were based on an average value of 0.52. 
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APPENDIX II -
CALCULATION OF THE EFFECTS OF RATE OF 
FILLING ON SILO PRESSURES 

Gibson 14 showed that the progress of consolidation in 
a water saturated clay layer increasing in thickness with 
time could be represented by the differential equation 

(Sa) 

In which Pw is the water pressure at a point distant x 
above the impermeable base of the clay at time t, h is the 
height of the surface of the clay above the base; Cv is a 
coefficient, the coefficient of consolidation, that 
depends on the permeability and compressibility of the 
clay; and Bw = (l/y) . (dpw/ dh) is the ratio of the pore 
pressure to the corresponding increment of overburden 
stress under undrained conditions. 

Blight 15 showed experimentally that the same bask 
form of differential equation could be used to describe 
the unsteady flow of air in a dry powder. For the flow of 
air the equation would be re-written as 

8pa = Cv 8 2pa + yB. dh (Sb) · 
at ax2 dt 

B. can be calculated from the compressibility 
characteristics of the powder. Using Boyle's law it can 
be shown that 

tip. = -Ae (9) 
Pa e + Ae 

In which Ap. is the increment in Pa that results from a 
decrease Ae in the void ratio e* of the powder. The 
increment of total stress Aov required to reduce the void 
ratio from e to (e-Ae) can be found from the measured 
relationship between e and ov (see Figure 14b). 

Hence 

B. = - _EL tie 
(10) · ---

Aov e+Ae 

Pz 

ll x 

Po 
~ 

llt 

Figure 16. 
Finite difference grid for solving Equations (Ba) and 
(11). 

*e is defined as the ratio of the volume of voids 
contained by the powder to the volume of solids. 
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For the range of stresses that are of interest (p. from 
lOOkPa to 200kPa, ov up to lOOOkPa) B. for the Slurry 
raw meal is about 0.1. y can be found from the ov versus 
e relationship for the raw meal as shown in Figure 14b. 
In the calculations described below a value of y of 
12kNm·3 was used. cv can be found from the time­
compression relationships for the raw meal, a typical 
example of which is shown in Figure 14a. The average cv 
for the raw meal was 20m2h-1• The reader is referred to a 
standard textbook on soil mechanics (e.g. Lambe and 
Whitman 16) for further details of these tests. 

Equation (Sb) must be solved simultaneously with the 
differential equation for the Janssen analysis, viz. 

dov = y-_i_(l-sint)tand(ov- PJ (11) 
dh D 

This is done by writing Equations (Sb) and (11) in 
finite difference form as follows (see Figure 16) 

P 1 P 0 CvAt (P2 + PJ - 2pJ + B.Aov (12a) 
(Ah)2 

Aov Ah {r- ~ (1-sint)tand(ov-PJ} (12b-

Suitable values of Ax and At are chosen and Ah is then 
fixed by the speed of filling for which the calculation is 
being performed. The procedure for solution is as 
follows: 
(i) Use the theoretical curves given by Gibson 14 to set 

up an initial distribution of Pa down to a depth of 
one silo diameter, ignoring silo action. (i.e.Ao = 
yAh) v 

(ii) Calculate the initial stress profile from Equation 
(12b) 

(iii) Introduce an increment of fill Ah and calculate Ao 
for each node of the finite difference grid. v 

(iv) Calculate values of Pa from Equation (12a). 
(v) Repeat iii). 

Continue until the silo is full. 
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agglomeration, binderless granulation, and instantizing. Where possible, 
design and operation for each is included. 
GRANULATION will prove an invaluable contribution to the field of 
powder science, and will provide practitioners with a wide range of 
background information and extensive bibliography, all in one volume. 
ISBN 0 85501 177 7 196pp Casebound 1981 
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Second International Conferenc'! on 

DESIGN OF SILOS FOR STRENGTH AND FLOW 
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STRATFORD-UPON-AVON HILTON 

Organised by tile 
POWDER ADVISORY CENTIIE. P.O. Box 78. London NW11 OPG. England 
Telephone: 01-4550011 Telex: 8954242 (POWDER Gi 

PREFACE 

This volwne comprises the texts of papers, in 
Programme order, to be presented during the 
Conference. This material has been directly 
photo-reduced from author original typescripts . 

. we are indebted to all our authors for their 
contributions and sincerely hope that they will 
stimulate active discussion. 

We are also indebted to the members of our 
Programme Committee - F. E. Weare (Polytechnic 
of Central London), J. G. M. Wood (Mott, Hay • 
Anderson, Croydon) and H. Wtiqht (British Steel 
Corporation, Teesside Laboratories). 

Finally, we also acknowledge the support and 
encouragement of our co-sponsoring professional· 
organisations (as listed on the inside back 
cover) who have assisted in ensuring a worthwhile 
Programme and full international participation. 

It .is hoped, as with the first Conference, to 
publish a supplementary volume to these Proceedings 
based on ~ontributions and discussions slibmitted 
in writing by Conference participants. The actual 
Conference discussions will not be recorded so as 
to stimulate audience participation in a confidential 
atmosphere. 

We sincerely hope that this- the second of our 
series - event will stimulate searching practical 
discussion of all aspects of silo design and lead 
to more efficient and safer constructions and also 
stimulate international and interdisciplinary 
contact. 

/~~~· 
A. S. Goldberg 
Conference Chairman 
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The Pretoria Portland Cement Company in this instance sited the 
blending silos above the storage silos. The meal can then be rapidly 
decanted from the blending silos into the storage silos below. In 
the process more blending occurs and this results in a more homogenous 
feedstock for the kiln. 

A complex consisting of twin blending and storage silos was required, 
to 'feed a new nominal 2500 ton per day rotary kiln having a four­
stage suspension pre-heater system. Each of the two blending/ 
storage silos is housed in a continuously slid reinforced concrete 
cylinder having an internal diameter of 15 m, a wall thickness of 
450 mm and an overall height of 88 m. Figure 1a shows the completed 
complex while Figure 1b shows detailed dimensions of one of the 
cylinders. Each blending silo has a volume of 4100 m' while the 
volume of each storage silo is 8000 m'. Each storage silo can be· 
filled directly from the blending silo above it and is also connected 
by an air slide to the blending silo on top of the adjacent storage 
silo. It was assumed that filling rates o! up to 6000T/h (or a rate 
of rise of the meal surface of up to 30m/h, assuming a meal density 
of 1,15T/m• could occur by direct vertical flow, while 1000T/h (5m/hJ 
could be transferred by transverse flow :ro~ the adjacent blending 
silo. Hence a maximum of rise of up to 35 m/h (7000T/hl was 
considered possible • 
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Figure la (above) 

View of twin bl~nding/storage silo 
complex 

figure lb (right) 

Section through combined blen~ing and 
storage silo cylinder 
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DESIGN PRESSURES 

For the blending silos, in which pneumatic homogenizing takes ~lace, 
horizontal pressures ph were calculated on the basis of DIN 1055 as: 

ph = 0,6yz .••.•••••••.•..............•..•.........•...•...... (1) 

with y = 1,1ST/m3 and z the depth below the fill surface. 

For the storage silos the following filling possibilities were assumed 
to exist: 

(i) Discharge into an empty storage silo at a rate of 35 m/h from 
two full blending silos until the blending silo directly above 
the storage silo was empty, followed by transverse discharge at 
Sm/h until the adjacent blending silo was empty. 

(ii) Filling of an empty storage silo by vertical discharge at 
30 m/h followed by filling at 5 m/h by transverse discharge. 

'{iii) The reverse of (ii). 

(iv) Starting at any stage of filling of a storage silo and 
discharging into it at any rate from 5 rn/h to 35 m/h. 

At the time of the design, the only known work available on the effects 
of rapid filling of silos with fine powders was that due to Martens (2) 
who gave the following equation for pressures under rapid filling 
rates: 

ph = 0,8yz
0 

•.••••••••••••..••..•.•.••.....••.••••••••• , .•••.. (2) 

where z
0 

is the depth below the surface at which the horizontal 
pressure reaches a maximu~ and below ·•hich it is constant 

with depth 

z
0 

= (v-v
0

) ••••••••••••••••••.•••.••••.••.•.••••••••••••••••. (31 

in which v rate of filling in m/h and 
v

0 
= limiting filling rate in m/h. 

Martens gave v for powdered limestone as 1,4 m/h and this was 3ssumed 
to be 0 applicable also to cement raw ~eal. 

Once the material had been deposited in the silo, the horizontal 
pressure was assumed to revert to that predicted by the Jansse~ 
expression 

Ph = Ph (max){ 1 - e -Kyz/ph (max): . . . . . . . . . . • . . . . . . . . . . . . . . . . . ( 3a) 

ph (max) = ..,..,.r£...._ • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • ( 3bl 
4tan~ 

in which K was taken as the active pressure coefficient KA, and 

KA = (1-sin•lfi1+sin•l 
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y is the density of the settled raw meal, taken as 1,7T/m' 

6 is the angle of wall friction, taken equal to the angle of 
shearing resistance t, as 20°. 

In addition to the ;.ormal filling and emptying pressures in the 
storage silo, it was considered prudent to design the walls to with­
stand a nominal minimum pressure of 100 kPa that ca.ild be transmitted 
from the blending silo above. 

Figure 2 shows the.resultant envelope of maximum horizontal pressures, 
which was made up as follows: 

1ry 
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ab represents the pressure produced by filling the silo to just 
more than half (26,25m) at a rate of 35 m/h (z

0 
= 33,6m) 

bed represents the pressure produced by filling the upper half of 
an initially half-full silo at a rate of 35 m/h 

de Lepresents portion of the static pressure curve 

ef represents the minimum pressure referred to above. 

Figure 2 also shows the area of hoop steel reinforcing provided to 
resist the lateral pressures. High tensile steel having a yield 
stress of 450 MPa was used for the reinforcement. The maximum stress 
in th.e steel under assumed static pressures occurs between depths of 
25 m and 32 m and amounts to 250 MPa. The maximu~ transient stress 
would occur between depths of 22,5 m and 32 m and amounts to approxi­
mately 345 MPa, giving a minimum design factor of safety of 1 ,JO· 
against yield of the steel. {Thermal stresses vould have reduced 
the stress in the inner layer of hoop steel to 295 MPa and increased 
that in the outer steel to 395 MPa.) 

I 

MEASURED PRESSURES 

As the greatest uncertainty in the design pressures appeared to relate 
to those generated during rapid filling of the storage silos, it was 
decided to instrument one silo by mounting strain gauges on the hoop 
reinforcing at intervals up its height. Access to the outside of the 
silo was only available through the elevator and dust filter· housing 
to be seen between the twin cylinders in Figure la. This limited the 
positions at which strain gauges could be mounted. These positions 
are indicated in Figure lb. The reader is referred to ref (1) for 
details of the instrumentation, the development of strain during 
filling of the silo and the interpretation and cor~ection for temper­
ature effects of the measured strains. 

Initially, flow into the silos was throttled by :r.eons o: orifice: 
plates in the connecting ducts to give a maxi111tm ::c.:.e af filling of 
5 m/h under combined vertical and transverse di sc'.":arg•.:. Larger 
orifices were then inserted in the filling ducts, and ultimately the 
orifice plates were removed completely. It lrans~ired that the 
maximum attainable rate of flow was only 10,1 r:i/~ i:-1stead of 35 m/h 
assumed at the design stage. At this filli1•g rate it was noted that 
the dust extracting plant that de-dusted the a1r ~pace above the fill 
in the storage silos worked so effectively th~•t a ;odrtia.1 vacuwn 
existed above the fill. 

Figure 3 superimposes the maximum recorded strains (expressed as an 
envelope of equivalent actual horizontal cressure~! or. the design 
~ressure envelope. The actual pressures. for a f1itin9 rate of 10,1 ~1h 
are compared with Marten's theory in this figure. 
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REASONS FOR DISCREPANCIF.S BETWEEN DESIGN AND MEASURED PRESSURES 

As Figure 3 shows, the actual lateral pressures in the silo during 
rapid filling proved to be very much less than the design pressure 
envelope. It was unfortunately not possible, due to mechanical 
constraints, to fill at a faster rate to investigate the theory to 
the limit of 35m/h. As Figure 3 shows, Marten's theory, when applied 
to the maximum attainable rate of filling of 10,1 m/h, gives a pressure 
envelope which still exceeds observed pressures, but by no means as 
much as the design envelope. 

A source of discrepancy lay in the assumed characteristics of the raw 
meal. Measurements on material stored in the silo showed that the 
settled density is only 1,15 T/m' while the angles of shearing resist­
ance and wall friction are 38~. The static pressure envelope shown in 
Figure 3 is based on these parameters with K = K = 1-sin!. Marten's 
work appears to have encompassed filling rates 0 of up to about 
10 m/h. Because his relationships and those of Nothdurft (3) are 
empirical, one is probably not justified in extending the use of their 
expressions to filling rates greater than this without further 
experimental work. An analysis given in ref (1) in which the consoli­
dation of the raw meal is considered as it is filled into the silo 
indicates that even with very large filling rates, horizontal pressures 
would be less than those predicted by Marten's expression. The 
pressure profile labelled "dynamic envelope" in Figure 3 is generally 
50% of 'the design Janssen curve for the assumed raw meal characteri­
stics and less than 40% of the Martens curve for v = 35 m/h, given in 
Figure 2. 

WALL-TEMPERATURES 

The milling process raises the temperature of the raw meal to the 
vicinity of 100°C and the temperature is still high when the meal is 
decanted into the storaae silos. The walls therefore have to be 
designed to resist the thermal bending moment that results from the 
temperature difference between the inner and outer hoop reinforcing in 
the wall. The design assumptions were: 

Maximum temperature of meal : 100°C 

Minimum ambient air temperature : 5°C 

Intern~l wall surface temperatures: 

space above stored ~eal : 80% of meal temperature 
below surface of meal: 60% of meal temperature 

Taking a centre-to-centre distance between the inner and outer hoop 
reinforcing of the wall of 400 mm, the design thermal bending stress 
in the steel would be ?roportional to a temperature difference of 
400 (60-5) = -t9°C. 
450 

Thermocouples installed in the wall of the silo were used to measure 
actual tcMperature differences through its thickness. Figure 4 sho~s 
temperatures measured as the silo was filled at a rate of 7,36 mh- 1

• 
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Figure 4a : 
Temperatures in silo 
wall during filling 
at 7,36 mh-1 

Figure 4b : 
Temperature profiles 
through silo wall at 
various times from 
start of filling 

It will be seen that the temperature at the inner surface rose 
continuously until the meal surface covered the point at which the 
thermocouple junction was mounted. The temperature at this instant 
was 56°C which represented the temperature of the meal. 7hereafter 
the temperature at the inner surface fell until it levelled out at 43°C 
(77% of the temperature of the meal). At this stage, 6 hours after 
the start of filling, the temperature gradient through the wall was 
approximately linear, and the temperature difference over the central 
400 mm of thickness was 12°C. (Note that the actual wall thickness 
at this point was only 420 mm and not the design value of 450 mm). 
However, at a time of 2 hours on Figure 4, the maximum temperature 
difference between inner and outer steel reinforcina was 18°C and could 
have been as much as 18. (80-5) = 45°C had the temperature of the meal 
been a full 100°C with (56-26) the ambient temperature as low as 5°C. 
Comparing the design value of 49°C with the above figure of 45°C, it is 
seen that the design assumptions were not unrealistic. 
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CONCLUDING RE..''1ARKS 

A major point to emerge from this comparison is the extent to which the 
design of a silo may depend on inforl'la~ion, not always accurate, or 
even correct, but given in gooc faith by a third pa=ty such as a 
mechanical equipment supplier. Another difficult:; that the silo 
designer has to face is that many industrial silos ::ave to be designed 
and constructed before the product which they will store has been 
produced. The designer therefore has to <iepend o~ available informa­
tion, which again may be unreliable. It is only '=:: carrying out 
comparisons such as the one above that the large discrepancies that may 
exist between assumption and reality come to light. 
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Behaviour of a Reinforced concrete 
coal Silo Under a Design overload 

G.E. Blight and H.N. Dreyer, south Africa 

• 
Summary 

In situ strain measurements were made on the reinforcing 
of a reinforced concrete coal storage silo in order to decide 
if the silo could safely be loaded beyond its design load. The 
results of the measurements showed that the silo wall was 
still carrying load as an uncracked section after eleven years 
of service. It could be shown that it is quite safe to overload 
the structure to the extent required. 

1. Introduction 

The reinforced concrete silo concerned is one of a pair of 
identical silos for the storage of run-of-mine coal at Bank 
Colliery, South Africa, built in 1976. The silos had been 
designed to be filled to a level such that the apex of the fi ll ing 
cone came level with the top of the silo wall. The conveyor 
gantry was much higher above the top of the silos than is 
usual, because the silos had originally been equipped with clal spiral loading chutes to minimize breakage of the 
coa. These chutes had recently been removed. The height 
of the conveyor made it possible to fill each silo completely, 
with the apex of the filling some 6 m above the top of the 
wall. The object of the investigation was to establish wheth­
er the silos can be filled completely with safety. 

The two silos have unusually large dead volumes at the 
. base. The extent of the dead zones is indicated on the 
section in Fig. 1. The cone forming the lower portion of the 
dead zone rises at 65° (theoretically (45° + ¢ /2) where¢ , the 
angle of shearing resistance is 40°). This lower cone or 
funnel is cut off by an upper cone with a flatter angle of 38° 
which is the angle of repose of the coal. 

When filled to the original design level, the silos each store 
a live capacity of 1,400 t. When filled to the proposed 
maximum level, the live capacity increases to 2,400 teach , 
i.e. an increase of 71 % of the original capacity . If the silos 
could be filled to this extent the cost of an additional storage 
silo could be saved. 

Manuscript received : April 1, 1988. 

2. Investigation Undertaken 
It was decided to expose the hoop reinforcing of the silo at 
selected points on the outside of the wall and to strain 
gauge the bars thus exposed. The strain gauged silo would 
then be test-loaded by filling it to the required level , from 
empty, and observing the strains in the reinforcing. Hence 
the margin of safety of the silo under the proposed new 
loading could be assessed . The procedure was safe 
because the filling could be stopped instantly if the meas­
ured strains showed up any distress in the structure. Investi­
gations of strains in two other reinforced concrete silos have 
previously been carried out using a similar technique. One 
silo is at King Mine, Mashaba, Zimbabwe and the other at 
the Pretoria Portland Cement works near Mafikeng, South 
Africa [1] . 

Exposing the reinforcing proved very difficult as the 11-year 
old concrete is extremely strong. Also , at some of the 
chosen positions the hoop reinforcing had been displaced 
towards the inside of the silo, with the result that the con­
crete cover is as much as 100 mm. 

3. Instrumentation 
Fig. 1 shows the positions of the ten strain gauge points (1 
to 10) in elevation and in plan. At each point , the exposed 
high yield steel bar was prepared by grinding a small flat on 
it , on which to mount the strain gauges. The gauges were 
mounted on two vertical lines, one approximately on the 
north side of the silo , the other on the east. 

The gauges used were 2 mm gauge length Kyowa right 
angle rosettes consisting of two gauges at right angles on 
a single piece of backing. The rosettes were mounted with 
one gauge parallel to the bar and one at right angles. After 
mounting , each rosette was waterproofed using a rubber 
solution and further protected against the weather by 
means of a piece of aluminium foil-backed bitumen sealing 
strip. Four-core shielded cable was used for connecting 
leads and these were anchored by tieing them around the 
exposed steel bar. The leads were then taken down the side 
of the silo to a central reading station at ground level. The 
pair of gauges forming each rosette were connected as a 
half bridge. This arrangement gives temperature compen­
sation and a 30% magnification of strain . The strain read-
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Fig . 4 : Comparison of calc ulated and measured hoop st rains in silo 

The ring tension is shared, in general , between the concrete 
and the reinforcing steel, the usual design assumption being 
that the concrete carries no tension and that all the tension 
is carried on the hoop steel. In this case the tensile strain 
in the steel would be given by : 

Y.s 
£ = - [3] 

As Es 

in which s is the vertical spacing of the hoop steel , A s is the 
cross-sectional area of the bars at the level considered and 
Es is Young's modulus for steel. 

It is usually found that in a new concrete silo , the load is 
shared between the steel and the concrete, but that within 
a few years, the concrete has shed its load, and all (or most 
of) the tension is carried by the steel. This principle has been 
illustrated recently by BI i g ht [5]. 

Fig. 4 shows the estimated hoop strains based on Eq . 3. 
Reference to Fig. 3 will show that actual steel strains might 
vary considerably from these estimated values, depending 
on the actual values of K and y and also on the actual 
position of the cutoff for the pressure distribution A B. 

The maximum calculated hoop strain on the basis of loading 
line OA B in Fig . 4 is about 1,500 x 1 o-6 which corresponds 
to a steel stress of 300 M Pa. This is the maximum stress that 
could occur for the assumed loading. The yield stress of the 
high tensile reinforcing steel is 450 MPa hence on this 
"worst case" basis, there is no danger of the reinforcing 
yielding . 

Fig. 4 also shows the measured strains in the silo which , 
with the exception of gauge position 3, were very much less 
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than the calculated strains. Even the strain at position 3 was 
only half than calculated. 

As Fig . 3 indicates, it is possible that the loading could 
considerably exceed that represented by line OA B , but the 
risk that this would occur was considered small enough to 
accept. The cutoff pressure line A B depends on the pres­
ence of the well compacted dead zone in the base of both 
si los. The cutoff would disappear if , for any reason , the dead 
coal were to be removed from the silo. It is essential , 
therefore, that it be regarded as part of the structure of the 
si los and be left undisturbed in place. 

Referring back to Fig . 2, it was noted that the measured 
strain at position 3 was only 260 x 10- 5 when the coal 
reached its original maximum level. The strain elsewhere in 
the silo would have been far less than this as can be seen 
from the line in Fig. 4 representing strains in the uncracked 
si lo. These strains were based on a value for the elastic 
modulus of concrete of 20 GPa which is probably less than 
the actual value. Hence the strains in the uncracked wall 
have probably been o~erestimated. As the cracking st •. 
of concrete in tension 1s about 150 x 1 o-6 to 200 x 1 ~ 
and the maximum calculated strain in the uncracked section 
was only 85 x 1 o-6 , it appears that at the other positions 
monitored the concrete was still sharing the hoop tension 
with the steel, and in fact carrying the major portion of the 
hoop load. 

Even on the first filling of the silo eleven years ago , when 
the loading condition was similar to line CD in Fig. 3, the 
maximum calculated strain in the silo was only 85 x 1 o-6 , 

and probably less than this , because of the constraint 
applied to the silo walls by the floor. 

The situation is expected progressively to change in the 
future as the silo is repeatedly filled to maximum capacity . 
However, the strains cannot increase to more than the hoop 
strains estimated on the assumption that the hoop steel 
carries all the load. 

