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2.1

2.2

2.3

2.4

2.5

THE NEED TO ESTABLISH OR VALIDATE DESIGN PARAMETERS AND PRINCIPLES.

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 203-210.
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.

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.

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

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

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

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.

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.

Blight, G E, Schwartz, K, Weber, H and Wiid, B L (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. | wrote the

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

Blight, G E and Dane, M S W (1989). 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. | 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 ﬁaper. For the sake

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

Blight, G E (1987). Effects of collapse settiement 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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EROSION OF THE SLOPES AND SURFACES OF TAILINGS DAMS

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.

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.

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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GROUNDWATER POLLUTION CAUSED BY SANITARY LANDFILLS

Ball J M and Blight, G E {1986). Groundwater poliution downstream of a long
established sanitary landfill. Proceedings, international Symposium on