This was the main reason that the strain measurements on 
the silo were repeated after a period of 6 weeks. The silo 
was filled to capacity several times per week during that 
period. It had been anticipated that as a result , the cone~ 
would crack and the strains in the steel would increase.9 
seen on Figs. 2 and 4 this did not happen to any extent. The 
strains in most of the steel remained small. However, there 
were indications that cracking was progressively occurring 
and the concrete was shedding its load at positions 2, 4 and 
9. Strains can be expected eventually to increase consider­
ably throughout the silo. It was only the concrete in the 
vicinity of position 3 that appeared to have cracked fully at 
the time the measurements were made. The strain at this 
position was 55% of the calculated strain, which means that 
for a value of y = 8 kN/m3 , the horizontal pressure 
coefficient is 0.28. If this is taken to be an active pressure 
coefficient KA, the corresponding angle of shearing resis­
tance would be 35° which is a very possible value. Hence 
if the steel at position 3 is regarded as a load cell , it indi­
cates that the lateral loading on the silo walls is actually less 
than represented by load line OA B in Fig. 3. 

6. Conclusions 
1. Measured strains in the hoop reinforcing of the silo when 
filled to maximum capacity were generally low. With the 
exception of position 3 (where the maximum strain was 850 
x 1 o-6) the strains had a greatest value of 225 x 1 o-6 which 
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is about equal to the cracking strain of concrete. This 
indicates that most of the silo wall was still behaving as an 
uncracked section and that the ring tension was partly being 
carried in tension on the concrete. 

2. The estimated hoop strains. on the assumption that the 
hoop reinforcing carries all the ring tension , indicated that 
the maximum stress in the reinforcing will not exceed 
300 MPa. This stress is safe, although it exceeds the usual 
design stress for high yield reinforcing . 

This conclusion depends on the assumption that the load 
diagram for the silo is represented by line OA B in Fig. 3. 

Strains measured at position 3 on the silo indicated that the 
• 

1 actual lateral loading was probably less than that assumed. 

3. The ring tension near the base of the silo is considerably 
reduced by the presence of a large zone of dead coal. This 
cannot be removed without the ring tensions increasing 
very considerably. 

4. It is probable that as the silo is repeatedly filled to 
ramum capacity, the concrete will gradually transfer its 
h~ load to the reinforcing. The measured strains will then 
move toward the calculated strains shown in Fig . 4. 

5. Based on the two sets of measurements described in this 
paper, it was decided that the si lo may be filled to maximum 
capacity without in any way endangering the structures. 
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7.5 MEASUREMENT OF LOADS IN STEEL SILOS VIA ELECTRIC RESISTANCE 

STRAIN GAUGES 

CONTRIBUTION TO LEARNING 

The author was originally forced into 1:1sing strain gauges, rather than pressure cells 

by budgetary constraints. The fall in the value of the Rand against the Yen has now 

made pressure cell prohibitively expensive to purchase. 

It was soon realised that strain gauges had considerable advantages over pressure 

cells for measurements on steel silos. Strain gauges are self calibrating, provided the 

gauge factor is correct, and can be used to measure frictional wall loads, which 

conventional pressure cells cannot do. 

The main contributions of this group of eight papers have been as follows: 

.1 Temperature surcharge pressures have been investigated and a method 

developed for calculating the surcharge . 

. 2 The effect of temperature changes on frictional wall loads has been 

demonstrated. Under certain circumstances it is possible for a steel silo wall 

to go into vertical tension as a result of a decrease in ambient temperature . 

. 3 The sharing of load between the sheeting and the stiffeners of corrugated 

steel silos has been elucidated. 

In the penultimate paper (7 .5. 7) strain measurements have been used to illustrate and 

confirm the conclusions (reached on other evidence) stated in the summary paper 

number 7.1.6. 

The final paper shows that the broad concepts of 7.1.6 can be predicted for a given 

filling material used in a series of silos of varying geometry. 
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7.5 MEASUREMENT OF LOADS IN STEEL SILOS VIA ELECTRIC RESISTANCE STRAIN 

GAUGES 
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TEMPERATURE CHANGES AFFECT 
PRESSURES IN STEEL BINS 

G. E. Blight, 
Department of Civil Engineering, 
University of Witwatersrand, 
Hillman Building, East Campus, 
I Jan Smuts Avenue, 
Johannesburg 2001, 
South Africa. 

Strains, pressures and temperatures in the walls of a 
a;teel storage bin have been recorded in the field. The 
9neasurements illustrate the large effect of diurnal 

temperature changes on wall pressures and wall loads in 
a steel bin. Wall pressures generally increase as 
temperatures fluctuate, while wall loads are decreased 
by failing temperature and vice versa. 

INTRODUCTION 
This paper deals with pressures measured in a steel 

maize storage bin and the effect that temperature 
changes have on these pressures. A complete description 
of the bin, of which a photograph is shown in Figure 1, 
has been given in a previous paper 1• 

Measurements of pressure were made by means of 
mercury-filled strain-gauged pressure cells mounted in a 
vertical line up the side of the bin. The pressure-sensitive 
faces of the cells are aligned flush with the inner face of 
the bin so that there is no interruption in the continuity 
of the interior surface. 

Figure 2 shows the main dimensions of the bin and 
also summarizes measurements of horizontal pressure 
on its walls. The measurements are presented as a plot 

a f horizontal pressure versus calculated overburden, i.e. 
Wie unit weight of the maize y multiplied by the depth z 

to the point of measurement. 
Also shown in Figure 2 are a series of theoretical 

relationships between pressure and overburden. The line 
labeled "arching K0 (NC)" represents the relationship 
calculated from the well-known Janssen theory2 using a 
lateral pressure coefficient 

av I ah = Ko 

K 0 is the pressure coefficient corresponding to vertical 
compression with zero lateral strain, and av and ah are 
respectively the vertical and horizontal pressures . The 
coefficient K 0 was measured in the laboratory. 

The straight lines labeled "no arching" correspond to 
relationships in the form 

ah = Kyz 

in which yz is the calculated overburden . KA is the active 
pressure coefficient which is theoretically the minimum 
value K can have. 

Figure 1. 
20m Diameter steel maize storage bin referred to by 
paper. 
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Figure 2. 
Dimensions of storage bin and summary of measured 
horizontal pressures. 

K0 (NC) corresponds to normally consolidated grain, 
i.e. material in which the stress has continuously 
increased . As the bin's contents pass through it from 
top to bottom they should remain normally consoli­
dated until the zone of convergent or funnel flow to the 
outlet is reached. Within this zone, as indicated in 
Figure 2, the vertical and horizontal stresses generally 
decrease and the grain becomes overconsolidated. K0 

(NC) can be expected to increase towards K0 (OC) which 
is the upper limit to the pressure coefficient for the over­
consolidated grain. As Figure 2 indicates K0 (OC) may 
be considerably greater than K0 (NC). 

Pressures in the grain above the zone of funnel flow 
were found regularly to exceed even those 
corresponding to K0 (OC) . Hence some additional 
mechanism appears to operate to increase the lateral 
stresses in the bin. As the measurements will show, the 
increased pressures result from the effect of temperature 
changes of the steel walls of the bin. 

A steel bin or silo has a thin wall consisting of 
material that is a good thermal conductor. It contains a 
relatively large mass of filling that is usually a poor 
conductor of heat. Hence one can expect the wall of the 
bin to react to external temperature changes without 

2 

much time lag, while its contents remain inert to short­
term, e.g. diurnal temperature changes and will on, 
react to longer period, eg. seasonal changes . 

The temperature at any point on the wall of a bin wi 
undergo a diurnal temperature cycle. However, the 
cycle at any other point will be different. For example, 
the eastern side of a bin will reach a maximum tempera­
ture earlier in the day than the western side. Shading by 
adjacent structures, cooling by rain showers, etc. will 
modify the temperature cycle at any point. Hence the 
temperature history of the bin wall will be extremely 
complex and so will the effect of these temperature 
variations on pressures generated in the contained fill. 

This paper presents a series of recordings of 
temperature, pressure and strain made on the 20m 
diameter steel maize storage bin . The recordings 
demonstrate the response of the bin and its contents to 
changes in temperature and show how complex is this 
response. 

Because the measurements were made at a series of 
points on the surface of the bin, whereas the bin wall 
responds to the average environment, the recordings can 
only be analyzed qualitatively and semi-quantitatively. 
Nevertheless, it is believed that they help to elucidate 
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several rather obscure aspects of bin behaviour. 

OBSERVATIONS OF TEMPERATURE-RELATED 
PRESSURE CHANGES 

In simple terms, if the bin wall cools while its contents 
remain at constant temperature, the contraction of the 
wall will squeeze the contents. An increased pressure 
will result, and vice-versa. When the bin wall expands, 
one can expect the fill to settle so as to occupy the 
increased diameter. On the next cooling cycle, there­
fore, the wall will be unable to return to its previous 
diameter, and the pressure in the fill will further 
increase. 

Figure 3 shows an example of temperature-related 
pressure changes recorded by means of two pairs of 
pressure cells and thermocouples, mounted on the 
western side of the storage bin. The observations were 
made over a week-end during which the silo was not 
operated, hence the observed changes are only a result 
of temperature variations and adjustment of the filling 
to these changes . The pressure cells are fully tempera­
ture compensated and measurements have shown that 
changes of temperature have no effect on their reading. 

a The thermocouple junctions were mounted on the 
•utside of the bin wall adjacent to each pressure cell and 

were covered by aluminium foil-backed adhesive strip to 
provide a similar surface texture and colour to that of 
the aluminium-painted silo . 

Figure 3 illustrates the pattern of rising pressures as 
the temperature falls and falling pressures as the 
temperature rises. It also shows an apparent "thermal­
ratchet" effect, whereby the maximum pressure in each 
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Figure 3. 
Variation of horizontal pressure on bin wall and 
temperature with time at constant fill level. 
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diurnal cycle progressively increases . This presumably 
occurs because of settlement of the grain against the 
sides of the bin when its diameter increases. 

It will be noted that the recorded temperatures and 
pressures are slightly out of phase. The pressure is often 
still falling while the temperature is rising, and vice­
versa. This is probably because the recorded tempera­
ture represents conditions at a point, whereas the 
pressure responds to average conditions over a larger 
area of the bin wall. 

The different nature of the pressure-time record when 
the pressure is falling or rising should also be noted. 
Both exhibit a "stick-slip" characteristic, but whereas 
pressure increases take place in a series of relatively high 
frequency, low amplitude fluctuations, pressure de­
creases have lower frequency, higher amplitude 
fluctuations. 

When operation of the bin w.as resumed on Monday 
morning (not shown in Figure 3) the "ratchet" cycle 
was broken and pressures in the bin fluctuated more 
randomly in response to the influence of filling and 
emptying operations. 

The ratchet effect illustrated in Figure 3 prompts the 
question: "If a bin is left undisturbed for a period of 
several weeks or months (as storage bins sometimes 
are), will the pressure continue to ratchet upwards to a 
dangerous level, or will an equilibrium be reached 
within a short period?" 

It can be argued that an equilibrium must soon be 
reached if the diurnal temperature cycles repeat 
themselves and do not increase in amplitude. As the 
minimum pressure in the bin rises, a stage will soon be 
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reached where the wall friction will be sufficient to 
support the filling and prevent it from slipping down­
wards. At this stage, with the wall contracting and 
expanding onto a static mass of filling, an equilibrium 
will exist and the pressure cycle will repeat itself without 
ratchetting as long as the temperature cycle does not 
increase in amplitude. 

At this point it should be noted that the temperature 
cycles shown in Figure 3 increase progressively in 
amplitude, so the apparent ratchet effect shown in the 
figure could be expected. 

Even without thermal ratchetting, the increases in 
pressure caused by thermal cycles can be surprisingly 
large. As pointed out earlier 1 in the case illustrated in 
Figure 3, a pressure coefficient of 0.5 at noon on 
Saturday would increase to between I. I and 1.4 by early 
on Monday morning. 

Figure 4a shows data similar to that of Figure 2, but 
the record covers a longer period. The first point to note 
is the relatively large increase of pressure that occurred 
on Thursday night, followed by a decrease as maize was 
extracted on Friday. A similar large increase of pressure 
occurred on Friday night and the pressure continued to 
increase until Saturday night , even though the tempera­
ture remained almost static. 

From Sunday morning onwards the pressure tended 
to fluctuate in sympathy with the temperature . How­
ever, the Sunday temperature cycle was slightly more 
subdued than that of Saturday, and there was no 
evidence of a thermal ratchet effect. 

Figure 4b does bring out another aspect of the time­
dependence of pressures in silos, viz. that settlement and 
readjustment of the filling after emptying may result in 
larger changes of pressure than those caused by tem­
perature. 

The record of Figure 4a is continued in Figure 4b. 
During Tuesday, simultaneous filling and emptying 
occurred with a net increase in fill level over the day . 
Nevertheless, there was a net decrease in pressure, even 
allowing for the time-dependent increase that occurred 
on Tuesday night. This shows that the pressure at a 
point in a bin is by no means uniquely related to the 
head of material above the point, as assumed by all 
available theories for silo pressures . This is, of course, 
well known, but Figure 4b provides a graphic descrip­
tion of the statement. 

RELATIONSHIP BETWEEN TEMPERATURE, 
HORIZONTAL STRAIN AND HORIZONTAL 
PRESSURE 

Figure 5 shows simultaneous recordings of horizontal 
pressure, temperature and horizontal or hoop strain 
made at a point on the bin wall. 

The measurements of horizontal strain were made by 
glueing 5mm gauge-length electric resistance strain 
gauges to the bared steel. Temperature compensation 
was provided by means of separate dummy strain 
gauges mounted on small squares of steel plate. The 
plates were glued to the wall of the silo and both active 
and dummy gauges were covered by the same strip of 
water-proofing material (bitumen bonded to an 
aluminium foil backing) so that both would be subject 
to the same changes of temperature. To see how repeat­
able the measurements were, the hoop strain measure­
ments were duplicated by mounting one strain gauge 
pair on either side of the pressure cell at a distance of Im 
away from it. The distance was chosen to avoid the 
strain-raising effect of the 200mm diameter hole in the 
silo wall through which the pressure cell is mounted. 

4 

Figure 5 shows that the readings of the horizontal 
strain gauges are almost exactly duplicated, while the 
shape of the strain, temperature and horizontal pressure 
records are closely related. (The silo was not in 
operation while these measurements were being record­
ed, hence they represent a constant fill level). 

The temperature, strain and pressure fluctuations are 
not quite in phase, but in general, a fall in hoop strain is 
reflected by a rise in pressure and vice-versa, while a rise 
in temperature is accompanied by a rise in hoop strain 

,and a fall in pressure. 
One should not expect quantitatively to relate the 

observations as the pressure and strain measurements 
probably reflect average conditions over a segment of 
the silo perimeter, whereas the temperature measure­
ments more nearly represent conditions at a point. 

Theoretically, the observed strain and the strains 
resulting from changes in temperature and silo pressure 
should be related as follows: 

i.e . 
where 

En= E, - Ep 

En = net observed change in hoop 
strain 
E1 = temperature strain and A 
Er = strain resulting from change of ., 
silo pressure. 

As an example, consider the period just after noon on 
8th June (see Figure 5): 

(i) The recorded pressure fell by about 7kPa. As the 
plate thickness at the level of the measurements is 
6mm, this should correspond to a change of about 
60 microstrain ( = E;J in hoop strain (a decrease in 
hoop stress of 12Mt'a). 

(ii) The temperature rose by about 9°C which should 
correspond to an increase of about 110 micro­
strain in hoop strain (EJ. 

(iii) The observed change of hoop strain was an 
increase of 80 microstrain (EJ which should equal 
the difference between the temperature-and 
pressure-related strains. (Actually, (E, - Ep) = 50 
microstrain). 

Hence in this example, quantitative agreement be­
tween the observations is not achieved, although there is 
qualitative agreement. 

RELATIONSHIP BETWEEN TEMPERATURE, 
HORIZONTAL STRAIN AND VERTICAL STRAIA 

Figure 6 shows simultaneous recordings of horizont~ 
pressure, horizontal strain and vertical strain measured 
at the same point on the silo as represented in Figure 5. 
The record of vertical strain is a near mirror image of 
the horizontal strain. It is apparent that if the horizontal 
strain decreases (i.e. the silo diameter contracts), the 
vertical strain increases (i.e. the height of the silo 
expands). Hence the grain must tend to move upwards 
relative to the silo wall as the temperature falls and 
downwards as the temperature rises. Note that the 
vertical strain in the silo wall is thus the opposite of 
what one would expect if the strain were governed by 
the temperature alone. 

The maximum recorded change of vertical strain 
shown in Figure 6 amounts to a decrease of 200 micro­
strain. The corresponding rise in temperature was about 
8°C. Hence the total compressive strain in the wall must 
have been close to 300 microstrain ie. total strain = net 
observed strain + temperature strain (a stress change of 
60MPa). Even the smaller of the three diurnal changes 
in vertical strain corresponds to a stress change in the 
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Figure 4a. 
Variation of horizontal pressure, temperature and fill 
level in bin with time. 
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Figure 4b. 
Continuation of record shown in Figure 4a. 
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A truly important new book: 

sampling 
and weighing 
of Bulk Solids 
by Jan W. Merks, Canada 

1985, 420 pages, 200 figures & tables, 
92 references 
Price: US$ 45.00 ISBN 87849--053-1 

Contents: 

1. Glossary - 2. Introduction - 3. Probability -
4. Applied Statistics - 5. Sampling - 6. Sample Preparation -
7. Analysis - 8. Weighing - 9. Loss Prevention 

Excerpts from the Preface: 

J.W.MERKS 

S1ltD•IJNf; 
1.\J.~T)) lf'l~lf)l~f) 
f)I~ BIJIJ{ Sf)IJl)S 

TRANS TECH PUBLICATIONS 

"This text is written for the specific purpose of providing guidelines in the field of quality evaluation and mass measurement, 
loss prevention and loss control for bulk solids such as coal and concentrates, ores and industrial minerals, chemicals and 
fertilizers, and many others. Its central theme is to create understanding for the concepts of accuracy and precision of 
measurements in weighing, sampling, preparation and analysis of bulk solids. 

Therefore, the most important tests and techniques will be introduced and their use demonstrated with practical examples 
from a wide range of experiences and experiments at coal mines, hard rock mines, mineral processing and coal preparation 
plants, steel plants and base metal smelters, power utilities and bulk handling terminals in different parts of the world . 

Efforts have also been made to eliminate statistical jargon and to use simple prose. The most important concepts, and their 
symbols, are defined and listed in a glossary. Many numerical examples have been included to put into perspective the 
basic concepts of probability and statistics, and to encourage the use of these powerful techniques. 

About the Author: 

Jan W. Merks was Vice President, Quality Control Services, with the SGS organization, a worldwide network of inspection 
companies that act as referee between buyers and sellers. He joined Cominco Ltd. in the position of Assistant to the Chair­
man for the purpose of reviewing their procedures for the determination of quality and weight and compiling an internal 
manual on weighing , sampling and analysis. Currently he is President of Matrix Consultants Ltd., a Canadian company that 
provides consulting services to the resource industry in the field of sampling and weighing . 
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strains Measured 
in a 7 ,soot sugar Silo 

G.E. Blight and A. Garstang, south Africa 

The paper describes the result of strain measurements on 
the walls of a free-standing cylindrical steel sugar silo. The 
measurements were made to study the interactive behaviour 
of the bulk sugar and the silo and to confirm the assumptions 
made for the design . The strains indicated that in general the 
silo behaved as expected . However, the wall load for the silo 
was found to decline to unexpectedly low values at the start 
of emptying. This phenomenon has not been satisfactorily 
explained. 

1. Introduction 

Two free-standing cylindrical steel silos, each of 7,500 t 
capacity, have recently been commissioned at a bulk sugar 
depot at Germiston , Republic of South Africa. An opportunity 
arose for instrumenting one of the silos during construction . 
a objective of the instrumentation was to study the struc­•1 behaviour of the silo during normal operation and also 
to check on the assumptions made in its design . 

· The paper will comprise of the following: 

1. A brief summary will be given of the expected behaviour 
and properties of the sugar, as measured for the design 
of the silo. 

2. The silo and instrumentation will be described. 

3. Strains measured in the silo walls, interpreted in terms of 
vertical wall friction loads and equivalent horizontal fill 
pressures, will be described for the first and second fill­
ings of the silo. These will be compared with the loadings 
calculated for the design. 

Dr. G.E. Blight, Professor of Construction Materials, University of the Wit­
watersrand, Dept. of Civil Engineering , 1 Jan Smuts Ave. , Johannesburg 
2001, and Mr. A. Garstang , Consulting Engineer, Bosch & Associates, Inc. , 
Durban, Republic of South Africa 

2. Expected Behaviour of Sugar in the Silo 

During filling of the silo, it was expected on the basis of 
earlier measurements [1) that stresses in sugar away from 
the influence of the walls (see Fig . 1) would be geostatic . 
That is, vertical and horizontal stresses, av and ah, would be 
principal stresses related by: 

K0 y z (1) 

where: 

K0 - lateral pressure coefficient for compression with zero 
lateral strain 

y - unit weight of the sugar 
z - depth below the sugar surface. 

weight of --=!.J ~ 
fill in this 

zone portly 

silo wall 

initially horizontal 
straight lines curve 
as fill settles 

supported by (a) 

woll lriction PRESSURE 
O&-------------

Fig . 1: 

z 

::c 
0:: 
"" Cl 

.._ near axis of silo 
Ov = lS Z 

near wall, Ov reduced 
by wall friction 

,~--......-----.-- near axis Oh = Ko lfZ 

_,,,,----......-~...- near wall , dh = Ko Ov. 
i.e. oh reduced 
by woll lriction 

(b) 

Expected behaviour of sugar in silo 
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Near the walls of the silo , friction was expected to retard the 
settlement of the sugar under its self-weight, thus transfer­
ring some of the weight of the sugar into the wall and locally 
reducing av· oh would still be related to av by an equation 
similar to Eq . (1 ), but the equivalent value of K 0 might be 
changed . Fig . 1 shows the process described above in 
diagrammatic form . 

The frictional wall load Pw in the silo can be calculated as: 

z2 
Pw = K0 y tan 8 - (2) 

2 
where: 

8 - angle of wall friction. 

3. Properties of Sugar 

Two samples of sugar were tested , one from each of the 
refineries that will serve the silos. 

The following properties of the sugar, which are relevant to 
this paper, were measured by means of conventional soil 
engineering test techniques: 

1. Moisture content 
2. Unit weight y 
3. Angle of wall friction 8 
4. Angle of shearing resistance cp 
5. Lateral pressure coefficient K 0 . 

3.1 Moisture Content 

The moisture contents of the two sugars were measured by 
drying in an oven at 105°C for 24 h. The moisture content on 
this basis was between 0.03 and 0.04 % , which is com­
parable with the moisture content of the conditioned sugar 
that will be delivered to the silos. 

3.2 Unit Weight y 

A cylinder 150 mm in diameter and 150 mm high was filled 
with sugar by pouring loosely from a scoop. The sugar was 
struck off level with the top of the cylinder using a straight­
edge and the cylinder was weighed to get the loose unit 
weight. The full cylinder was then vibrated and more sugar 
added until no more could be accommodated. Re-weighing 
of the cylinder gave the vibrated density. Measured values 
varied from 8.36 kN/m3 (loose) to 10.28 kg/m 3 (vibrated) . 

Previous measurements [2] have shown that the unit weight 
of silo fills remains close to the loose condition . 

Hence a unit weight of 8.6 kN/m3 was adopted as a basis for 
analysing the measurements described later. 

3.3 Angle of Wall Friction 8 

The angle of wall friction was measured by means of a shear 
box apparatus. For this purpose the lower half of the box was 
occupied by a square of steel plate representing the wall , 
with its upper surface accurately coinciding with the plane of 
shearing . A series of simulated wall materials was tested. 
The material actually used for the silo was represented by a 
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carbon steel specimen prepared by shot-blasting and 
painted with 75 JLm of abrasion-resistant paint. 

The results of the wall friction tests have been summarized 
in Fig . 2. It will be seen that the angles of wall friction for the 
two sugars are very similar and a value for the angle of 
8 = 32° appeared to be a good average. The maximum 
horizontal pressure in the silo has been measured at less 
than 120 kPa. It will be noted that the relationship between 
normal stress and shear stress over this range is quite linear. 

150 

0 
a.. 
~ 

~ 100 
w 
~ 

::;; 
~ 

~ 50 
:::c: 
CJ) 

0 

0 Huletts 

rn Noodsberg 

50 100 

C = O 
d' = 32° 

150 

NORMAL STRESS kPa 

200 

Fig . 2: Angle of wall friction - sugar on shot-blasted carbon steel painted 
with 75 11m dimetcote 4 

3.4 Angle of Shearing Resistance cp 

The shear box apparatus was also used to measure the 
angle of shearing resistance. The results of the 
measurements are shown in Fig. 3. 

150 
0 Huletts 09 
EJ Noodsberg 0 

0 G 

a.. 
~ 100 CJ) 
CJ) 
w 
~ 
I-
CJ) 

~ C = o <( 50 0 w q> = 41 ° :::c: 
CJ) 

0 50 100 150 200 

NORMAL STRESS kPa 

Fig . 3: Angle of shearing resistance of sugar 

An angle of cp = 41 ° represents a good average value for 
both sugars. Again , this series of tests indicates a linear rela­
tionship between the shear stress at failure in the sugar and 
the normal stress on the shear surface. 
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The active pressure coefficient KA is given by: 

KA = (1 - sin <P)/(1 + sin <p) (3) 

which in this case has an average numerical value of 0.22. 

3.5 Lateral Pressure Coefficient K0 

K0 represents the ratio of horizontal to vertical stress in a 
material which is being compressed vertically with zero 
lateral strain . In a silo, during filling , the lateral pressure 
usually lies between KA and K 0 times the vertical pressure, 
with K 0 defining the upper limit to the lateral pressure [1 ). 

• K0 was measured in the laboratory by means of the triaxial 
apparatus [3) . The results of the K 0 measurement are shown 
in Fig . 4. The figure shows the relationship between the ver­
tical stress and the corresponding horizontal stress under a 
condition of zero lateral strain. The slope of a straight line 
.. ng the origin to any measured point represents K 0 . K 0 
~oth sugars averaged O.SS for loading, but increased 
towards 1.0 during unloading. 

For comparison , the active pressure line having a slope KA 
is also shown in the figure. 

400 
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0 a.. 
~ 
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fil 250 
0:: 
~ 
_J 

<( 

~ 200 • ~150 

100 

50 

active (Ka) 
/ pressure 

!!l / 

. '/ / 

/ 

~ Ko = 0.82 
// 

// 
/ / ..-K0 = 1.0 

// 
/ / 0Huletts 

W s Noodsberg 

0 ~~~~~~~~~~~~~~~~ 
0 50 100 150 200 250 

Oh = HORIZONTAL STRESS kPa 

Fig. 4: Measurements of the lateral pressure coefficient K0 of sugar 

4. Layout of Silo and Instrumentation 

Fig . Sa shows the layout of the silo, its principal dimensions 
and plate th icknesses. Fig. Sb shows the arrangement in 
plan of the multiple extractor cones and the central deflector 
cone. 

Silos, bins & bunkers 

plate thickness 
lightweight 
concrete 

0 .,, 
..... 
co 

100 
insulation 

G/ L 

N 
4800 

3 
2400 

<:f 2 
~ 

c 
0 c:;:: 

·- 0 2 > 
- Q) .,,_ 
- Q) Oc 
"' ·-c"' 0 Q) 
:;:: O> 
·c;; ::::> 
0 0 a. O> 

4 active & 
2dummy 

strain gauges 
at each 
position 

\-/\-f--t-\=r;;;.~;:f==- all inclined 
al65° 

L L_a extractor..J J 
cones 

16 extractor cones 

reinforced 
concrete 
supporting 
cellar l:=====:::t:======I V"'/I~ / I = // ,,. 

dimensions are mm 

Fig . Sa: Layout of si lo and instrumentation in elevation 

4 

20 000 diameter 

5 lines of gauges 
al 221/ 2° intervals 

I 
6 1 

N 

.--~-......... - - 8 extractor 
cones on 
9620 diameter 

16 extractor 
cones on 
1 S820 diameter 

gauge lines 1,5 and 6 have gauge 
sets at levels 1 to 5 (see Fig. 4a) 
gauge lines 2, 3 and 4 have gauge 
sets at levels 1 and 3, gauge S31 
is a vertical gauge located on line 
Sat level 3, gauge S35 is its dummy, 
etc . 

d imensions are mm 

Fig . Sb: Layout of extractor cones in base of si lo and layout of instrumenta· 
tion in plan 

Also indicated in Fig. Sa are the shapes of the sugar surface 
during filling and emptying , as well as the layout of the 
instrumentation in elevation . The layout of the instrumenta­
tion in plan is shown in Fig . Sb. 
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The instrumentation at each location consisted of two pairs 
of strain gauges applied to the steel shell of the silo (see 
Fig. 5a). The gauges were read in conjunction with a set of 
dummy gauges mounted on a small separate steel plate, 
which was attached to the silo wall by means of adhesive 
foam strips so that it remained stress-free. 

Each set of gauges was waterproofed with a rubber solution 
and protected by means of a galvanized sheet steel cover, 
also attached to the silo wall with adhesive foam strips. Each 
of the vertical and horizontal gauges was connected in turn 
with the same dummy gauge to form a half-bridge. The leads 
from the gauges were taken down the side of the silo to three 
reading points housed in the cellar. Static readings were 
taken by means of a Huggenberger strain bridge and 
dynamic strains were recorded on a Toa chart recorder con­
nected to the Huggenberger bridge. The silo is insulated with 
100 mm of polyurethane foam insulation within an outer clad­
ding of ribbed aluminium sheeting . The strain gauges are 
therefore completely protected from the weather and well 
insulated from ambient temperature variations. 

Fig . 6 is a general view of the silo while the gauges and the 
insulation were being installed . The vertical strips from which 
the insulation has been omitted mark the positions of the 
strain gauge lines . 

Fig . 6: View of si lo whi le instrumentation was being installed {note man on 
tenth level of scaffolding) 
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5. Interpretation of Strain Readings 

It was assumed that the measured vertical and horizontal 
strains, Ev and Eh, represented principal strains . The vertical 
and horizontal stresses av and ah in the silo plate were then 
calculated from : 

where: 

E - elastic modulus of steel (taken as 200 GPa) 
v - Poisson 's ratio (taken as 0.33) . 

(4a) 

(4b) 

The wall load Pw per unit of circumference was then 
calculated from : 

(5) 

where : 

' t - plate thickness. 

The horizontal stresses were interpreted as equivalent 
horizontal pressures Ph exerted by the sugar on the silo 
walls , via the equation : 

Ph (6) 

where: 

D - diameter of the silo shell. 

This interpretation is not strictly correct as it assumes that Ph 
is uniform across a diameter of the silo. As will be seen later, 
Ph varies quite considerably around the circumference of the 
silo. For this reason , Ph will be referred to as the equivalent 
horizontal pressure. 

6. Long-Term Stability of Instrumentation 

Previous experience with strain gauge instrumentation had. 
shown that newly applied gauges give varying zero readings 
for a period of about three weeks. After this period the zero 
readings remain stable to within a few tens of microstrain 
over long periods. The silo was filled for the first time starting 
in mid-October 1985 and was empty again in mid-May 1986, 
giving an opportunity to check on the zero readings. Most of 
the gauges returned to within 50 microstrain of their October 
1985 readings. There were, however, a number of gauges 
for which the discrepancy was larger than this, for some 
unknown reason . The gauges appear still to be in good work­
ing order and a new zero was taken for measurements 
associated with the second filling of the silo. 

Fig. 7 shows readings with time for a horizontal gauge 
(gauge 122) and a vertical gauge (gauge 611 ). The figure 
shows how readings on a typical horizontal gauge increase 
as the sugar level rises and hoop strain at that level 
increases and how readings on a vertical gauge decrease as 
the silo wall goes into compression under the increasing wall 
load. 
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Fig. 7: Typical gauges that returned to zero on silo emptying 

7. Profiles of the Sugar Surface in the Silo 

A number of detailed measurements were made of the pro­
file of the sugar within the silo to establish how concentric the 
filling and emptying of the silo are and to get some idea of 
the flow pattern within the sugar. These are summarized in Fw. 
The upper part of Fig . 8 shows two circumferential profiles 
measured 1 m in from the silo wall during filling and empty­
-ing . They show that the maximum deviation from a mean cir­
cumferential level is never more than 1 SO mm. Hence for 
both filling and emptying the surface is extraordinarily 

' uniform. 

The lower part of Fig. 8 shows cross-sections of the fill sur­
face taken on north-south and east-west lines. The profiles 
measured during filling are completely symmetrical and the 
slope of the sugar surface (33° to 33.S0

) is very close to the 
angle of repose of 34°±0.S 0 measured in the laboratory. 

In the early stages of emptying (2 m drawdown) the sugar 
surface remains conical , but its angle flattens . As drawdown 
continues, a circumferential valley develops around a central 
cone. These two basic surface profiles are also shown in 
Fig. Sa. 

It appears from the profiles that a " ring funnel flow" 
develops in the silo with the sugar moving most rapidly over 
the circles of extractor cones and least rapidly over the cen­
tral deflector cone. The flow pattern , however, is almost 
perfectly symmetrical. 

When the silo was empty in May 1986, the inside was 
inspected . It was found that , notwithstanding the steep 6S 0 

angle of the central deflector cone and the sides of the silo 
immediately above the floor, sugar had caked on the sur­
face , at an angle estimated at about 70° . This caked material 
is indicated in Fig. Sa. Ridges of caked sugar had also 
formed between the extractor cones, as indicated in Fig . Sb. 
However, there is very little " dead" sugar in the silo which 
does not move during emptying . 

8. Observed Equivalent 
Horizontal Pressures and Wall Loads 

Fig. 9 shows the build-up of equivalent horizontal pressure 
and wall load measured at level 2 on lines 1, S and 6 (see 
Fig . S) as the sugar overburden above this level increased. 
Reference to Fig . Sa will show that level 2 is well within the 
"live" sugar in the silo. Readings at level 1 have not been 
shown, as the gauges at level 1 may just lie within the zone 
of "dead" static sugar. 

Measurements of equivalent horizontal pressure on lines S 
and 6 are consistent, one with the other, and indicate that the 
lateral pressure coefficient in the vicinity was intermediate 
between KA and K 0. Similar observations have been made 
in other silos filled with various materials [1 ). The equivalent 
horizontal pressure on line 1, however, was initially consis­
tent with a lateral pressure coefficient KA , but later, during 
filling , indicated a value of K considerably less than KA. 
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POSITION ON PERIMETER OF SILO 
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Fig. 8: Surface profiles during si lo fill ing and emptying 
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Fig . 9: Build-up of equivalent horizontal pressure and wall load at level 2 in silo during first filli ng (assumed y = 8.6 kN/m3} 

When emptying was started , Ph increased sharply at all 
three positions, with K on line 1 approaching K0 and K on 
lines 5 and 6 reaching a value of 0.7. 

The wall loads on lines 5 and 6 (Fig. 9) were also very similar. 
It is clear that full wall friction was not developed, but that the 
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developed angle of wall friction was about 12°. On line 1, 
however, the measurements indicate that full wall friction 
was developed. The frictional load carried by the wall prob­
ably accounts for the low lateral pressure coefficient 
indicated by the measurements of Ph· The reason for the 
radial non-uniformity of the wall load is not known. 
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Fig. 10: Variation of angle of wall friction of sugar with shear displacement in a ring shear apparatus - shear velocity 300 mm/h; maximum shear velocity 
in silo 370 mm/h 
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Fig . 11 : Build-up of equivalent horizontal pressure and wall load at level 2 in silo during second filling (assumed y = 8.6 kN/m' ) 

As soon as emptying began, the friction load declined to very 
low values on lines 1, 5 and 6. This is consistent with the cor­
responding increases in Ph• but also apparently anomalous 
in that, as the sugar moved downward relative to the silo 
walls, one would have expected the angle of wall friction to 
develop to a maximum. Instead, 8 appeared to decline to a 
lower residual value. The shear box tests used to evaluate 8 
gave no indication that this apparent breakdown in 8 was a 
possibility (Fig . 2) . 

Fig. 1 O shows the results of tests in a ring shear apparatus 
to see whether the angle of wall friction declines at large 
shear displacements. The results showed no dramatic 
decrease such as that indicated by Fig . 9. 

Fig. 11 shows data similar to those for Fig. 9 for the second 
filling of the silo. In this case, the data for lines 5 and 6 are 
very much closer together. During filling, the increase in Ph 
followed the K 0 line fairly closely at lines 1 and 5, with line 
6 following a line equivalent to a value of K = 0.77. 
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Fig. 12: Profiles of equivalent horizontal pressure and wall load on lines 1, 5 and 6 when sugar is drawn down 0.4 m after uninterrupted filling (first filling) 

(assumed y = 8.6 kN/m 3) 
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Fig . 13: Profiles of equivalent horizontal pressure and wall load on lines 1, 5 and 6 at end of second uninterrupted filling (assumed y = 8.6 kN/m 3
) 

When a small drawdown occurred at the end of filling, small 
increases of pressure were recorded at lines 5 and 6 and a 
small decrease at line 1. 

The wall load was also very similar at all three positions and 
showed that almost the full angle of wall friction was being 
developed until the overburden exceeded 110 kPa. There 
was a decline in wall load at lines 1 and 5 towards the end 
of filling, which corresponded to a slight increase in Ph· At 
the start of emptying the wall load decreased, but not 
dramatically, as on the first emptying . 

An apparently low value of K associated with high wall loads 
can be explained as the result of a reduction of vertical stress 
by load transfer into the wall. An apparently higher value dur­
ing filling can only be explained in terms of a change in 
material properties - either an increase in unit weight or an 
increase in K 0 . In this case, the unit weight would have had 
to increase to 12 kN/m 3 , which is probably not possible. 
However, an increase in unit weight to 10 kN/m 3 , together 
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with an increase in Ko to 0.66, would account for the 
discrepancy. Hence the result shown in Fig. 11 does not• ~ 

appear to need any special explanation. 

Fig. 12 shows profiles of equivalent horizontal pressure and 
wall load for gauge lines 1, 5 and 6 and partial profiles for 
lines 2, 3 and 4 when the sugar had been drawn down by 
0.4 m after the first filling. There is a lot of variation in the 
value of Ph at any level (as seen in Fig. 7), but the design 
profile of Ph = K 0yz provides a reasonable envelope to the 
measured values. The wall loads also generally fall within the 
design envelope of Pw = K0y tan8 z212, although anomalous 
values were recorded on lines 1 and 6 at gauge level 5. The 
equivalent 8 of 73° recorded at this level cannot be realistic . 
Fig. 13 shows data similar to those of Fig. 12, at the end of 
the second uninterrupted filling . The form of the data is very 
similar to that shown in Fig. 12, except that the containing 
envelope to values of Ph corresponds to a higher value of K 
(0.73) (which is consistent with Fig. 11) and there are no 
anomalous wall load measurements. 
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BB - Drawdown of 0.4m 

CC - Drawdown of 1.0m 
Fig. 14: Change in pressure profiles from condition at end of filling to start of emptying 

Fig. 14 shows how the profiles of equivalent horizontal 
pressure and wall load in the silo varied from the end of the 
first uninterrupted filling to the start of emptying. The initial 
response to emptying is that equivalent horizontal pressures 
increase, accompanied by a simultaneous decrease in wall 
loads. Thereafter, horizontal pressures tend to decrease 
again, while wall loads show a corresponding small increase. 

With the exception of the anomalous wall friction observa­
tions, the sugar behaved as expected and fairly closely as 
predicted from the measured properties. 

• adial Variability of Equivalent 
Horizontal Pressures and Wall Loads 

1• As already indicated by Figs. 9 to 14, equivalent horizontal 
pressures and wall loads in the silo were far from being 

<l:, radially uniform. The actual radial distributions of these two 
" ~ariables have been plotted in Figs. 15 and 16 for levels 1 

and 3. The positions of the extractor cones in the outer circle 
have also been shown as it appeared possible that their posi­
tions might have some influence on the radial distribution of 
the horizontal pressure and hence of the wall load. As it hap­
pens, all of the gauge lines fall between the outer extractor 
cones; hence the positions of the cones cannot have 
influenced the strains. 

Figs. 15 and 16 show measurements at two stages - at the 
end of uninterrupted filling and after a 0.4 m drawdown. 

Measurements are shown for two levels in the silo - level 1, 
where the sugar in contact with the silo walls probably forms 
a dead zone, and level 3, which is in a live zone. As the 
figures show, the radial distribution of equivalent horizontal 
pressure and wall load is highly non-uniform. The distribution 
changes in going from the filling to the emptying condition, 
but the radial non-uniformity remains. 

The explanation for this behaviour is obscure. It does not 
appear to arise from non-uniformities of either the filling or 
the emptying patterns. The only other likely explanation lies 
in non-uniformities of the texture of the silo plates. If this is 
the case, the effect can be expected to gradually disappear 
as the silo is used and the wall surface is abraded to a 
uniform texture. 

Wall loads for the second filling (not shown due to lack of 
space) seem to be slightly more uniform than for the first 
filling . 

3 

4 

• Left: End uninterrupted 
filling 

0 

6 

scale 

50kPa 

4 

positions of 
extractor cones 

0 Righi: 0.4m drawndown 

1 = Level1 

3 = Level 3 

Fig . 15: Radial distribution of equivalent horizontal pressures - left: end of 
uninterrupted filling ; right: drawn down 0.4 m after uninterrupted 
filling 
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Measurements made on subsequent fillings will show 
whether the silo characteristics do become more uniform in 
the longer term. 

• Len: End uninterrupted 
filling 

0 

6 

scale 

0 Righi: 0.4m drawndown 

1 = Level1 

3 = Level 3 

300 kN/ m 

Fig. 16: Radial distribution of wall loads - left: end of uninterrupted filling; 
right : drawn down 0.4 m after uninterrupted filling 

10. Dynamic Effects on Emptying 

To study dynamic strain effects when sugar is drawn from 
the silo, the gauges on line 3, level 2, were connected 
through the strain bridge to a chart recorder. The results 
shown in Fig. 17 were recorded when sugar was first drawn 
from the silo after the completion of the first filling . While the 
fill is static, there is no significant variation in strain . When 
emptying was started, the recording shows a decrease in 
vertical strain (i .e. an increased compression), which 
indicates an increase in the wall load as the sugar moved 
downwards. This corresponds with a decrease in the 

_fllso.10-• 
I· 24 hours 

static 
emptying 
started 

vertical 
strain 

horizontal 
strain 

Fig. 17: Effect of emptying on vertical and horizontal strains at line 3, level 2 
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horizontal strain , i.e. the equivalent horizontal pressure 
decreased as load was transferred onto the wall. When draw­
off was stopped, both strains re-established themselves at a 
higher level. Note that in Fig. 17 two recorder chart speeds 
have been used. Note also that at this early stage of empty­
ing the wall load was still increasing as the full angle of wall 
friction was developed. There was no evidence then of the 
dramatic decrease in wall friction shown in Fig. 9. 

11. Conclusions 

The measurements described in this paper have shown the 
following : 

I 

1. The behaviour of the sugar in the silo conformed quite 
closely with expectations at the design stage. The one I 
unexpected aspect of its behaviour has been the large 
decrease in the wall load on emptying and the corre­
sponding increase in equivalent horizontal pressure . fA 
ther research is required into this aspect of sugar iW 
perties. 

2. Even though the silo is filled almost perfectly concen­
trically and the flow pattern during emptying is also con­
centric , wall loads and equivalent horizontal pressures 
were radially non-uniform on the first and second filling 
and emptying . It is expected that pressures will become 
more uniform as the walls of the silo are abraded to a 
uniform texture. 

3. The most important conclusion is that the conditions 
assumed for design have largely been met in the silo. The 
critical case for design of the walls was the wall load. Wall 
loads were generally less than the design value. 
Equivalent horizontal pressures became greater than the 
design values during emptying and during the second fill­
ing. This should perhaps have been catered for by adopt­
ing a higher value for the unit weight of sugar for design 
purposes. 
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Strains Measured in a 
7 ,500 t Sugar Silo 

Summary 

The paper describes the results of a furth er set of strain 
measurements on the walls of a free-standing cylindrical 
insulated steel sugar silo . The strains are interpreted in 
terms of the equ ivalent horizontal pressure exerted by the 
sugar, and the fri ctional load t ransferred into the silo walls. 
The paper provides further data to support measurements 
publ ished earlier and illustrates some previously unsus­
pected and unrecorded aspects of the behaviour of thi s silo . 
In particular , these aspects are the effect of dail y tempera­
tu re changes on wall loads and horizontal pressures . 

1. Introduction 

A recent paper (1] described the results obtained from 
strain measurements made on a 7,500 t capac ity free­
standing cy lindrical stee l sugar si lo. The measurements 
reported then related to the fi rst and second annual fillings 
• e silo and the fol lowing conc lusions are quoted f rom 
t1"!f paper: 

1. The behaviour of the sugar in the silo conformed quite 
c losely with expectations at the des ign stage. The one 
unexpected aspect of its behaviour was the large decrease 
in the wal l load on emptying and the correspond ing increase 
in equiva lent hori zonta l pressure. Further research is re­
qui red into thi s aspect of sugar properti es. 

2. Even though the silo is fill ed almost perfectly concentri­
ca lly and the fl ow pattern during emptying is also concen­
tric, wall loads and equiva lent hori zontal pressures were 
radially non-unifo rm on the first and second filling and 
emptying . It was expected that pressures will become more 
uniform as the walls of the silo are abraded to an even 
texture. 

3. The most important conc lusion was that the conditi ons 
assumed fo r design had largely been met in the silo. The 
critica l case for des ign of the wa lls was the fri ctional wall 
load. Wall loads were generally less than the design values. 

Dr. Geoffrey E. Blight , Professor of Const ruct ion Materials , University of the 
Witwatersrand , Johannesburg , Department of Civi l Engineering , P.O. Wi ts, 
2050, Repub lic of South Africa. 
The first part of this paper was publ ished in bulk solids handling Vol. 7 (1987) 
No. 4, pp. 573- 582. 
Man uscript rece ived: March 14, 1988 

Part II 

G.E. Blight, south Africa 

Equivalent hori zontal pressures became greater than the 
design values during emptyi ng and during the second filling. 
This should perhaps have been catered for by adopting a 
higher va lue for the unit weight of sugar for design pur­
poses. 

The purpose of the present paper is to present the resu lts 
of strain measurements made during the third annual filling 
of the silo , and to consider these results in relation to the 
above conc lusions. Al so, quantitative credibility of the 
measurements will be considered in the light of appropriate 
laboratory measurements of the properties of sugar. 

A full descript ion of the insulated silo and its instrumentation 
was given earli er [1 ]. For the present purpose , Fig. 1 shows 
the layout and principal dimensions of th e silo both in 
elevation and in plan, as well as the location of the measure­
ment points. 

As explained in the earlier paper, each strain that is convert­
ed to a corresponding st ress is the average reading of two 
st ra in gauges . It has been assumed that the measured 
vert ical and horizontal st ra in s Ev and Eh represent principal 
stra ins in the silo wall. The vertical and horizontal stresses 
in the silo wall were calculated from: 

£ (Ev + llEh) 
0 = v (1 - 1J2) 

£ (Eh + 1l Ev) 
o h= 

(1 - 1J2) 

where : 

E: elastic modulus of steel (taken as 200 GPa) 
u : Poisson's ratio (taken as 0.33) . 

(1 a) 

(1 b) 

The wall load P w per unit of c ircumference was taken as 

(2a) 

where / is the plate thickness. 

The horizontal stresses were interpreted as equivalent hori ­
zontal pressures p 11 exerted by the sugar on the silo walls , 
via the equat ion : 

(2b) 

where [) is th e d iameter of the silo shell. 
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Fig . 1 a: Layout of silo and instrumentation in elevation 
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sets at levels 1 and 3, gauge 531 
is a vertical gauge located on line 
5 at level 3, gauge 535 is its dummy, 
etc. 

dimensions are mm 

Fig. 1 b : Layout of ext ractor cones in base of silo and layout of instrumen­
tation in plan 
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The properties of the sugar as established in the laboratory 
and given in the earlier paper [1] were as follows: 

Moisture content : 0.03 to 0.04% 
Unit weight y : 8.6 kN/m3 

Angle of wall friction 6 : 32° 
Angle of shearing resistance <j>: 41 ° 
At rest lateral pressure coefficient K 0 : 0.55 
Active lateral pressure coefficient KA: 0.22 . 

More recent tests have shown that the properties of sugar 
produced by a single mill may vary from season to season . 
The following variations in sugar properties have been ob­
served : 

Moisture content : 0.03% to 0.10% 
Unit weight y : 8.3 kN/m3 to 9.9 kN/m3 

Angle of wall friction 6: 22° to 39° 
Angle of shearing resistance <j>: 35° to 41 ° 
At rest lateral pressure coefficient K 0 : 0.44 to 0.55 
Active lateral pressure coefficient KA: 0.22 to 0.27. 

2. Variation of K0 With Time Under Lo9 
During the second filling of the silo, it appeared that the 
at-rest-pressure coefficient K 0 could be as high as 0.77, as 
compared with the 0.55 measured in short-term laboratory 
tests. A possible explanation of this was that K0 for sugar 
might be time-dependent and might increase with time 
under load. 

A second possible explanation is that the unit weight of the 
sugar was larger than that assumed. To account for a value 
of K0 as high as 0.77, the unit weight would have had to be 
as high as 12 kN/m3 which does not appear likely, even 
considering the observed variations of this property. A high­
er unit weight may, however, be a partial explanation for the 
higher lateral pressures. 

A special test was set up to measure K0 under long-term 
sustained loading. The strain-gauged oedometer technique 
described by BI i g ht and 0 fer [2] was used. The results of 
this test are shown in Fig. 2. As the diagram shows , there 
were slight random fluctuat ions in the measured value of K 0 , 

but over a period of nearly 60 days under constant la1 
there was no tendency for K0 to increase. The value a• 
end of the loading period was 0.54 which is very close to 
the mean value of 0.55 measured earl ier in short term tests. 
The explanation of the high apparent lateral stress ratios 
must therefore be sought in a different direction. 

1.0 

0.8 

~ 0.6 

~ 1,;:;>--&--0--a:>-.0--0--<~-0._ 

II 
':::ir!.o 0.4 

0.2 

10 20 30 40 50 60 

time - doys 

Fig. 2: Variation of K0 for sugar wi th time under constant load 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

bulk 
::,~.~~ Volume 8, Number 4, August 1988 

Fig. 3 shows a third possible explanation: the lateral pres­
sure coefficient K 0 is usually taken as the ratio of horizontal 
to vertical principal stresses. The diagram shows a Mohr 
stress circle with principal stresses Pho and Pv scaled to 
correspond to K 0 = 0.50. The circle which is tangent to the 
Mohr failure envelope has a ratio of PhA to Pv equal to KA, 

the active pressure coefficient (0.33 in this case). As the 
diagram shows, if the vertical and horizontal stresses are 
not principal stresses (and they will not be principal stresses 
if there are wall friction stresses) - then the ratio of horizon­
tal to vertical stress may exceed K0 . In the example shown 
the ratio pt, 0 to p ~ 0 is 0.71 . Hence the presence of wall 
friction may result in unexpectedly high values of the lateral 
pressure coefficient adjacent to the walls of a silo. However, 
as will now be seen, there is a fourth possible explanation 
that appears even more likely in the present case. 

lo scale: Pho/Pv = K0 = 0.50 

PtW'Pv = KA = 0.33 

PhJ°/ PvJ'= 0.71 

Mohr 
failure 
envelope 

Pho/Pvt= 0.60 

normal 
stress 

Fig. 3: Mohr diagram illustrating how K = P.!Pv can exceed either KA or K0 , e even though the principal stress ratios equal either KA or Ko 

eq uivalent horizontal pressure Ph kPa 
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120 

Silo technology 

3. Expected Pressures and Wall Loads 
In the absence of arching, one would conventionally expect 
the equivalent horizontal pressure to increase roughly li­
nearly with increasing overburden stress (yz) and to lie 
between the limits defined by 

Ph = KAyz 

Ph = Koyz 

(3a) 

(3b) 

The sugar is deposited into the silo in an active stress state 
and as it is compressed by the increasing overburden, the 
stress state moves towards the at-rest condition. This oc­
curs because the lateral strains possible in the ensiled fill 
are less than those necessary to maintain the active stress 
state. Any friction between the walls and the sugar tend to 
modify the increase of Ph with z. If the full angle of wall 
friction 6 develops between the sugar and the wall , the 
horizontal pressure can be expected to develop according 
to the Janssen curve, in this case, the wall load P w would 
develop according to the equation 

K 0 y tan 6z2 

p = -----
w 2 (4) 

It is quite possible that less than the full angle of wall friction 
will develop in which case the wall load will be less than that 
indicated by Eq. 4. Alternatively , if the lateral pressure 
coefficient K is less than K 0 , the wall load will be less than 
that predicted by Eq. 4. 

4. Strains Measured During Third 
Annual Filling 

Figs. 4, 5 and 6 show the build-up of equivalent horizontal 
pressure and wall load in the silo as it was filled without 
interruption from empty for the third time. 

Fig. 4 shows the build-up of equivalent horizontal pressure 
and wall load at level 3 on instrument lines 1, 2, 4, 5 and 6 
(the gauges on level 3, line 3 were not in working order) . 

wa ll load Pw kN/ m 

0 0~ __ 2~0_0 __ 40~0 __ 6~0_0 __ 8~00 __ 1~000 

14, 2 

~ 50 
N 

?-
c 
<ll 
12 
" !) 100 

~ 
u 
2 
Q 

" -a 150 
u •.1 

200 

- Pw = K0 'Y lan o 12 (full arching) 
2 

0 1 = line1, level 3 
0 2 = line 2, level 3 etc. 

line 2: hatched area = 332 kN/ m 
wall load = 150 kN/ m 

o = tan·1 (150/ 332) = 24° 

Fig . 4: Bui ld-up of equivalent horizontal pressure and wall load at level 3, lines 1, 2, 4, 5 and 6 during uninterrupted filling 
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Fig. 5: Continuous record of temperatures of silo wall and outside of cladding and hoop and vertical strains 

4.1 Wall Loads 

An interesting feature of the present set of measurements 
was that no frictional wall load appeared to develop 
throughout the filling process at gauges 1 and 4, while only 
limited wall friction developed at gauges 2 and 6. The ob­
servation of zero wall load did not mean that there was no 
vertical strain in the wall at these points, but referring to 
Eq. 1a, that 

(1 c) 

Reasonably large wall frictions were observed at line 5, but 
these were also less than the theoretical maximum wall 
loads. 

The phenomenon of zero wall friction was quite unexpect­
ed, but has occurred repeatedly during this set of measure­
ments. Zero wall loads were not recorded in previous 
measurements on the silo , although unexpectedly small 
wall frictions were recorded. 

The unexpected observations did not result from faulty 
instruments, because later measurements with the same 
strain gauges showed wall loads of a more expected magni­
tude. The most likely explanation appeared to be one of 
daily temperature change. This possibility had not previous­
ly been considered because the silo is insulated and it had 
been assumed that the inner structural wall of the silo would 
only be affected by slow seasonal temperature changes. 
When it was suspected that temperature changes in the silo 
wall were not negligible, thermocouples were attached to 
the inner wall and to the adjacent outs ide of the cladding. 
Fig. 5 shows a pair of continuous temperature recordings 
on the cladding and structural wall. As the figure shows, the 
peak temperature of the steel wall lags behind that of the 
cladding by 10 to 14 hours. Also , the amplitude of tempera­
ture change of the wall is almost the same as that of the 
cladding. Most of the readings in the present series of tests 
were taken in the early to mid afternoon. This was purely for 

416 

convenience. The effect of this was that the wall was always 
about 1 0°C cooler when the strains were measured than it 
would have been about midnight. 

The physical effect of this 1 0° temperature change would 
have been that the wall daily tried to shorten by a maximum 
of about 3 mm. This shortening would have been resisted 
by friction between the sugar and the wall with the result 
that the wall friction would have been considerably reduced. 

The phenomenon of low or even tensile wall loads induced 
by diurnal low temperatures has previously been observed 
on uninsulated steel silos, e.g . [3]. This appears to be the 
first time that similar effects have been recorded on. 
insulated steel silo. 

Fig . 6 shows the relationship between shear displacement 
and shear stress in a laboratory test to measure the angle 
of wall friction of sugar against steel. As the figure shows, 
1 mm of relative displacement is enough to account for 
most of the wall frictional stress. A 1 to 2 mm vertical 
contraction of the wall would have been enough virtually to 
nullify the wall frictional load. 

4.2 Horizontal Pressures 

On instrument line 4 (see Fig. 4) the equivaient horizontal 
pressure increased linearly, with a lateral pressure 
coefficient greater than KA but less than K 0 . On line 1, 
however, the equivalent lateral pressure increased with a 
lateral pressu re coefficient that exceeded K0 . This implies 
either that lateral strains were restricted in the vicinity of 
line 4 or that the unit weight of sugar may have been greater 
than that assumed. It appeared likely that horizontal com­
pressional strains had occurred as a result of the same 
thermal contraction of the silo wall that had resulted in the 
reduced frictional wall loads. 

Fig . 5 also shows a continuous record of horizontal and 
vertical strain variations caused by the varying temperature 
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Fig. 6: Shear stress/displacement curve for sugar on steel plate 

of the silo wall. The measurements were made on line 6 at 
level 3. This is on the same vertical line as the ther­
mocouples, but some 25 m below their points of attach­
ment. The two positions were separated because of difficul­
ty of access. No sugar was loaded into or withdrawn from 
the silos while the measurements of Fig. 5 were being 
made, hence the strain changes are purely due to tempera­
ture effects. 

If it is accepted that the form of the temperature wave at 
level 3 is the same as that measured higher up on the wall, 
a .wall load and horizontal pressure variations caused by 
f'llll!!!'temperature changes can be calculated from Eqs. 1 and 
2. The actual strains occurring in the wall were of the order 
of 10 x 1 o-6 whereas the free temperature strains would be 
about 110 x 1 o-6 . Hence the silo contents are causing 
prevented strains in the horizontal and vertical directions of 
about 100 x 10- 5 . If these strains are transposed into hori­
zontal pressure and wall load via Eqs. 1 and 2, it will be seen 
that the horizontal pressure may vary by 40 kPa and the 
vertical wall loads by 400 kN/m as a result of the tempera­
ture variation. 

If these variations are compared with the theoretical values 
of horizontal pressure and wall load shown in Fig. 4 it will 
be seen that they can easily account for the observed 
phenomena of zero wall load and larger than expected 
horizontal pressure. This observation does not invalidate 
the results of the strain measurements, as all were taken at 
approximately the same temperature. It does illustrate, 
however, that temperature effects may be just as important 
as the effects of materials loading. 

4.3. Credibility of Measurements 

In the left hand diagram of Fig. 4, the area between the line 
Ph= K0 yz and a line such as that for line 5 can be interpreted 

Silo technology 

as representing the reduction in horizontal load transferred 
by the sugar to the wall of the silo , per metre width of wall , 
by the effects of wall friction . This would apply if in the 
absence of wall friction, the pressure line 5 would have 
followed the line Ph = K 0 y z. 

The hatched are in Fig. 4 represents a horizontal load of 
480 kN/m width of silo wall down to a level representing an 
overburden stress of 165 kPa (a depth of 
165 kPa/8.6 kN/m3 = 19.2 m). 

The corresponding wall load at this level was 300 kN/m. 
Hence the equivalent angle of wall friction is given by 

o = arctan ( !~~) = 32° 

Repeating the exercise for the area up to line 2 gives 

0 = 24° 

Both are credible average values for o as compared with the 
22° to 39° measured in the laboratory. Hence in this light the 
measurements shown in Fig. 4 appear qualitatively credi­
ble. 

Note that the calculation just described depends on the 
assumption that the equivalent horizontal pressure line lies 
below the line defined by Eq. 3 because of the effects of wall 
friction . This assumption obviously cannot apply in a case 
such as line 6, where wall friction was recorded, but the 
horizontal pressure line lay beond the K0 yz line. 

5. Other Measurements 

Fig . 7 shows the build-up of equivalent horizontal pressure 
and wall load on gauge line 1 at levels 1, 2, 3 and 4, while 
the silo was being filled without interruption. 

The equivalent horizontal pressure at level 1 lies below the 
line defined by Eq. 3. This is because of the proximity of the 
floor of the silo . It should also be noted that line 3 on Fig. 7 
appeared as line 1 on Fig . 4. 

Once again, the phenomenon of zero measured wall friction 
is apparent in the observations taken at levels 3 and 4, 
although significant wall friction developed at levels 1 and 
2. This is not inconsistent, as levels 2 and 1 lie successively 
below levels 4 and 3, and at any time , the wall load at level 1 
exceeded that at level 2. At points marked " A " on Fig . 7 
filling was completed and a small tonnage of sugar was then 
withdrawn from the silo. It will be seen that the wall friction 
at levels 1 and 2 showed an immediate decrease while the 
equivalent horizontal pressure at level 1 increased. This 
pattern of stress change has been observed before [1] . 
However, at level 2 the reverse occurred - a slight de­
crease of wall load was accompanied by a decrease of 
equivalent horizontal pressure. 

At levels 3 and 4, withdrawal of sugar produced quite large 
values of wall friction with simultaneous decreases in hori­
zontal pressure (paths " AB" on Fig . 7) . This occurrence 
confirms that the strain gauges were fully operational , and 
that the earlier absence of wall friction was not the result of 
an instrument problem. 

The quantitative credibility of the measurements shown in 
Fig. 7 can further be checked by calculating the angle of 
wall friction as was done for Fig. 4. For level 1, o was 
calculated as 26° and 32.6° for level 2. Both are quite credi­
ble values. 
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level 2: hatched area = 376 kN/ m 

wall load = 240 kN/ m 

o = tan-1 (240/ 376) = 32.6° 

0 1 = level 1 
o 2 = level 2 etc 

Fig. 7: Bu ild-up of equivalent horizontal pressure and wall load on line 1, levels 1, 2, 3 and 4 during uninterrupted filling (from O to A) 

Fig . 8 shows profiles of equivalent horizontal pressure and 
frictional wall load drawn for gauge lines 1, 5 and 6 when 
the fill reached maximum height after uninterrupted filling 
from empty. The profiles are very similar to those recorded 
at the end of the first and second fillings of the silo [1]. The 
figure also records angles of wall friction calculated on the 
same basis as for Figs. 4 and 7. Quite reasonable values 
were derived for o for lines 5 and 6. The check on credible 
values for o does not, however, apply to the profiles for 
line 1. 

The final set of measurements is shown in Fig. 9. This 
represents a similar set of profiles to those shown in Fig . 8, 
with the fill at maximum height, but during recirculation of 
the sugar with simultaneous filling and emptying. A compar-

equivalent horizontal pressure Ph kPa 
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6 
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Ph = KA 'Y Z (no arching) 

line 6: upper hatched area = 327 kN/ m 
wall load = 230 kN/ m 

o = tan -1 (230/ 327) = 35° 
total hatched area = 462 kN/ m 
wall load = 150 kN/ m 
o = tan-1(150/ 462)= 18° 

ison of Figs . 8 and 9 shows that as a result of the recircu­
lation , frictional wall loads have generally increased while 
horizontal pressures have decreased. Some of the wall 
loads now exceed the theoretical upper limit given by Eq. 4. 
As recorded on Fig. 9, the frictional wall load now appears 
to exceed the reduction in normal load assumed to be 
caused by the friction . 

Movement of the sugar in the silo as a result of emptying 
would nullify the effects of temperature in two ways : 
1. by allowing sugar to move downwards relative to the wall 

it would allow normal wall friction to develop, and 
2. it would allow the lateral pressure coefficient to adopt a 

normal (lower) value. 

Both of these effects are evident in Fig. 9. 

wall load Pw kN/ m 

0 ~0~~-2~00~~-4~00~~-6~00~~-8~00~~-10~0_0 
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200 
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line 5: upper hatched area = 145 kN/ m 
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o= Ian -1 (110/ 145) = 37° 
total hatched area = 285 kN/ m 
wall load = 200 kN/ m 
o = tan-1 (200/ 285 )= 35° 

• 

Fig . 8: Fill at maximum height after uninterrupted filling - profiles of equivalent horizontal pressure and fr ictional wall load on line 1, 5 and 6 
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Fig _ 9 : Fill at maximum height after recirculation with simultaneous filling and emptying - profiles of equivalent horizontal pressure and frictional wall load 
on lines 1, 5 and 6 

From the point of view of the silo design, this condition is 
clearly the least favourable reached in this series of 
measurements. The frictional wall load is usually critical in 
deciding the required plate thickness for a steel walled silo, 
and the permissible wall stress is positively influenced by 
the lateral stress [4]. Hence the critical design condition 
would be represented by the lowest lateral stress in combi­
nation with the highest frictional wall load. 

It will have been noted from the measurements shown in 
Figs. 4, 7, 8 and 9 that there is still a considerable radial 
non-uniformity in both equiv'alent horizontal pressure and 
frictional wall load. 

6. Conclusions 
ahe measurements presented in this paper have again 
i'lft!!trated the extreme complexity of the interaction 
between a silo and its contained fill. The measurements also 
emphasize the relative inadequacy of the available theories 
to predict the loading on a silo wall. 

2. The measurements on this silo have, a number of times, 
recorded equivalent horizontal pressures in the sugar that 
exceed those predicted by 

Ph = K0 yz (3b) 

Tests have shown that the at-rest lateral pressure 
coefficient K0 does not vary appreciably with time up to 
60 days under constant load. Three possible alternative 
explanations have been advanced: 

2.1 that the lateral pressure coefficient comes to exceed K0 

because of the effects of friction between the silo walls and 
the fill 

2.2 that the effect arises from daily thermal contraction of 
the silo shell as the silo is filled without interruption 

2.3 that the apparent increase results from an increase of 
the unit weight of the sugar. 

Daily temperature changes seem to be the most likely ex­
planation. 

3. In a number of instances, no or very low frictional wall 
loads have been measured at points on the silo wall, both 
during filling and during subsequent intermittent recircu­
lation of the sugar. These effects are also ascribed to daily 
temperature changes. Where frictional wall loads have been 
registered, it is usually possible to calculate a reasonable 
angle of wall friction from a combination of the assumed 
reduction in horizontal stress as a result of transfer of load 
to the wall by friction and the frictional wall load. 

4. The worst situation from the point of view of the design 
of the silo wall appears to occur during circulation of the 
contents of the full silo with the occurrence of simultaneous 
filling and emptying. This process appears to result in higher 
frictional wall loads together with reduced lateral pressures. 
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E & F Dust Control and Loading 
Equipment 

E & F Services Ltd. of Leicester, U.K. , process plant and 
associated equipment specialists, now manufacture a com­
plete range of dust control equipment. Following their ex­
pansion programme it was a logical step to produce a range 
of dust control equipment to use in assiociation with their 
own plants and to market in its own right. 

One example of this new range of dust control equipment 
being used in conjunction with E & F's handling equipment 
is the recently commissioned Mobile Loader (Fig. 1) for the 
dust free loading of open top wagons. The loader in this 
case is fed by an overhead grab. 

Fig. 1 : Mobile Loader of E & F Services Ltd. 

This particular loader is a completely self-contained vehicle 
which can be driven to the most convenient loading point, 
and is suitable for a wide variety of loose bulk materials. 

The main hopper is a wind-free enclosure fitted with internal 
baffles, the hopper is then tapered downwards to terminate 
in a mass flow bin type discharger. The dust is removed by 
a series of dust filter units and returned via gravity and 
screw conveyor into the system. 

The road vehicles enter and leave through a curtain wall and 
are filled in dust free conditions. Fill rate is between 250 to 
350 t/h depending on materials. Several patents are pend­
ing on these units. 

Improved Jetline V Dust Filter 

The Jetline V from Neu Engineering Ltd . of Woking , Surrey, 
U.K., is a proven, high performance filter, designed to cost 
effectively meet a wide range of industry's dust control 
needs. Based on multiple rows of square section , needlefelt 
filter sleeves and incorporating an integral reverse jet com­
pressed air cleaning system, these fully automatic, compact 
units provide proficient filtration with low operating costs 
and high efficiency. 

Now, as part of Neu Engineering 's policy of continuous 
product development, the company has introduced a new 
modified 100 mm square sleeve design, which results in an 
even more compact unit and a lower pressure drop during 
the cleaning cycle, with consequent reduction in power 
consumption. 
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The Manutube from E & F Services Ltd. offers a completely 
enclosed dust-free loading facility (Fig. 2). The Manutube is 
available in various sizes catering for a range of through­
puts up to and in excess of 600 t/h. 

These units can be installed as a static handling system, or 
mounted on a chassis as a mobile unit. The larger mobile 
units can also be supplied as motorised units for one-man 
operation. 

Telescopic swivel discharge chutes can be fitted at the 
discharge point enabling material to be spread evenly with 
the vessels hold. The Manutube is also able to move at right 
angles in a parallel line to the vessel being loaded, adding 
to its versatility. 

Actual loading of the Manutube can be by various methods, 

Fig. 2: Lorry tipping Manutube unit for ship loading 

but on ship loading applications it is usually by direct lorry 
tip. Various forms of inlet hoppers and feeders can be 
provided depending on how fast a vehicle turn round is 
required . 

The Manutube follows the principle of a traditional belt 
conveyor, replacing the conventional troughing idlers with 
a tube manufactured from high density polycarbon*' 
which is corrosion-free and has a very high impact reW­
tance. 

The belt is supported on air carried into the tube by the belt 
movement. 

Jetline V uses square-section, equally-spaced, needlefelt 
filter bags, which clean most effectively and are not subject 
to clogging. The benefits of the square bag configuration 
include a lower pressure drop, longer bag life and high air 
to cloth ratios, even on difficult dusts. 

The integral Neu-designed "Venturi Economiser" minimises 
compressed air usage during the pulsed cleaning operation, 
which is programmed automatically. This adjustable cycle 
takes place without any detectable drop in air flow through 
the filter. These and other design features mean that high 
filter speeds are possible and up to 300 m3/h of dust laden 
air per m2 of filter can be handled. High levels of filtration 
efficiency also lead to low emission levels, normally not 
exceeding 10 mg/m3 . 

Jetline V is one of a range of Neu purpose-designed dust 
control products. 
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Behaviour of a Bolted corrugated 
Steel Grain Silo 

9ummary 

The paper describes a series of strain 
measurements made on a bolted cor­
rugated steel maize silo. The object of 
the measurements was to discover 
how the main structural components of 
the silo, the corrugated sheeting wall 
and the vertical stiffeners, function. In 
particular, to find what proportions of 
the vertical frictional wall load are 
carried by the sheeting and the stiffen­
ers. 

The measurements showed that the 
corrugated wall carries hoop tension , 
but a negligible fraction of the frictional 
wall load. The wall load is carried al­
most entire ly by the vertical stiffeners. 

a Introduction 
~lted corrugated steel grain silos 
have proved to be economically com­
petitive with forms of construction such 
as welded plane steel plate and slid 
reinforced concrete. Although many 
hundreds of corrugated steel silos have 
been built in various parts of the world , 
to very large sizes (at least 37 m diame­
ter). there seems to be some uncertain­
ty as to how the structural system 
functions . The horizontally corrugated 
plates that form the silo wall cannot be 
expected to carry much of the vertical 
frictional wall load. This must almost 
entirely be carried by internal or exter­
nal vertical stiffeners that are provided 
for this purpose. 

An alternative view is that the silo wall 
provides a horizontal radial constraint 
to the silo contents. This material is 
then able to support the vertical gravi­
tational stress and in effect becomes 
self-supporting by developing internal 
shear stresses. On this basis, the stif-

C.E. Blightr south Africa 

feners should carry relatively little load. 
The familiar grain sack or bag is pointed 
to as an example of this principle. The 
bag has no stiffness in the vertical di­
rection , yet the wa lls of the bag do not 
buckle when it is filled with grain. 
Therefore, the argument goes, the radi ­
al restraint provided by hoop tension in 
the bag allows the grain to be self-sup­
porting in the vertical direction. 

To investigate just how bolted corru­
gated steel si los do function , it was 
decided to carry out a series of 
measurements on one. A suitable silo 
was located with the active assistance 
of lscor Ltd . and the Northern Trans­
vaal Co-operative Ltd. The latter body 
very kindly placed one of its silos at the 
writer 's disposal for experimental pur­
poses. The designer-builders of the si­
los , Bessemer Steel Construction (Pty) 
Ltd ., kindly provided structural draw­
ings of the silo and a test specimen of 
the corrugated steel wall plate. 

2. Details of Test Silo 
Fig. 1 a shows the silo complex at 
Naboomspruit of which the test silo 
forms part. The test silo is the one clos­
est to the camera. The silos are 
18.19 m in diameter and 23.69 m high 
to the eaves. Each is stiffened by 
means of 60 equally spaced internal 
vertical stiffeners to which the corru­
gated strakes forming the walls are 
bolted. Fig. 1 bis an internal view of the 
test silo showing the series of vertical 
stiffeners. 

The layout of the silos in elevation and 
their principal dimensions are shown in 
Fig. 2a which also shows the double­
skinned construction of the top-hat 
section vertical stiffeners. The stiffen­
ers are bolted to the corrugated walls , 
but simply abut on each other in the 
vertical direction. 

Fig. 1 a: View of si lo complex; test silo is on left 
closest to camera 
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Fig. 1 b: View of inside of silo showing stiffeners 

The flat-bottomed silos are emptied by 
gravity flow through the central outlet 
until the grain forms a cone, at its angle 
of repose, around the outlet. The 
remaining grain is then extracted using 
a sweeping auger. The housing for the 
motor driving this auger appears in the 
centre foreground in Fig. 1 b. 

The properties of the maize with which 
the silo was filled were established in 
the laboratory and were as follows : 

Unit weight: y = 7.5 kN/m3 

Coefficient of lateral pressure 
with zero lateral strain : K 0 = 0.65 

Angle of internal friction : ¢ = 30° 

The angle of wall friction b between the 
maize and the corrugated galvanized 
wall sheeting was assumed also to be 
30°. 

3. Details of 
Instrumentation 

Because the greatest interest lay in as­
sessing the maximum loads in the stif­
feners , and because of difficulty of ac­
cess , it was decided to concentrate the 
instrumentation around the perimeter 
of the silo at a height of 1.5 m above the 
base. 

Four stiffeners at 90° intervals in plan 
around the silo were strain-gauged. 
Each stiffener was strain-gauged in 
three positions, using electric resis­
tance gauges as indicated in Fig. 2a. 
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As the inner skins of the stiffeners were 
inaccessible, only the outer skins were 
strain-gauged . The vertical and hori­
zontal gauges of each pair were con­
nected as a half-bridge to form a tem­
perature-compensated pair. This was 
done on the assumption that there 
would be no (or negligible) transverse 
compression or bending on the stiffen­
er section. On this assumption , meas­
ured axial strains would exceed true 
axial strains by a factor of (1 + v) where 
v is Poisson 's ratio for steel. The layout 
in plan of the instrumented stiffeners is 
shown in Fig. 2b. 

Electric resistance strain-gauges were 
mounted on the outside of the silo wall 
in each of four places to measure hoop 
strains at the same height as the stif­
fener strain measurements. At each 
point, two strain gauges were mounted 
horizontally, one in a trough and one on 
a ridge of the corrugations. 

A copper-constantan thermocouple 
was also mounted at each gauging 
point. The junction of one ther­
mocouple in each position was fixed to 
the stiffener inside the silo, and the 
junction of the other to the outside of 
the silo wall. To prevent wind from af­
fecting the readings of the outside ther­
mocouple, the junction was covered 
with a piece of aluminium-backed ad­
hesive tape. This has a similar colour to 
the galvanized steel and is a good heat 
conductor. Hence it sh ielded the 
junction from the wind , but did not un­
duly impede heat flow. 

The strain gauges and thermocouples 
were waterproofed using a rubber solu­
tion. The strain gauges on the stiffeners 
were protected from abrasion by the 

@ 
1 

Eoch gauge pair 
connected as 
hOl! Mdge 

3 Pairs OI strain 
gouges at 1450 mm 
above silo noor 
on stiffeners a t I 
A, B,C, D 

100mm 
H n } somm 

L-1 
200mm 

Double skin 
top hat stiffener 
tophot - Smm It 
Inner channel 

- 3mm It 

Galvanized 
Com.Jgated 
steel strokes 
bolled 
construction 

Shell thlekness: 
lower14 
strokes - 3mm 
next10 
strokes-2mm 
top 7 
strokes - 1.6 mm 

Fig. 2a: Silo layout in elevation showing principal 
dimensions 

Strain gouges at poslttons A. B. C, 0 

Anongemenl 
of ctemec targets 

• 238 mm at splices 
to avoid splice 

Fig. 2b : Silo layout in plan and layout of instru­
mentation on wall 

grain by covering them with a sheet of 
galvanized steel fastened to the stiffen­
er and the silo wall using small self-tap­
ping screws. The protection to gauges 
on a stiffener is shown in Fig. 3a which 
also shows the stiffener in more detail. 
The strain gauge and thermocouple 
leads were taken through the wall 
sheeting to a water-proof box fixed to 
the outside of the silo. This is shown in 
Fig. 3b. This figure also shows t e 
strain gauges to measure the hoop 
strain (on either side of the box), the 
outside thermocouple lead (to the right) 
and the separate stress-free steel tag 
on which was mounted the tempera­
ture-compensating dummy gaugesA 
the hoop strain gauges. The verti(l!il' 
lines of bolts show the position of the 
sti ffener. 

To measure the vertical strain in the si lo 
wall , a demountable Demec strain 
gauge with a gauge length of 200 mm 
was used. Electric resistance strain 
gauges could not be used because 
they would record vertical bending 
strains that might arise in the corrugat­
ed steel, as a result of vertical com­
pression by the wall load. It appeared 
possible that these might be larger than 
the purely compressional vertical strain 
in the wall. It was necessary to mount 
the targets for the Demec gauge on 
ridges of the corrugations. As these did 
not fit in with the 200 mm gauge length, 
each pair of targets (5 pairs at each 
measuring position) had to be mounted 
diagonally, as shown in Fig. 2b. The 
Demec targets may just be discerned in 
Fig. 3b on the second and fourth ridges 
below the terminal box. 
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Fig. 3a: Steel sheet protecting strain gauges on internal stiffener Fig. 3b: Terminal box and hoop strain gauges on outside of silo 

...£: Evaluation of 
• Instrumentation 
The effects of temperature must be ex­
pected to play an important role in any 
measurements on an uninsulated steel 
structure that is exposed to the weath­
er. In fact, temperature can play a con­
siderable role even in steel structures 
that are insulated [1]. In the present 
case, the test silo is partly in sun and 
partly in shade throughout the day. 
Hence apart from any day-night tem­
perature differences, the structure is 
subjected to a temperature wave that 
moves around the structure as the day 
progresses. 

In theory, if electric resistance gauges 
are compensated for temperature, they 
will register only stress-induced 
strains, but it is known that the temper­
ature compensation is not perfect. 
A refore it was considered important 
-r;nvestigate the extent to which the 
temperature compensation of the 
gauges was effective. To do this , two 
strain gauges were mounted on a small 
steel tag, together with the junction of 
a copper-constantan thermocouple. 
The strain gauges were connected as a 
half-bridge and the output of the strain 
gauges and the thermocouple on the 
stress-free tag were recorded while the 
tag was exposed to the weather over a 
period of four days. Part of these re­
cordings are shown in Fig. 4, with the 
tag screened from the sun and wind 
(above) by sandwiching it between two 
slabs of polystyrene foam , and 
unscreened (below). The recordings for 
the screened tag show far less fluc­
tuation than for the unscreened tag, but 
the two records are basically very simi­
lar. If temperature compensation had 
been perfect, the strain traces would 
not have deviated from a horizontal 
straight line. 
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Fig. 4: Tests on temperature compensated gauge pair mounted on 50 mm square steel tag 

The recorded value of the ratio of strain 
to temperature was 1.3 µ1i°C (*) where­
as the coefficient of linear expansion 
for steel is about 12 µE/°C . This indi­
cates that almost 10% of thermal 
strains are not compensated ; alterna­
tively, that temperature compensation 
is 90% effective. 

5. Restraint of Thermal 
Strains in the Empty 
Structure 

Having established the extent to which 
the electric resistance strain gauges 
were likely to be temperature compen­
sated , it was considered important to 
study the extent to which the structure 
itself would restrain the occurrence of 
thermal strains. Because of the daily 
solar temperature wave that travels 

(*) 1 µ E = 1 X 1 Q- 6 mm/mm = 1 microstrain. 

around the wall of the silo, it appeared 
likely that thermal expansion of heated 
stiffeners might be restrained, via the 
silo wall and roof, by cooler stiffeners 
on either side. It did not seem likely 
however, that thermal hoop strains 
would be restrained in the empty silo. 
This effect was studied by recording 
the diurnal variation of strains and tem­
peratures while the silo was empty. 

Fig . 5 shows sets of simultaneous re­
cordings of the variations of hoop strain 
and the temperature with time, and ver­
tical stiffener strain and temperature 
with time. In the case of the recordings 
for the stiffener, the temperature was 
recorded by the thermocouple junction 
mounted on the stiffener. 

It will be seen that the ratio of recorded 
hoop strain to temperature change was 
only 1 µE/°C . Hence it can be concluded 
that thermal hoop strains are not 
restrained by the structure, although 
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Fig. 5: Variation of longitudinal strain in stiffener with temperature (silo empty) 

they will be restrained by the silo con­
tents when the silo is ful l. 

strain-gauges, those located in troughs 
generally appeared to read higher than 
those on ridges. The reason for this is 
not known. 

The rat io of recorded strain in the stif­
fener to change in temperature was 
nearly 10 µE/°C. This indicates that 
thermal strains in the stiffeners are 
restrained to the extent of about 
(10 - 1 )/ 12 or 75°/o when the structure is ·

200 

empty. Th is prevented thermal strain 

Hoop strain In wall (µ €) (+= tension) 

0 + 200 + 400 +600 +600 +1000 + 1200 

For positions of 
A. B,C, Dsee 
Agure2b will add to the load in the stiffeners 

when the silo is full , it if occurs to the 
same extent. 

6. Hoop Strains Measured 
During Filling with 
Maize 

Strains in the silo were measured at 
roughly weekly intervals as the silo was 
filled with maize from empty over a 
period of 6 weeks. The results of the 
strain measurements are shown in 
Fig. 6 where they have been plotted 
against the overburden stress at the 
wall of the silo. 

As the figure shows, there was a con­
siderable spread of results. At any one 
position , such as A , the read ings on the 
two gauges, one in the corrugation 
trough , the other on the ridge, differed 
considerably. There was also a consid­
erable difference in the strain meas­
ured at different positions around the 
perimeter of the silo. For example, 
strains measured at position C are con­
sistently higher than those measured at 
position B. This non-uniformity of strain 
and the corresponding pressure 
around the perimeter of a silo has been 
observed and recorded before , e.g. [2], 
[3] and probably appl ies to all full-s ize 
silos. Regarding the posit ions of the 
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Fig. 6: Hoop strains observed in silo wall during 
uninterrupted filling 

Three solid lines have been superim­
posed on Fig. 6. Two of these repre­
sent the variation in hoop strain with 
overburden , one calculated from the 
Janssen equation with K = K0 and 
the other on the assumption that the 
horizontal pressure varies linearly with 
depth according to the relationship : 

where : 

Ph = horizontal pressure at depth z 
y = unit weight of the grain 

(1) 

K0 = the coefficient of lateral pressure 
under conditions of zero lateral 
strain . 

The hoop strain was then calculated 
from : 

(2) 

where : 

D = silo diameter 
t = equivalent thickness of the corru-

gated steel wall 
E = Youn g's modulus for steel. 

This assumes that the vertical strain in 
the corrugated steel is zero, which is 
probably not correct , but the error is 
believed to be acceptably small. Th13 
third line represents the arithmetic 
mean of the measured hoop strains. 
Neither of the two calculated relation­
ships matches the distribution of mean 
observed hoop strain very well. 

The effect of temperature on hoop 
strain when the silo is full is shown in 
Fig. 7. Two typical daily cycles of tena 
perature and the corresponding vari• 
tion of prevented hoop strain are 
shown. Each cycle of strain represents 
the reduction in hoop strain that would 
have occurred in going from the highest 
to the lowest temperature, had the con­
tents of the silo not restrained and pre­
vented it. The greatest value of this 
prevented temperature strain recorded 
during the tests was about 140µ£, but 
obviously, larger values are potentially 
possible, depending on the variation in 
temperature. 

The greatest variation in temperature 
on the outer surface of the silo occur­
red while the sun was on it, between 
about 07h and 13h. Strangely enough, 
during the rest of the 24 hours, very 
little variation of temperature was re­
corded on the surface of the silo. It will 
be noted that the minimum tempe~ 
ture recorded in Fig. 7 was about 1 C9 
and the maximum just over 25°C. Dur­
ing the same period, a mercury-i -
glass thermometer in the shade show­
ed a minimum air temperature of 3°C 
and a maximum of 30°C. It was at first 
thought that either the calibration of the 
thermocouple, or the recorder were 
faulty. However, careful checks of 
these showed no fault. It is now thought 
that the daily variation of temperature 
in the silo wall is subdued by the co -
bined effects of insulation of the inside 
of the wall by the grain and conduction 
of heat with in the wall. Both of these 
would tend to reduce the amplitude of 
the daily temperature wave. Reference 
to temperatures recorded on otheir 
uninsulated steel silos, e.g. [4], shows a 
similarly subdued daily temperature 
variation. It is only the relatively con­
centrated heating by the sun that can­
not be evenly distributed as it occurs, 
and results in the marked temperature 
variation shown in Fig. 7. 
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Fig. 7 : Variation of hoop strain in silo with temperature when silo was full 

It will be noted from Fig. 6 that if a 
"temperature surcharge" of 150 µ£ is 
superimposed on the calculated linear 
strain distribution, all but four of the 
observed strains are contained below 
the surcharged relationship. Hence this 
relationship could be used to design a 
corrugated steel silo for hoop stresses. 

7. Strains in Stiffeners 
Measured During Filling 

Fig. 8 summarizes the measurements 
of strain made on the four instrumented 

affeners as the silo was filled from 
Wipty. The values plotted in Fig. 8 are 
the strains as they were recorded. True 
strains are 1/(1 + v) or 3/4 times the 
observed values. There was a consid-

Observed compressive strain In stiffeners (µE) (- = compression) 

+ 200 0 ·200 -400 -600 -800 -1000 -1200 

140 

·Nole: True strain = 3/ 4 (observed strain) 

Fig. 8 : Strains in stiffeners observed during unin­
terrupted filling 

erable variation in the measurements, 
both from stiffener to stiffener and even 
on a single stiffener (see, e.g . the 
measurements on stiffener B) . It is ap­
parent that the strain distribution 
across the section of each stiffener is 
completely non-uniform. 

Not all of the strain gauges were work­
ing as the silo was filled . All the gauges 
at B were registering but only 2 each at 
A and D and one at C 

Fig . 8 also shows the arithmetic mean 
of the observed strains which, as it 
happens, coincides very closely with 
the single measurement at C and other 
single measurements at A, Band D . 

Compression strain In stiffeners (µE) (- = compression) 

+ 200 -200 -400 -600 -800 -1000 -1200 

© 

Fig. 9: Comparison of average observed strains in 
stiffeners with calculated strains ; calcu­
lations based on y = 7.5 kN/m3

, K0 = 0.65, 
tan fl= 0.58 

steel Siio Strain Behaviour 

To eliminate the clutter shown in Fig. 8, 
the mean true strains have been replot­
ted in Fig. 9. The figure also shows two 
theoretical relationships between 
strain in the stiffeners and overburden 
stress. These were calculated assum­
ing the linear relationship between hori­
zontal pressure and depth given by Eq. 
(1), and also that the entire wall load is 
carried by the stiffeners. The wall load 
per stiffener is given by: 

z2 IID 
P = K y tan 6 - - (3) 

s 0 2 s 
in which 6 is the angle of wall friction , 
S the number of stiffeners and the other 
symbols are as defined earlier. The 
strain in the stiffener is then given by: 

where : 

Ps 
Es = A E 

s 
(4) 

As = cross-sectional area of the stif-
fener. 

The two curves shown in Fig. 9 assume 
that either the complete section of the 
stiffener is carrying the load, or only the 
outer skin. The agreement between the 
mean observed and predicted strains is 
remarkably close. It gives the im­
pression that initially only the outer skin 
of the stiffener carries the load but that 
as the load increases, the inner skin 
begins to carry its share. However, it 
must be remembered that the actual 
strain at points in the stiffener cross­
section may be much larger (or smaller) 
than the mean strain. 

The diurnal variation of strain in a stif­
fener as the temperature varies is 
shown in Fig. 10. The temperature in 
this case was measured on the stiffen­
er. Whereas the ratio of prevented 
strain to temperature in the empty silo 
was nearly 10° µi::l°C (Fig. 5) , the ratio 
recorded in Fig. 10 is only about 
4 µi::l°C. Hence temperature fluc­
tuations have relatively little effect on 
loads in the stiffeners when the silo is 
full. 

It appears from Fig. 9 that the stiffeners 
do indeed carry all , or almost all of the 
frictional wall load in the silo. However, 
vertical strains in the corrugated silo 
wall must be examined before this can 
be stated as a firm conclusion. 

8. Vertical Strains in the 
Silo Wall 

Vertical strains in the corrugated silo 
wall were assessed by combining the 
mean hoop strain at each of the po-
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ured 190 mm long and 150 mm wide 
and the load was applied across the 
corrugations in the mean plane of the 
corrugation wave form. The results of 
these measurements have been ex­
pressed as axial load in kN per m width 
(measured parallel to the corrugations) 
versus compressive strain across the 
corrugations, and are shown in Fig. 12. 

If the maximum measured strain of 
250 µE is superimposed on the 
diagram, it will be seen to correspond 
to a wall load of about 1.5 kN/m. The 
calculated maximum wall load at the 
level of the instrumentation is 
400 kN/m. Hence it is quite plain that 
the corrugated wall sheeting carries al­
most no frictional wall load. 

9. Conclusions 
Fig. 10: Variation of stiffener strain in silo with temperature (silo full) The following conclusions can be 

drawn from the measurements and 
their analysis : 

sitions A to D with the mean strain 
measured diagonally by using the De­
mec gauge (Fig. 2b) The geometry of 
the Mohr strain circle was used to do 
the combination. 

The resulting variation of vertical strain 
with increasing overburden stress is 
shown in Fig. 11 . It will be noted that 
the strains are rather small, a maximum 
of 250 µE as compared with a maximum 
hoop strain of about 800 µE. The hoop 
strain takes place parallel to the curru­
gations where the elastic modulus of 
the plate is 200 GPa, but the vertical 
strain takes place across the corru­
gations, where the modulus of the plate 
is very low. 

Vertical strain in wallµ< ( + = tension) 

-400 -200 0 + 200 +400 + 600 

~ .. .,, 
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0 
0 :e 
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! 
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:J .e 
c3 
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Fig. 11 : Vertical strains in silo wall observed dur­
ing uninterrupted filling 
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As with the other sets of measure­
ments, the vertical strains are scatter­
ed, and some strains appear to be ten­
sile. As stated earlier the strains plotted 
in Fig. 11 are a combination of tensile 
hoop strains measured by means of 
electric resistance strain gauges, and 
diagonal strains measured by a Demec 
gauge. It should be noted that all of the 
diagonal strains were small and tensile 
showing qualitatively that the vertical 
strains must have been very small. The 
mean vertical strain in the wall was · 
indeed close to zero. 

The compression characteristics of the 
wall across the corrugations was 
measured in the laboratory by com­
pressing specimens of 3 mm thick cor­
rugated plate. The specimens meas-

E 

~ 

:2 
ii 

200 400 600 800 

Compressive strain µ" 

Fig. 12 : Load-strain characteristics of three speci­
mens of 3 mm corrugated steel plate 
compressed in the plane of the plate and 
across the corrugations 

1. The stiffeners carry almost the entire 
frictional wall load in the silo and the 
wall itself carries very little. The wall 
sheeting distributes the frictional 
wall load into the stiffeners as it 
arises and also carries the hoop 
tension caused by the radial pres­
sure of the silo contents. 

2. The functioning of the silo shell is 
very complex: the hoop strain 
caused by the pressure of the silo 
contents is highly variable around 
the silo perimeter and is affected by 
the temperature wave that travels 
around the silo each day as a result 
of the sun 's heating. A 
The strains, and therefore the loa~ 
in the stiffeners also vary around the 
silo perimeter, and the cross­
section of each stiffener is not uni­
formly strained. 

3. However, on average, hoop strains, 
surcharged for temperature, agree 
reasonably well in magnitude with 
strains predicted on the basis of 
simple silo theory. 
Average strains in the stiffeners also 
agree reasonably well with those 
calculated from simple silo theory. 

A sample calculation of design 
loads for this silo is included as an 
appendix. 
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Appendix 

Sample Calculation of Design Loads Based on Conclusions 
from Strain Measurements 

Materials parameters : 

Silo dimensions : 

y = 7.5 kN/m3 

K 0 = 0.65 
b = 30° 

D = 18.19 m 
Zmax = maximum depth of grain 

against silo wall = 23 m 

Horizontal pressure at base of silo : Ph = K 0 yzmax = 0.65 x 7.5 x 23 
= 112 kPa 

Hoop tension at base of silo : 

PhD 112 x 18.19 
oh= -

2
- = 

2 
= 1,019 kN perm height 

Wall load at base of silo : 

P 
_ K " (ZmaJ

2 
_ 0.65 X 7.5 x tan 30° x (23)2 

w - 0 y tan u-- - - ----------'--'-
2 2 

= 7 44 kN per m perimeter 

Wall load per stiffener (60 stiffeners) : 

PwITD 
p =-­

s s 
744 x 18.19 IT 

60 
= 709 kN per stiffener 
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,000 + square metres of net StaA4 space, Interaction '89 now leads the world as 
~stindoor materials movement exhibition ever held. 

The six Interaction events are: 

@ Nl>l~ING &SiOltAGf , 
..... over 500 companies from around the world 
:ying the latest technology for the movement and 
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UBlO 9NA, England. Tel: (0895) 56751/2. Fax: (0895) 71946. Telex: 8813047 Trinty G. 
Getting there is easy. There are daily flights direct to the NEC's own airport- Bi~ingham International, 
from many parts of the world. For travel and hote l arrangements contact the official travel agent for West 

Ge rmany: Deutches Reiseburg Gmbh on 49-69 1566377. 
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strain and Temperature 
Measurements on an 
Externally Stiffened 

corrugated steel Grain Silo 

.. fiummary 
The paper describes a series of meas­
urements made on an externally stiffened 
corrugated steel grain silo. The measure­
ments were undertaken to confirm the re­
sults of earlier measurements [1] made 
on an internally stiffened corrugated steel 
silo, and to investigate possible differenc­
es between the behaviour of internally 
and externally stiffened corrugated silos. 
The results confirmed the earlier meas­
urements and showed that internally and 
externally stiffened silos behave in a very 
similar manner. The measurements have 
emphasized the important role played by 
temperature-induced loads in total silo 
loading . 

1. Introduction 

A recent paper [1] described the results of 
83asurements made on an internally 
•ffened bolted corrugated steel grain si­

lo measuring 18.19 min diameter by 23. 7 
m high. 

The measurements showed that the stiff­
eners in the silo carry almost the entire 
frictional wall load. The corrugated sheet­
ing forming the silo wall distributes the 
wall load into the stiffeners as it arises and 
also carries the hoop tension caused by 
the radial pressure of the silo contents. 

The investigation also showed that the 
cross-section of each stiffener was not 
uniformly loaded, and also that the pres­
sure of the silo contents appeared to vary 
significantly around the perimeter of the 
wall. Hoop strains (and hence horizontal 
pressures) were considerably affected by 
the temperature wave that travels around 
the silo each day as a result of solar heat­
ing and also by overall diurnal tempera­
ture changes. 

Although the investigation on the 18.2 m 
silo successfully identified the loads car-

For information on author - see page 442 

G.E. Blight, south Africa 

ried by the various components and 
showed that these can be estimated by a 
simple calculation procedure, the results 
needed to be confirmed. As the silo is 
filled and emptied once each year, it was 
originally intended to obtain confirmation 
by repeating the measurements in the fol­
lowing year. However, an opportunity 
arose to repeat the measurements on a 
different type and size of silo. This was 
recognised as a better means of confir­
mation as it would provide a completely 
independent check on the earlier set of 
measurements. 
The author is indebted to the Northern 
Transvaal Co-operative Ltd. for their ac-

1 Vertical strain gauge on 
each side of stiffener 
at A, B, C, D upper & lower 

STHK 

SECTIONS OF STIFFENERS 

0 
CXl ..... 
.c 
~ 
Q) 

"' Q) 

-" 
~ 

Ui 

live co-operation in making their Pienaars­
rivie r silo facility available for the 
performance of the measurements. 

2. Details of Silo 

Whereas the silo described in the previ­
ous paper (1] has a capacity of 4,600 t of 
maize, the silo treated in this paper has a 
capacity of only 1,200 t of maize. Details 
of the layout of the silo are shown in Fig. 1 ; 
Fig. 2 is a view of the complex of which the 
test silo forms part. (The test silo is the 
fourth silo from the right). 

Concentric loading 
point 

12500 

~ ~.mJ::~~~~i=d::==-1 gauge midway 1 Strain gauge 
between sti ffeners~~=--i--.-;;;;-t"' on lowest section of 
on either side at stiffener & 1 on next 
upper and lower section above 
positions + 1 dummy 
on separate galv 
steel tag 

(4 gauges + 1 at 
each of positions 
A, B, C, D) 

Strain gauges at 
each position A, B, 
C, D: 

Fig. 1 : Layout of silo and instrumentation 

\ '""" ''"'"" ._____- at each of 4 
C points 

All dimensions 
are in mm 
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~train gauges were attached at four posi­
tions A, B, C, D separated by 90° in plan. 
At each of these positions gauges were 
mounted at two different heights: 1.2 m 
above the concrete base of the silo, and 
2. 7 m above the base. Four gauges were 
mounted at each height: 

• two on the stiffener, one on either side 
as shown in Fig . 1; and 

• two on the corrugated sheeting, mid­
way between stiffeners, one in a 
trough of the corrugations and the oth­
er on a ridge. 

Fig. 2: View of Pienaarsriver silo facil ity; the test si lo is fourth from the right 

A separate dummy gauge for tempera­
ture compensation was used for each of 
positions A to D. This was mounted on a 
small tag of galvanized steel sheeting 
which was attached to the wall of the silo 
by means of mirror-mounting tape to en­
sure that. it was stress-free. Strain gauge.ia 
on the stiffeners were mounted in a ver:9' 
cal orientation and those on the silo walls · 
were aligned horizontally. All strain gaug­
es were waterproofed by means of rub­
ber solution and then further water­
proofed and protected by means of an 
aluminum foil-backed rubber bitumen 
sealing strip. 

The silo has a diameter of 12.5 m, a wall 
height of 12.5 m, and is of all bolted con­
struction. It is filled concentrically by 
means of a conveyor belt and has a single 
central outlet discharging into a conveyor 
tunnel. 

The wall consists of 2.5 mm thick galvan­
ised corrugated steel plate and is stiff­
ened by 42 equally spaced external stiff­
eners. 

The stiffeners (visible in Fig. 2) consist of 
galvanized lipped channels made of 5 
mm thick steel. The lowest section of stif­
fener measures 80 mm wide by 65 mm 
deep overall , while higher sections meas­
ure 80 mm wide by 45 mm deep. 

The stiffeners are bolted directly onto the 
corrugated wall. Each stiffener section 
butts onto and rests on the section below 
but is located only by the sheeting of th~ 
silo wall. 

The properties of the maize which the silo 
stores were as follows: 

Unit weight: y = 7.5 kN/m3 

Coefficient of lateral 
pressure with zero 
lateral strain : K0 = 0.65 
Coefficient of lateral 
pressure for active 
condition : KA= 0.33 

The angle of wall friction 8 between the 
maize and the galvanized corrugated 
wall sheeting was assumed to be equal to 
the angle of internal friction 0: 

0 = 8 = 30° 

3. Details of Instrumentation 

T.he. layout of instrumentation was very 
s1m1lar to that used previously on the 
18.19 m dia. silo and is shown in Fig . 1. 

Fig. 3: Close-up of instrumentation on wall and stiffener of 12.5 m diameter silo 
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Fig. 3 is a photograph showing the instal­
lation at the lower level for a typical instru­
ment position. The dummy gauge, at­
tached, to its tag, is to the right above one 
of the horizontal gauges to measure hoop 
strain in the silo wall. 

One of the gauges on the stiffener is visi­
ble just under the terminal box. The latter 
is an ordinary plastic freezer box with an 
airtight press-on lid . 

The measurements on the 18.19 m dia. 
silo had shown that vertical strains in the 
corrugated sheeting are negligible and 
therefore that measured hoop straiA 
would be unaffected by Poisson ratio 811' 
fects . 

The same applies to strains measured 
parallel to the length of the stiffeners. 
Strains could thus be measured by con­
necting each active gauge in turn into a 
half-bridge with the dummy gauge. Most 
of the strain measurements were carried 
out manually by means of a Huggenber­
ger strain bridge. 

Temperature-associated strains and the 
corresponding temperatures were re­
corded by means of a Toa electronic pen 
recorder. 

Copper-constantan thermo-couples ar­
ranged in pairs were used for measuring 
temperatures. One had its junction in 
contact with the silo wall, so as to meas­
ure the temperature of the wall. The other 
had its junction 5 mm off the wall so as to 
measure the temperature of the air in 
close proximity to the wall. Both junctions 
were shielded from the wind by means of 
aluminum-backed adhesive tape. 
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4. Horizontal Pressures 
Deduced from 
Measured Strains 

Strains were measured at intervals as the 
silo was filled from empty. Knowing that 
measured strains are temperature-de­
pendent because of the restraint to 
movement of the silo imposed by the 
grain, readings were taken at approxi­
mately the same time (between 12h00 
and 13h00) on each occasion to minimize 
temperature differences. The depth of 
grain in the silo was measured by means 
of a tape dropped in from the apex of the 
silo roof. 

The horizontal pressure corresponding to 
a particular hoop strain was calculated as 
follows: 

worizontal pressure: 

Ph = 2E~h t (1) 

where : 

Ph = horizontal pressure 

E = elastic modulus of steel 

Et, = measured hoop strain 

= equivalent thickness of silo 
sheeting allowing for the effect of 
the corrugations 

D = silo diameter. 

The observed variation of the horizontal 
pressure with overburden stress at the 
wall of the silo is shown in Fig. 4. In this fig­
ure, each experimental point represents 
an individual strain measurement. If the 

, -air of readings taken at a particular posi-

HORIZONTAL PRESSURE Ph kPa 

0 20 40 60 
0 

tion and level had been averaged, the 
scatter of points would have been re­
duced by as much as half. In contrast to 
the measurements made on the 18.19 m 
dia. silo, the scatter of measurements is 
remarkably small. 

Three calculated pressure versus over­
burden stress lines have been superim­
posed on the measurements shown in 
Fig. 4. These correspond to: 

• a linear distribution of horizontal pres­
sure with overburden stress: 

(2) 

where : 

K0 coefficient of lateral pressure 
for zero lateral strain 

y z = overburden of grain at the wall 

• two distributions calculated from 
Janssen · s theory [2] , one for a coef­
ficient of lateral pressure for zero later­
al strain {K0), the other for the active 
lateral pressure coefficient (KA). 

It appears from the results that there is 
sufficient arching in the silo, notwith­
standing its 1 to 1 height to diameter ratio , 
for the Janssen equation to apply, with 
a lateral pressure coefficient between the 
limits KA and K0 . This is completely con­
sistent with observations on other silos 
(1 , 3, 4] storing coarse granular materials. 

The small scatter of the observations on 
th is silo is quite remarkable . The scatter 
of strain observations in previous pro­
jects of this nature (e.g. [1], [5]) has been 
far greater. 

The data shown in Fig. 4 is for fill ing of the 
silo from empty without interruption. Be-
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Silo Behaviour 

cause of the squat dimensions of the silo, 
the funnel of flow that develops on empty­
ing does not intersect with the wall. Hence 
no change in hoop stain or horizontal 
pressure would be expected at the start of 
emptying. In fact no change in hoop strain 
was observed at the start of emptying. 

5. Stiffener Loads Deduced 
From Measured Strains 

Strains in the stiffeners were measured at 
the same times as the hoop strains. The 
stiffener load Ps corresponding to a par­
ticular strain was calculated from : 

Ps = Es EAs (3) 

where : 

Es measured strain in the stiffener 

A s stiffener cross-sectional area. 

The observed stiffener loads have been 
plotted against overburden stress in Fig. 
5. Here again, the scatter of observations 
is remarkably small. Each individual 
strain reading had been used to calculate 
a stiffener load. The scatter of observa­
tions would have been halved if each pair 
of strains on a particular stiffener, at a par­
ticular height had been averaged. 

The lines representing calculated stiffen­
er loads that appear in Fig. 5 were based 
on the Janssen theory and were calcu­
lated by the method given in DIN 1055 
(1984) [2] for the two lateral pressure co­
efficients KA and K0 . The DIN calcula­
tion gives the frictional wall load Pw in 
load perm perimeter of silo. The stiffener 
load Ps was then calculated from : 

STIFFENER LOAD kN 

50 100 150 

0 UPPER POSITION 

8 LOWER POSITION 

IEIEEI!B • G -K.= o.33 CALCULATED 
STIFFENER LOADS 

200 

Fig. 4: Relationship between horizontal pressure and overburden stress Fig. 5: Relationship between stiffener loads and overburden stress 
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where: 

Ps = PwnD 
s 

S = number of stiffeners. 

(4) 

The observed stiffener loads agree re­
markably well with the calculated loads. 
In particular, the agreement is better than 
that obtained with the 18.19 m dia. silo. 
The better agreement is at least partly be­
cause the stiffeners on the 12.5 m dia. silo 
have a simple section . Those in the 18.19 
m dia. silo are double-skinned. Only the 
outer skin was accessible for strain­
gauging and strains in the inner skin had 
to be assumed equal to those in the outer 
skin. 

Because the grain in contact with the 
walls of the silo does not move when 
emptying is started , no change in stiffen­
er loads was observed at the start of emp­
tying . 

6. Temperature Effects on 
Horizontal Pressure 

Previous measurements on steel silos 
(e.g. [1) , [6)) have shown that restrained 
temperature changes play a considera­
ble part in the loads imposed on the silo 
walls. In general, if the temperature of the 
wall of a full silo falls , the hoop tension is 
increased and the frictional wall load re­
duced. In extreme cases, it is possible for 
the wall to go from compression into verti­
cal tension . The opposite effect takes 
place when the temperature rises . 

In the tests on the 18.19 m dia. silo, the 
greatest observed value of the prevented 
(i.e . load-inducing) hoop strain was 140 
microstrain which would have corre­
sponded with a change in horizontal 
pressure of 9.2 kPa. 

After the tests on the 18.19 m dia. silo, it 
was noticed that the temperature varia­
tion of the silo wall appeared to be consid­
erably less than that of the air adjacent to 
the silo. It was decided to check this ob­
servation in the tests on the 12.5 m dia. si­
lo. 

Fig. 6a shows the variation of prevented 
thermal hoop strain and air temperature 5 
mm from the silo wall , recorded over two 
days while the silo stood completely full , 
with no grain being added or withdrawn. 
Fig . 6b shows the corresponding record­
ing of the temperature of the silo wall and 
the prevented thermal strain in a stiffener. 
The data in the figures show that the tem­
perature in the silo wall varies by about 
10°C less than does the air temperature. 
This confi rms the earlier similar observa­
tions on the 18.19 m dia. silo. The subdu­
ing of the diurnal temperature wave in the 
silo wall is a most important observation, 
as it shows that thermally induced loads 
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are considerably less (in this case, about 
one third less) than those that would be 
expected on the basis of air temperature 
variations. 

The cause of the lower temperature vari­
ation in the silo wall has not been estab­
lished, but must result from the insulating 
and warming effect of the grain in contact 
with the wall and the ability of the steel 
wall to even out temperature variations 
by conduction of heat. 

As indicated on Fig. 6a, the variation in 
horizontal pressure Ph as a result of pre­
vented thermal strain is in the range of 9 
to 12 kPa. As the prevented thermal 
strains were measured at the lower in­
strument level, this comprises between 
35 and 46 % of the mean calculated hori­
zontal pressure (at that level) of 26 kPa. 
Hence thermal effects comprise a major 
component of the hoop loading in the silo 
wall. 

If the grain were regarded as being in­
compressible the horizontal pressure Ph 
induced by a temperature change MJ 
would be given by the expression 

2t 
fl. Ph = EaMl · (5) 

D 

where : 

a = coefficient of linear thermal contrac 
tion of the steel silo walls 

V = Poisson ' s ratio . 

This assumes zero vertical stress which 
is justified by the low vertical stiffness of 
the corrugated steel. 

For a temperature change of 26°C (see 
Fig. 6b) and takin~ 
a = 11 x 1 O - /°C 
E 200 GPa 
v 113 
fl.Ph 23 kPa 

The difference between the calculated 
and measured values of fl.Ph (shown in 
Fig. 6a) arises from the lateral compressi-

--· 
bility of the grain. 

The compressibility of the grain can be 
calculated by applying the following 
equality: 

fl. Ph 
t:= at..e - - (6) 

M 

where : 

t: prevented thermal strain 

M = modulus of compressibility of the 
grain for radial compression 

fl.Ph = resulting increase in horizontal 
pressure. 

t: and t..e have been measured, fl. Pr 
can be calculated from Eq. (1 ), and hence 
M can be calculated from a re-arranged. 
Eq. (6) : 

M= 2Ett: 
D(at.. e- t:) 

(7) 

Three cases of measured thermally in­
duced horizontal pressures in maize are 
available for analysis. These cases and 
the corresponding values of Mare as fol­
lows: 

Silo Modulus Overburden 
diameter M Stress 
[m) [MP a] [kPa) 

12.5 65 90 
18.19 165 125 
20 (6) 350 190 

The values above are 1 0 to 100 times 
larger than values of the modulus of com­
pressibility measured in the laboratory, of 
about 5 MPa (e.g. (7), [8)) . 

As indicated in the tabulation, M is de• 
pendent on the overburden stress, and'9' 
Fig. 7 shows the experimental relatiqn~­
ship between these two variables. 

If the values of t..e and M are known~ ­
Eq. (7) can be re-arranged to give : 

Fig. 6a: Variation of hoop strain with temperature of air 5 mm from wall 
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Fig. 6b: Variation of stiffener strain with silo wall temperature 

ti.Ph = 2MEtat.. e 
MD+ 2Et 

(8) 

-This equation is similar, but not identical 
to that given by Andersen (9] . 

It should be noted here that laboratory 
measurements, (e.g. [7], (8]) indicate that 
the moduli of compressibility of grains 
such as wheat and maize are not dissimi­
lar. Hence the moduli for maize given in 
this paper give some guidance to the 
moduli applicable to other hard grains. 

7. Temperature Effects on 
Stiffener Loads 

Fig. 6b shows that the variation in stiffen­
er load as a result of prevented thermal 
strain can be as much as 50 kN, or 50% of 
the mean calculated stiffener load of 1 02 
kN at the lower instrumentation level. 
Hence, thermal effects can also comprise 
~ major component of the stiffener load­
.g. However, there is a difference be­

. tween thermal hoop loads and thermal 
stiffener loads. When the temperature 
falls, the hoop load increases, butthe stif­
fener loads decrease. Also, because stif­
fener loads are induced by downward 
frictional drag on the wall , thermal effects 
cannot increase stiffener loads beyond a 
maximum value dictated by the down-

Fig. 7: Relationship between overburden stress 
and compression modulus for maize 
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ward frictional drag between the silo walls 
and the stored contents. 

The reason why stiffener loads decrease 
when the temperature of the silo shell falls 
is as follows: 

The wall contracts radially onto the con­
tents. Because of the relative incom­
pressibility of the grain and its thermal in­
ertia, its volume remains approximately 
constant. If the radial strain of the shell is 
q, , and the vertical strain E , the condi­
tion for zero volume change of the si lo 
contents would be : 

Eu+ 2 Eh = 0 

i.e. Eu = - 2 Eh 

Hence, if the radial strain is compressive, 
the vertical strain will be tensile , i.e. the 
grain will move upwards relative to the si­
lo wall and the wall friction will reduce or 
even reverse in direction. 

8. Conclusions 

This study has confirmed the findings re­
ported previously for the 18.19 m dia. silo. 
Moreover, because of the small scatter of 
the measurements, the confirmation has 
strengthened the confidence with which 
the conclusions can be stated: 
1. In a corrugated steel silo, the stiffen­

ers, whether external or internal, carry 
almost the entire frictional wall load. 

2. The corrugated wall carries the hoop 
tension arising from the lateral pres­
sure exerted by the silo contents. 

3. Both the stiffener loads and the hoop 
tension in the wall can be calculated by 
accepted calculation procedures (e.g. 
[2] or the method shown in (1 ]). 

4. Prevented thermal strains result in 
loads being induced in steel silos that 
comprise an important part of the total 
loading. A method, and numerical in­
formation has been given for calculat-

Silo Behaviour 

ing thermally induced hoop loads in si­
los filled with maize. 

5. Whereas thermal effects can increase 
hoop loads beyond values arising 
from gravity loading this does not ap­
ply to stiffener loads. A fall in tempera­
ture will increase hoop loads but de­
crease stiffener loads. 
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Load and Temperature strains 
of a Welded Plane Plate 

Grain Silo 

Summary 
T' a nical argument in two recent court cases concerning the 
cOl!!!Pse of two welded plane plate silos, showed that the role of 
construction stiffeners in carrying frictional wall load is not clear. 

Also unclear is the effect on wall stresses of construction de­
fects. This paper describes measurements made to investigate 
these two areas of uncertainty. 

The measurements showed that the presence of construction 
stiffeners should be ignored and also that construction defects 
can considerably modify wall stresses in a si lo. 

1. Introduction 
The writer has recently been involved in two civi l court cases 
that arose from the collapse of flat bottomed welded plane 
plate grain silos. 

In each case the silo concerned collapsed by buckling of the 
wall. Also, in each case the silo was equipped with two eccen­
tric outlets provided to clear the grain from the bottom of the silo 
once emptying had, as far as possible, been completed 
th,0 ugh the central outlet. 

l~th cases there was evidence to show that an eccentric 
• outlet had been opened while the si lo was full and the appear­

ance of the collapse was consistent with localized buckling in­
duced by eccentric emptying . 

As opening of one eccentric outlet in a full silo would have indi­
cated negligence in operating the silo, the cases each resolved 
into an argument as to whether the silo had failed during empty­
ing through the central outlet by buckling of the wall under axi­
symmetric frictional wall loads, or if eccentric emptying had led 
to the failure . 

Both cases were settled before the judges gave their verdicts , 
leaving the arguments both legally and technically inconclusive. 

Both silos had been erected from the top down: The partly-built 
structures were supported on a series of vertical erection stiff­
eners while a strake or ring of plates was welded into place. 

The structures were then jacked up high enough to enable the 
next strake to be welded in, and so on . These vertical erection 
stiffeners remained in place in the completed silos, but their 
presence had been ignored in the design . 

Much of the argument in the court case revolved about the ex­
tent to which the erection stiffeners carried frictional wall load. 
For information on author - see page 98 

G.E. Blight, south Africa 

The designs were both apparently safe, under concentric 
emptying conditions, if it could be assumed that the erection 
stiffeners carried a share of the frictional wall load in proportion 
to their cross-sectional area. 

On the other hand, the spacing of the stiffeners was too large 
for them to be regarded as acting truly compositely with the wall 
plates. They were also not fastened to the wall plates at suffi­
ciently close intervals for true composite load sharing . 

A lot of argument also attempted to consider the effects on the 
failure, of construction defects such as vertical misalignment of 
plates, and the effect of changing the plate thickness on the 
buckling propensities of the silo walls. 
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4 x 2 active gauges 
+ 1 common temperature 
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and bolted to wall at 
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Fig. 1: Principal dimensions and details of instrumentation of silo 
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Fig. 5: Variation of vertical and horizontal strain as a function of temperature 

calculated values of !l?w are compared with the measurement 
shown in Fig. 4, it will be seen that when the temperature was at 
a minimum, the frictional wall load at B was very low. In fact, for 
the second temperature cycle recorded in Fig. 5, the wall at B 
probably went slightly into tension . These observations all con­
firm what has been measured previously [1, 4] . 

It should be emphasized that as the sun moves over the sur­
face of the silo, each point on the si lo circumference experienc­
es a temperature wave such as those shown in Fig. 5, and there 
is a corresponding cyclic fluctuation in the strains and stresses 
in the wall. The lateral pressures and wall loads in the silo can 
therefore only ever be expected to be uniform around its cir­
cumference at times when the temperature of the whole silo 
wall is uniform. For South African conditions this probably only 
occurs for an hour or two shortly before dawn in windless con­
ditions. 

In a recent paper [3] the writer put forward an expression for 
calculating the change of horizontal pressure 1¥Jh corre­
sponding to a change of temperature tifJ: 

where: 

p _ 2MEtatifJ 
ti h - MO+ 2Et 

M = compression modulus of grain in silo 
E = elastic modulus for material of si lo wall 
t = wall thickness 
a = coefficient of linear expansion for material of silo wall 
0 = silo diameter. 

A diagram was also presented (reproduced as Fig . 6) relating 
the compression modulus M, derived from measurements on 
full size silos, to the overburden stress above the point of 
measurement. Applying the equation and a modulus M = 300 
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MPa for a temperature change of 10°C gives a value for !iPh= 
13 kPa which is somewhat lower than the values of 1¥Jh record­
ed in Fig. 5. The measured unit weight of the maize was in this 
case 8.7 kN/m3 as compared with 7.5 kN/m3 for the other data. 

The difference appears to arise from the fact that the earlier 
measurements had referred to si los fil led with white maize, 
whereas the present silo was filled with yellow maize having a 
smaller, apparently denser kernel. 

As the compression modulus of a granular material is usually 
related to its density, values of M for this silo have been re:9l­
culated from the data shown in Fig. 5. The average calcumci 
value of M has been included in Fig. 6. 
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7. The Effect on Strains of a 
Construction Defect 

The worst-appearing construction defect on the silo wall within 
easy access was strain gauged to study its effect on vertical 
and horizontal strains. This point (E in Figs. 3 and 4) was just 
below the lower level of the main instrumentation. The form and 
dimensions of the defect have been illust rated in Fig . 7. 

The straight ends of two pre-curved plates meet at this point to 
form a prow at an angle of 11 ° (plan AA). In vertical section 
(CC) this introduces an eccentricity in the vertical alignment of 
t!Jlallates of 8 mm which equals the thickness of the plates in-
9 d - Strain gauge pairs were mounted above and below 
this eccentricity in the positions indicated in elevation BB. 

The strain measurements have been expressed as vertical and 
horizontal stresses in Fig. 7. As a basis of comparison~ and 
~ measured at the defect have been displayed alongside ~ 
and~ measured at the lower point B, midway between con­
struction stiffeners. At B the hoop stress ~ was tensile 
throughout the filling of the silo while ~. the frictional wall 
stress, was compressive. 

However, both ~and ~. both above and below the defect 
were compressive throughout. Values of ~ were not dissimi­
lar to those measured at B. The fact that~. the hoop stress on 
the outside of the plate above and below the defect was com­
pressive shows that the internal horizontal pressure tends to 
reduce the 11 °angle of the prow thus introducing a severe hori­
zontal bending moment. 

If the hoop tension at B in defect-free plates was about 40 
MPa, and the outside of the plates of the silo at the defect was 
about 50 MPa, the tension at the inside surface of the plates at 
the defect must, for force equilibrium, have been 90 to 100 
MPa. (The precise value cannot be determined). Hence, while 
the defect appears to have no marked effect on vertical 
stresses in the silo wall , it also appears to result in a doubling of 
the maximum tensile stress in the wall. 

Siio Behaviour 

If the von Mises criterion for yield of the wall is 

w here : 

~m von Mises stress 
~ = yield stress of the plate in uniaxial tension , 

then inserting values 

gives 

If, however 

a v = -50 MPa and a h = 40 MPa 

<J vm = 78 MPa 

a v = -50 MPa and ah = 100 MPa 

<Jvm = 132 MPa 

Hence the von Mises stress is considerably increased. How­
ever, as the yield stress of the plate is probably about 300 MPa, 
there is no danger of yield occurring . 

8. Conclusions 
The strain measurements taken on this si lo have generally con­
firmed the results of earlier measurements on steel silos: 

1. No Janssen-type arching developed in this si lo, and the re­
lationship between horizontal pressure and depth or over­
burden was linear, with a temperature surcharge. 

2. Measurements of frictional wall load again revealed the sen­
sitivity of this load to wall temperature. The measurements in­
dicated that the stiffeners may relieve the wall load carried by 
the plate, but this relief is localized and variable in extent. 

3. Measurements of the effects of temperature change on wall 
stresses confirmed earlier observations and added data to 
the relationship between the compression modulus of en­
si led maize and the overburden stress. 

4. Construction defects were shown, in this case, to have a 
large effect on horizontal stresses in the si lo wall in the vicinity 
of the defect. Vertical stresses were almost unaffected. 
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Bulk solids flow and handling properties 
Introduction 
Particle and bulk properties 
Particle-particle and particle-fluid interactions 
Bulk solid handling and flow behaviour 
References, Symbols, Example 

Pressure profiles in bulk storage vessels 
Introduction 
Variation of pressure with position in 
a particulate under storage 
References, Symbols, Example 

Design of storage vessels for particulate solids 
Introduction 
Mass-flow silos: flow/no flow criterion 
Funnel-flow si los 
References, Symbols, Example 

Gravity flow of particulate solids 
Introduction 
Gravity discharge of coarse particles 
Gravity discharge of fine particles 
References, Symbols 

Pneumatic conveying of bulk solids 
Introduction 
Positive-pressure pneumatic conveying systems 
Dilute-phase pneumatic conveying systems 
Dense-phase pneumatic conveying systems 
Symbols, Example 

Hydraulic transport of particulate solids 
Introduction 
Settling suspensions 
Non-settling slurries 
Equipment components 
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Mechanical conveyors 
Introduction 
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Belt conveyors 
Bucket elevators 
En masse conveyors 
Other conveyors and feeders 

Safety in bulk solids handling 
Introduction 
Dust fires and explosions 
Health Hazards 
Dust control equipment 
References, Index 

"The increasing importance of basic knowledge on solids 
storage, handling and conveying is reflected by this book. 

The book is divided into 8 chapters from which the first 4 
deal with: 

- bulk solids flow and handling properties (particle size, 
shape distribution, particle interaction as electrostatic, 
van der Waal's and capi llary forces, fluidization behavi­
our and flow properties of powders) 

- pressure profiles in bulk solids storage vessels {flo 
profiles, pressure distribution during filling and di, 
charge, Janssen's and Walter's equation, Mohr stress 
circle, comparison of formulae with published measure­
ments) 

- design of storage vessels for particulate solids (critical 
width of an outlet for no-arching and no-piping with 
consideration of time consolidation , measurement of 
bulk solids flow properties including wall friction) 

- gravity flow of particulate solids {discharge rates for 
coarse and fine solids) 

The remaining 4 chapters are devoted to: 

- pneumatic conveying of bulk solids (positive pressure 
systems, ,dilute-phase and dense-phase systems, 
pressure drop, choking conditions) 

- hydraulic transport of particulate solids (settling of sol­
ids from suspensions, non-settling slurries, rheology, 
pressure drop, equipment components) 

- mechanical conveyors (screw feeders, belt, bucket and 
en-masse conveyors and elevators, mechanical feed­
ers) 

- safety in bulk solids handling (dust explosions, explo­
sion prevention, health hazards, dust control equip­
ment as cyclones, fi lters and scrubbers). 

Each chapter is extended by an example and a literature 
survey. The book gives a good survey into the state of 
the art without providing too many theoretical details. 
Therefore, it is a good introduction and book accompany­
ing a basic course or seminar. It is one of the few books 
suitable for such a course without originating from a sem­
inar held previously. As is stated in the preface, this book 
"fills a gap between the experienced researcher and 
those new to the work" . 

"For the serious student and the practical safety and pro­
cess management team who wish to plan through a rea­
soned, calculated approach, rather than by unquestioned 
tradition and guesswork, this volume is an excellent in­
vestment." 

Trans Tech Publications P.O. Box 12 54 D-3392 Clausthal-Zellerfeld 
Trans Tech Publications Old Post Road Brookfield, VT 05036 

F.R. Germany 
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Measured Loading on a 
small steel Grain Silo 

i Summary 
A6 t steel maize si lo of bolted construction has been strain­
g~ed in order to confirm certain premises concerning design 
loading for silos. 

The measurements have confirmed : 

1. That Janssen-type arching which may develop in silos 
during filling will break down at the start of emptying; 

2. that there are no switch pressures at the silo-to-hopper 
transition in a silo; 

3. that the horizontal pressure distribution in the hopper forms 
an extension to that in the cylinder of a silo. 

The measurements have also confirmed a method proposed 
for calculating temperature surcharge pressures. 

1. Introduction 

In a recent paper [1] the author made proposals concerning the 
loading to be assumed for the design of silos. The proposals 
are based on in-situ measurements of pressures and wall loads 
in a large number of steel and reinforced concrete silos [2, 3]. 
PA ures on these structures have been measured by a 
n~er of workers, in addition to the author, and measuring 
instruments have included strain-gauged diaphragm pressure 
cells and electric resistance strain gauges. 

The premises on which the proposals were based are as 
follows: 

(a) Janssen-type arching is an unreliable phenomenon that 
may or may not occur during filling of a silo, depending on 
such factors as geometry, conditions of wall friction and 
the characteristics of the silo filling. 

(b) Any arching that occurs during uninterrupted filling of a silo 
is likely to break down, at least locally, at the start of 
emptying. This will result in pressures on the structure 
increasing, either generally or locally. 

(c) Pressures at a given level will vary around the perimeter of a 
silo. This variation should be considered in design. 

d) Pressure profiles with depth in the hopper portions of silos 
form a continuation of the pressure profile in the cylindrical 
portion. Switch pressures do not occur at the transition 
from the cylindrical to the hopper portion. 

(e) Pressures in steel silos, and possibly also in reinforced 

For information on author - see page 196 

G.E Blight, south Africa 

concrete silos, are subject to temperature surcharges. 
The temperature surcharge pressure should also be 
considered in design. 

An opportunity has recently arisen to test these premises by 
making a series of measurements on a small steel grain silo. 
This paper describes the results of these measurements and 
show how they support the various premises. 

2. Description of Silo and 
Instrumentation 

Fig. 1 shows the layout of the silo in vertical section as well as 
giving its main dimensions. Fig. 2 is a view of the silo complex of 

GAUGES ON 
CYLINDER 

(0, 1, 2) 

GAUGES ON 
CONE 
(3, 4, 5) 

GAUGES ON 3 VERTICAL 
LINES AT 120° IN 

PLAN 

BOLTED CORRUGATED 
STEEL WITH INTERNAL 

STIFFENERS 

E 

~ 

.'·:. 

CENTRAL 
l FILLING 

5.50m DIA 

----+-- 1.6mm PLATE 

FLOW CONE 
IN WHEAT 

CONE OF 3.0mm 
THICK PLANE 

11 = 11 = 11 = BOLTED SEGMENTS 

CENTRAL 
EMPTYING 

Fig. 1: Main dimensions and layout of silo; 
layout of strain gauges in elevation 
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Fig. 2: View of silo complex at Bethlehem. South Africa 

Fig. 3: View of conical hopper at base of test silo 

which the test silo forms part (the test silo is in the rear row in the 
photograph). The silos are of all-bolted construction. Fig. 3 is a 
view of the conical hopper at the base of the silo. 

The upper cylindrical portion of each silo is of galvanized 
corrugated steel and has 1 2 internal stiffeners that bear on the 
supporting legs visible in the two photographs. The base of the 
cylinder rests on a ring beam (also visible in the photographs). 

The conical 45° hopper is made up of 24 segments of plane 
galvanized steel. The thickness of the corrugated plates at the 
base of the cylinder is 1.6 mm and the hopper segments are 
3.0 mm thick. 
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Fig.1 shows the layout of the instrumentation in elevation. Strain 
gauges were placed at three elevations on the cylinder and 
three on the hopper. As one of the objectives of the 
investigation was to check on the presence of a switch 
pressure at the cylinder-to-hopper transition, the gauges were 
positioned to cover the intersection with the cyl inder of the 
effective hopper or flow cone that would form within the grain 
during emptying. 

As access to the internal stiffeners was not possible, only hoop 
strains were measured on the cylinder. Earlier work [4 , 5) has 
shown that strain in a cylindrical corrugated wall is essentially 
uniaxial and hence the gauges were placed horizontally, each 
active gauge being connected with a temperature-com­
pensating dummy gauge to give a half strain bridge. 

Strains in the conical hopper are two-dimensional. Hence strain 
gauges were mounted in pairs with the axis of one gauge 
horizontal, and the other vertical. Each active gauge was 
connected with a temperature-compensating dummy gauge, • 
as indicated in Fig.1. 

The instrumentation was repeated on three vertical lines • 
separated by 120° in plan. One line of strain gauges oill1e 
hopper can be seen as light patches in Fig . 3. It transpirecJlllJer 
that the gauges at level 3 were placed too close to the very rigid 
ring beam, where the plate of the cone was acting compositely 
with the beam. Consequently, strains measured on level 3 
could not be interpreted and are not referred to in this paper. 

The silos are loaded through a central filling point via an 
overhead conveyor. A big advantage of working on such a 
small silo (which holds only 250 t) is that it can be filled from 
empty in 8 h, whereas the larger multi-thousand ton silos the 
author is used to working on take several weeks or months to 
fill. 

3. Properties of Grain 

The silo is used for storing wheat. The unit weight of the wheat 
was obtained from weighbridge records and the 
corresponding volume of the silo occupied by the grain. The 
unit weight, measured in this way and averaged over two fillings 
of the silo was y = 8.2 kN/m3 . 

Unit weights measured in the laboratory varied from 7.9 kN/m3 

for loosely poured grain to 8.4 kN/m3 for grain compac& y 
vibration. For the purposes of this paper the unit w7Qht 
determined in the silo, e.g. 8.2 kN/m3 has been adopted . 

The angle of shearing resistance of the wheat measured in 
shear box tests was 

c1> = 25° 

giving an active pressure coefficient of 

KA = 0.41 

and an at rest pressure coefficient of 

K0 = 0.58 

The angle to the vertical of the effective hopper or flow cone in 
the wheat would be 

45° - c1>/ 2 = 33° 

The angle of wall friction of wheat on smooth galvanized steel 
sheet was measured as 

8 = 16° 

However, as a recent paper [6) has shown, the effective angle 
of wall friction for the corrugated barrel of the silo would be 

8 = c1> =25° 
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Fig . 4: Stress paths and profile in horizontal plane for Ph around perimeter of silo 
during filling and at start of emptying 

4. Stress Paths for Silo Barrel 
FiAi shows the stress paths (i .e. the variation of lateral 
pr'l!ure with overburden) observed at level 2 on each of the 

• three vertical lines 1, 2 and 3. 

It is obvious from the curvature of the stress paths and the fact 
that they fall below the KAyz line that Janssen -type arching 
developed in the silo as it was filled. At A in Fig. 4, emptying was 
started and the lateral pressures increased as shown in the 
diagram, with the final pressure at lines 1 and 3 being close to 
the KAyz line. As the KAyz line represents a stress path for a no­
arching condition, this shows that the start of emptying caused 
the arching to break down and hence the lateral pressure to 
increase to that corresponding to the no-arching condition. 

The diagram also shows that pressures do not appear to be 
uniform around the perimeter of the silo. The lower part of Fig. 4 
gives an indication of the apparent radial pressure distribution 
both at the end of filling and at the start of emptying. 

In considering this diagram, it must be remembered that what is 
being portrayed is hoop strain expressed as lateral pressure. 
At least part of the apparent variation of pressure around the 
si lo perimeter is probably caused by geometrical imperfections 
in the silo shell. The shell is unlikely to be perfectly circular in 
cross-section when not under load, but being flexible, wi ll take 
up a near-perfect circularity when loaded. If a particular plate 
when unloaded, has a radius that is more than the radius when 
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60 

Fig. 5: Lateral pressure in cylinder of silo - stress paths showing variation of ph 
at different levels on same meridian line during filling and at start of 
emptying 

loaded, a strain gauge affixed to its outside surface will record 
more than the average strain, and vice-versa. The reason why 
low strains were recorded on lines 1 and 2 during filling may be 
that the unloaded plates have a sharper curvature than the 
average for the si lo. However, whether the variation of lateral 
pressure around the circumference is real or only apparent, 
there is a real variation of hoop strain. Hence this effect should 
be considered in design. 
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Fig. 6: Lateral pressure in cylinder of silo - stress paths showing variation of ph 
from one fi lling and start of emptying to another 
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Fig. 7: Lateral pressure in cyl inder of silo - stress paths showing variation of ph 
at different levels on the same meridian. Details of change of ph at start of 
emptying shown in Fig. 8 

Fig. 5 shows stress paths measured at levels 0, 1 and 2 on line 
2. Filling was completed at points A , B and C. The stress paths 
lie very close together and all show a break-down of arching at 
the start of emptying, with pressures increasing to lie on the 
KAyz line. 

Fig. 6 compares stress paths observed at levels 1 and 2 on lines 
1 and 2 for two successive fil lings of the silo. It wi ll be seen that 
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the behaviour of the si lo is essentially the same and measure­
ments are repeatable on successive fillings. 

Fig. 7 shows similar stress paths to those shown in Figs. 4, 5 
and 6. In this case recordings were made of the change in 
pressure with time from the start of emptying. 

These recordings are shown in Fig. 8. After a slight initial 
decrease the pressure was found to increase gradually over a 
period of 5 to 20 minutes to reach a maximum value. There is no 
sign of any sudden switch in pressure, no sign of any transient 
pressure wave, or dynamic pressure, as postulated by certain 
authors, e.g. [7]. 

5. Stress Paths for Hopper 

Fig. 9 shows stress paths measured for pressures normal to 
the hopper wall at level 4. The Mohr stress diagram in the lower 
part of Fig. 9 shows how the corresponding lateral pressures 0 

were deduced , assuming that full wall friction had developed 
with an angle of wall friction of 

8 = 16° e 
Because the three measured normal stress paths were so 
close, Fig . 9 shows only the mean values of p h, the deduced 
lateral pressure. 

In the unloaded cond ition, a horizontal cross-section of the 
hopper is polygonal rather than circular although the faces of 
the "polygon" are curved , not p lane. The cross-section 
becomes truly circular when loaded. As explained above, the 
effect of this change of geometry is to cause strains that are 
larger than those arising in a truly circular hopper cross­
section . There is no way of rigorously correcting for the effect of 
the change in geometry. 

However, Fig. 9 shows a corrected stress path based on the 
reasonable assumption that the application of load when the 
first strains were measured (yz = 12 kPa) was sufficient to cause 
the hopper to go circular and that thereafter no correction was 
necessary. As Fig. 9 shows, the corrected stress path for P h 
then follows the KAyz line. 

LEVEL 0 

5.8kPa 

LEVEL 1 

20.9kPa 

___ i 
LEVEL 2 

t 2 

16.2kPa 

_j_ 

10 12 14 16 18 20 

MAX Ph AT END 
OF FILLING MINUTES FROM START OF EMPTYING 

Fig. 8 : Variation of lateral pressure at start of emptying 
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Fig. 9 : Pressures in hopper of silo - stress paths showing variation of PN a-dph at 
level 4 

Fig. 10 shows a similar set of measurements at level 5. The 
corrected stress path for Ph again follows the KAyz line quite 
closely. It will thus be seen that stress paths for lateral stress in 
the hopper are very similar to the stress paths for lateral stress in 
the cylinder. 

It should be noted that the angle of wall friction ( 8) in the hopper 
is probably greater than 16° because of the roughening effect 
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Fig. 10: Pressures in hopper of si lo - stress paths showing variation of PN and p h 
at level 5 

of the many bolt heads [6] . If the effective cS for the hopper wall 
exceeds 16°. then Ph for a given p N will decrease. 

Hence the corrected stress paths of p h shown in Figs. 9 and 10 
probably represent maximum values of p hand the actual stress 
paths for lateral pressure in the hopper are even closer to those 
for lateral pressure in the cylinder. 

Note also that at the start of emptying there is very little change 
of pressure in the hopper. This supports the conclusion that the 
stress path for lateral pressure in the hopper lies on the KAY z 
line, i.e. that little arching occurs in the hopper. 

6. Temperature Surcharge 

Fig. 11 shows recordings of prevented or stress-inducing 
thermal strain and temperature of the silo wall at level 2, line 3 on 

TEMPERATURE 

STRAIN 

co 
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Fig. 11: Simultaneous recording of wall temperature and prevented thermal strain made at level 2, line 3 after second filling 
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Fig. 12: Relationship between compression modulus M and overburden stress 
calculated from measurements on five steel grain silos 

three successive days. During this period the silo stood static, 
full of wheat, but no grain was added or withdrawn. 

As a result of the diurnal fluctuation of temperature, a tempera­
ture surcharge of about 6 kPa, or 0.25 kPa per °C change in 
temperature arose. 

In earlier papers, e.g. [8], the following relationship has been 
derived between 

a = coefficient of thermal contraction of the silo wall 

~e = change in temperature of the wall 

E = elastic modulus of the si lo wall 

= wall thickness 

0 = silo diameter 

M = modulus of compressibility of the grain for radial 
compression, and 

TS = temperature surcharge pressure: 

TS= 2MEt a~e 
MO +2Et 

(1 ) 

Measurements by the author supporting this relationship have 
so far been made on fairly large steel silos storing maize. 
However, laboratory measurements [9) have shown that the 
value of M for wheat is probably not too dissimilar to that for 
maize. 

Fig . 12 shows the value of M calculated for wheat from the 
present measurements, superimposed on a relationship 
between Mand overburden stress established from measure­
ments on maize silos. It appears that the data for maize and 
wheat could be reasonably well represented by a single curve. 

Hence the temperature surcharge measurements made on the 
silo support those made earlier on other steel grain silos. 
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7. Conclusions 

Measurements made on this 5.5 m diamete.r wheat silo have 
fully confirmed the premises stated in the introduction: 

(i) Janssen -type arching does occur in this silo, during filling , 
but breaks down at the start of emptying, at which stage the 
pressure profile with depth in the silo can accurately be 
represented by 

at any depth z. 

(i i) Pressures at any level' vary around the perimeter of the silo. It 
may be necessary to take consideration of this variation 
during design . 

(iii) The pressure profile with depth in the hopper portion of a 
silo forms an extension to the pressure profile in the cylinder. 
Switch pressures do not occur at the cylinder-to-hopper 
transition. 

(iv) Pressures in steel silos are subject to temperature 
surcharges if the silo contents are left static for any len~of • 
time. The magnitude of the temperature sure 3 

pressure may be calculated from Eq. 1 in conjunction 1th 
the data on the compression modulus of grain shown in 
Fig. 12. 
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Structure-Fill Interaction in 
steel Grain Silos 

4l.mmary 

Lateral pressures and stiffener loads 
have been measured in three internally 
stiffened corrugated steel si los of bolted 
construction. The object was to study 
the interaction between the barley stored 
in all three silos and the containing struc­
tures. The complexity of this interaction 
was illustrated by the measurements, al­
though it was found that all three silos 
behaved in an essentially similar manner. 

Further information on temperature sur­
charge pressures was also obtained 
from measurements on the barley silos, 
and on a fourth silo storing barley malt. 

1. Introduction 

M interaction between fill ing and struc­
• of three steel silos storing barley has 
been studied. The silos, all of bolted cor­
rugated steel with internal stiffeners, 
each have slightly different dimensions 
and different structural details. The factor 
common to all of them is that they all 
store barley. The study of this si lo group, 
part of the storage facility of a barley malt 
extract company, was undertaken to see 
the effects that differing sizes and pro­
portions of silo have on wall loads, lateral 
pressures and temperature effects for 
the same filling material. In addition to 
the three barley silos, temperature ef­
fects were also measured on a fourth si­
lo, storing barley malt. 

It is believed to be the first time that a 
comparative study of this type has been 
undertaken. Studies of full size silos are 
relatively rare. Usually, only a single silo is 

Professor Geoff E. Blight, Department of Civil Engi­
neering , University of Witwatersrand, Johannesburg, 
South Africa. 

Details about the author(s) of this paper on page 94 
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studied and where there is a group of si ­
los, all are usually identical, so that there 
seems to be little point in instrumenting 
more than a single typical one (e.g. [1]) . 
In the malt factory complex, however, 
there are a variety of silos of many sizes. 
Their common characteristics are that 
they all store barley or barley malt. 

As usual in this type of study, it was nec­
essary to fit the experimental work in 
with the normal 

w > 
> ::;; 
;::: ::;; 
0 ::l 

2. Description of Silos 
and Instrumentation 

Only one silo will be described in detail. 
The others are similar, but with different 
details. The factory numbers of the bar­
ley silos studied are 1, 8 and 10. The 
malt silo is number 9. These numbers will 
be used in this paper. 

2 STRAIN GAUGES 

operation of the 
factory. Usually, 
only three to four 
days were availa­
ble during which 
a particular silo 
was empty and 
available for in-

"' " D GAUGESON 
= LJ CYLINDER Jf" 

strumentation . 
The silos were 
not usually 
cleaned out com-
pletely, and the 
barley remaining 
inside after emp­
tying limited ac­
cess for instru­
menting to cer­
tain sectors of 
the silo interior. 
Another limitation 
was that some of 
the silos are set 
very close to­
gether, or close 
to walls , so that 
access is not 
possible to the 
whole of their ex­
terior perimeter. 

Fig. 1: 
Main Dimensions and 
layout of the silo. Lay­
out of strain gauges in 
elevation and plain 
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Fig . 1 shows the detailed dimensions of 
silo 10, while Fig. 2 is a photograph of 
the structure. The horizontally corrugated 
cylinder is supported on a concrete slab 
base and is stiffened by means of 6 full 
height z-shaped stiffeners and 6 part­
height stiffeners. The silo is filled centri­
cally by pneumatic pumping and emp­
tied centrically by the same means. 

The instrumentation covered the 1 20° 
arc of the si lo c ircumference that was 
accessible from the outside, and consist­
ed of electric resistance strain gauges. 
Strain gauges were mounted at two lev­
els near the base of the si lo. On the cor­
rugated cylinder, active gauges were 
mounted horizontally and connected as 
a half bridge with separate temperature 
compensating dummy gauges. The 
dummy gauges were mounted on se­
parate small tags of galvanized steel 
which were stuck to the silo shell using 
double sided adhesive foam tape. Gaug-

Fig. 2: Appearance of barley silo No. 1 O 

Fig. 3: Instrumented stiffeners inside silo 10 

44 

es on the silo cylinder were duplicated 
inside and outside of the si lo. The gaug­
es inside were protected from the scour­
ing action and pressure of the grain 
against the silo walls, by means of strips 
of galvanized steel. Great care had to be 
taken to ensure that the dummy gauges 
remained stress-free and that their 
mounting tags did not become subject 
to bending from the pressure of the 
grain. 

Fig. 3 shows four of the instrumented 
stiffeners inside si lo 10 while Fig. 4 
shows the sheet steel protection over the 
strain gauges on a stiffener. The leads 
from the upper level of strain gauges and 
the plastic terminal boxes can be seen 
near the base of silo 10 in Fig. 2. 

On the stiffeners, strain gauges were 
mounted in pairs, one vertical , one hori ­
zontal . This arrangement gives a temper­
ature compensated half bridge that 
records (1 + u) times the true longitudinal 
strain of the stiffener, where u is Pois­
son's ratio for steel. Strain gauges on the 
stiffeners were also protected against 
scour by skirts of galvanized steel. Con­
necting wires for the internal strain gaug­
es were brought to the outside through 
bolt holes, and thence to the reading po­
sitions. External gauges were fu lly water­
proofed by means of a rubber solution as 
well as bitumen-backed aluminium tape. 

As shown in Fig. 1, silo 10 has a diame­
ter of 5.5 m and a height of 12.75 m. (It 
is , in fact, identical with the upper part of 
the wheat silo described in an earlier 
paper [2]). 

Silo 8 has a diameter of 7 .3 m and a 
height of 10 m. It is stiffened internally by 
means of 8 equally spaced angles meas­
uring 50 mm x 50 mm x 5 mm thick. In­
strumentation was applied to three stiff­
eners and the adjacent cylinder, equally 
spaced at 120° in plan. 

Silo 1 has a diameter of 6.37 m and is 
7.7 m high. It is also stiffened by 8 equal­
ly spaced 50 mm x 50 mm x 5 mm thick 
angles. Silo 1 forms part of a cluster of 4 

powder 
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similar si los inside a building . Because of 
the walls and the other silos, only three 
adjacent stiffeners were accessible from 
the outside, and only two stiffeners, sep­
arated by 90° in plan, were strain­
gauged. 

Silo 9, the barley malt silo, is E1lso inside 
a building. It has a diameter of 11 m, and 
is 7 m high. Access to the inside of Silo 9 
has not been possible as it is an operat­
ing silo that is kept partially full at all 
times. The cylinder of the silo was strain­
gauged at two points to study the effects 
of temperature variations on lateral pres­
sure. 

3. Properties of Barley 
and Barley Malt 

The properties of the barley and barMia 
malt were measured in the laborat• 
with the following results: 

Unit weight: 
barley y = 6.8 kN/m3 

malt y = 5.6 kN/ m3 

Angle of shearing resistance: 
barley <!> = 27° 
malt<!>= 30° 

Active pressure coefficient: 
barley KA= 0.38 
malt KA = 0.33 

At rest pressure coefficient: 
barley K,, = 0.56 
malt K0 = 0.45 

Because of the corrugated walls of the 
four si los, the angle of wall friction 8 was 
not measured separately as it was as­
sumed that <!> would represent 8 for the 
corrugated wall. 

Fig. 5 shows a curve of shear stress v9 
sus shear displacement for a shear box 
test on barley under a normal stress of 
50 kPa. Note that to develop an angle of 
shearing resistance of 27° requires a 
shear displacement of 9 mm, while to 

Fig. 4: Sheet steel protection to strain gauges on a stiffener 

., 
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Fig. 5 (left): 

Shearing curve 
for barley 

Fig. 6 (right): 

Lateral pres­
sures and stiff­
ener loads ob­
served for silo 
10 

SHEAR Q!SPLACEMENT mm 

& elop half that angle requires 
less than 1 mm of shear dis­
placement. 

4. Pressures and 
Stiffener Loads 
for Silo 10 

The lateral pressures and stiff­
ener loads calculated from 
strain readings made during fill­
ing of silo 10 are plotted in Fig . 
6. Values of Ph were calculated 
from the expression: 

2Et£h 
Ph= --

0 

in which 

(1) 

= the lateral pressure on 
the si lo wall 

E = elastic modulus of steel 

= wall thickness 

f.h = measured lateral strain 

0 = silo diameter 

The validity of this expression 
depends on the observation [3] 
that vertical strains in the corru­
gated silo wall are essentially 
zero. The stiffener loads Ps were 
calculated from : 

Ps = _£_ EAs (2) 
(1 + v) 

in which € is the average com­
pressive strain over the section 
of the stiffener and A s is the stiff­
ener's cross-sectional area. 

As indicated in Fig. 1 , £ was the 
average of three strain measure­
ments. Typical distributions be-

tween gauges A, B and C (see 
Fig . 1) were as follows: 

Upper gauges: A - 441 

(microstrain) B - 260 

c -250 

Lower gauges: A - 540 

(microstrain) B - 425 

c -295 

It is clear from these values that 

1 . the stiffeners are subject to 
bending (A compared with 
B)and 

2. the section is far from being 
uniformly stressed. 

It will be noted from Fig. 6a that 
measurements made on the in­
side of the cylinder agree rea­
sonably well with those made 
on the outside. There are small 
differences that result from mi­
nor bending in the si lo shell. 

Fig. 7 shows the radial distribu­
tion of lateral pressures and 
stiffener loads at the lower level 
of strain gauges, when the si lo 
was fu ll , both at the end of fill­
ing, and after a month of stor­
age. Figs. 6 and 7 need to be 
studied together, as the radial 
variation in Fig. 7 explains the 
variation of measurements 
shown in Fig . 6. It wi ll be seen 
from Fig. 6a that while some of 
the measurements of lateral 
pressure follow the Janssen 
pressure line calculated for the 

Fig. 7 (right): 

Radial distribu­
tion of lateral 
pressure and 
stiffener load 
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active lateral pressure coefficient KA, (la­
beled "arching K = K,J, others fol low the 
linear no-arching distribution corre­
sponding to the at-rest pressure coeffi­
cient Kc, . Fig. 7 shows that generally, low 
values of lateral pressure are associated 
with large stiffener loads, and vice versa. 
Fig. 6b shows that near the base of the 
si lo, the part-height stiffeners carry as 
much load as the full-height ones. 

It is clear from Figs. 6a and 7a that Jans­
sen-type arching does not occur right 
round the perimeter of the silo, but that 
in certain areas there is insufficient trans­
fer of load to the walls to affect the linear 
at-rest pressure distribution. In other are­
as, sufficient load transfer occurs to re­
duce the lateral pressure to the Janssen 
values. 

It can be seen from Fig. 6b that the stiff­
ener loads can be predicted reasonably 
well from the Janssen pressure distribu­
tion (arching, K = K,J but that stiffener 
loads corresponding to a linear lateral 
pressure distribution can only be recon­
ci led with the development of a reduced 
angle of wall friction of 1 7° to 13° or less. 
Hence it appears that full wall friction de­
veloped over sectors of the si lo wall, giv­
ing rise to full Janssen-type arching. 
Over other sectors a reduced wall friction 
developed. This, in turn, reduced friction­
al load transfer to the walls and a linear 

-
(Kc,) pressure distribution resulted. Fig . 6a 
shows that yet other sectors must have 
developed conditions intermediate be­
tween KA arching and Ko no-arching , 
while certain sectors must have ap­
proached K0 arching. Hence the struc­
ture-fill interaction in so seemingly simple 
a structure as a silo is exceedingly com­
plex. The complex behaviour may to a 
large extent result from differences in 
compressibi lity of the barley as it is 
placed. The extent to which wall friction 
develops (see Fig . 5) depends on the 
shear displacement between the fill and 
the wall. Hence differential compression 
wi ll result in differential wall friction, diffe­
rential stiffener loads and differential lat­
eral pressures. The radial profiles in Fig . 
7 show that lateral pressures and wall 
loads generally increased in the period of 
storage that followed the end of filling. 
This is probably as a result of tempera­
ture variations causing a thermal ratchet­
ting effect [4] on lateral pressures and a 
consequent increase in developed fric­
tion on the silo walls. 

A possible alternative explanation for the 
apparent low developed angle of wall 
friction is that the stiffeners may not be 
carrying all of the frictional wall load. Ear­
lier measurements [3] have demonstrat­
ed the low stiffness of corrugated sheet­
ing when subjected to compression 
across the corrugations. These measure­

Volume 3, No. 1, March 1991 
powder ....... ........ 

rugation strains comparable with the 
compressive strains in the stiffeners, 3 
mm thick corrugated sheeting can sup­
port a load of only 1 to 1,5 kN/m. The 
sheeting of silo 10 is 1 .6 mm thick and 
would therefore be able to support even 
less load than the 3 mm sheeting . Refer­
ring to Fig. 6a, the frictional wall load cor­
responding to a stiffener load of 50 kN is 
35 kN/m, hence it is unlikely that load­
carrying by the si lo wall sheeting could 
have influenced the results to any signifi­
cant extent. 

5. Pressures and Stiffen­
er Loads for Silo a 

The lateral pressures and stiffener loads 
observed for silo 8 are shown in Fig. 8. In 
contrast to the wide variability of lateral 
pressure and stiffener load observeda 
Silo 10, conditions in Silo 8 appeared 9' 
most uniform around its perimeter. Silo 8 
was filled with barley drawn from other 
storage silos in the complex, whereas Si­
lo 10 was filled from train-loads of new 
grain coming into the factory. In the case 
of Silo 8 there was probably some blend­
ing of product that produced a more uni­
form fill than was loaded into Silo 10. 

Fig. 8: Lateral pressures and stiffener loads observed for silo 8 
ments showed 
that at cross-cor-

The distribution of lateral pressure was 
linear with depth with pressures varying 
between KAyz and Kc,yz. There was no 
evidence of Janssen-type arching, but 
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the height-to-diameter ratio for this silo is 
less than that of Silo 10. The variation of 
stiffener load with overburden pressure 
also shows the development of a re­
duced angle of wall friction - again 17° to 
13° or less. Hence apart from the ab­
sence of arching, the results for Silo 8 
are not dissimilar to those for Silo 10. 

6. Pressures and Stiffen­
er Loads for Silo 1 

The final set of lateral pressure and stiff­
ener load measurements shown in Fig. 
9, is for Silo 1. Silo 1 is inside a building 
and therefore protected from rapid tem­
perature fluctuations. It was filled by 
transferring grain from other si los in the 
complex. Hence one might expect little 
variation between one set of measure-

Alnts and another. This was indeed so. 
W Fig . 9 shows, the pressure distribu­

tion was linear with depth and stiffener 
loads correspond to a developed angle 
of wall friction of about 17°. Hence this 
set of measurements is very similar to 
that for Silo 8. Note from Fig. 9 that the 
lateral pressure and stiffener loads were 
almost unchanged after 2 months of 
storage. Contrast this with the change of 
pressure and stiffener loads that oc­
curred in Silo 10 during 1 month of stor­
age (Fig. 7). This confirms the conclusion 
that increases of loads during storage 
are largely a result of diurnal temperature 
variations. Although Silo 1 is subject to 
diurnal temperature variations, these are 
muted because the silo is indoors, 
whereas Silo 10 is fully exposed to the 
elements. 

• Temperature-induced 
W Strains and Pressures 

An expression enabling temperature sur­
charge pressures on the walls of silos to 
be predicted has been developed [5] and 
appears as equation (3): 

in which 

TS = 2MEf£t 
MD + 2Et 

(3) 

TS is the temperature surcharge pres­
sure, 

M is the modulus of compressibility 'of 
the silo contents for radial compres­
sion, 

Et is the thermal strain the silo would 
have undergone had it been empty, 

and E, t and 0 are as defined in section 
4 of this paper. 

There is at present no satisfactory meth­
od of measuring M in the laboratory. 
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Fig. 10: Simultaneous recordings of temperature and prevented thermal strain for silo 9 - storing barley malt 

Hence the author has for the past 5 
years been assembling information on M 
from measurements on full size silos. The 
present exercise has provided values of 
M for barley and malt. 

The type of measurement is shown in 
Fig. 10. This represents simultaneous re­
cordings of prevented thermal strain and 
temperature at a point on the wall of Silo 
9 - storing barley malt. Because the silo 
is indoors, the changes in temperature 
are subdued, without the sharp peaks in 
temperature that result from the sun 
shining on a silo wall. 

The strain gauges were compensated for 
temperature, hence they record the ther­
mal strain that is prevented by the pres­
ence of the silo contents. This strain , per 
unit temperature change ~e is £ where 

Fig. 11: Relationship between com­
pression modulus M and 
overburden stress calculat­
ed from measurements on 
1 O steel grain silos and a re­
inforced concrete cement 
silo 
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Fig. 11 shows the data on M resulting 
from measurements on 9 steel grain si­
los, as well as a reinforced concrete silo 
storing cement powder. Fortunately, val­
ues of M for the grains dealt with so far: 
maize, wheat, barley and malt, seem to 
lie close to a common relationship be­
tween M and overburden stress. 
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8. Conclusions 

1 . This study of the lateral pressures 
and stiffener loads in three similar si­
los, storing nominally the same grain 
has again demonstrated the com­
plexity of the interaction between a si­
lo and its fill ing. 

2. It has shown that Janssen-type arch­
ing can occur over part of the perim­
eter of a silo, but need not occur over 
the whole perimeter. This has con­
firmed earlier observations of the be­
haviour of a steel sugar si lo and a 
steel maize si lo [6, 7]. It has further . 
demonstrated the radial non-uniformi­
ty that may apply to lateral pressures 
and frictional wall or stiffener loads. 

3. It has emphasized the dependence of 
stress on strain by showing that the 
full angle of wall friction need not de­
velop between the silo and its con­
tents if insufficient shear displace­
ment occurs. 
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Correction and 
Explanation 

powder handling & processing No. 
4/90, Article: "Temperature Surcharge 
Pressures in Reinforced Concrete Silos" 
by G.E. Blight. 

- Fig. 1: dimension "t" should be "xt" 

- In deriving eq . (2) of the paper, it may 
appear that the transformed area of the 
reinforcing steel has been left out of con­
sideration. In practice, the inner and out­
er hoop reinforcing areas in a reinforced 
concrete silo are usually equal and sym­
metrically placed. Therefore areas A aa 
B in Figs. 1 b and 1 c would each inclu9' 
the transformed area of half of the total 
hoop steel and eq. (2) would be unaffect­
ed. The effect of the hoop steel would 
only be felt if either, 

• the inner and outer hoop steel areas 
were unequal, or 

• the temperature gradient through the 
wall did not penetrate beyond the out­
er cover of concrete. 

Only the first of these conditions is likely 
to be one of practical concern. 
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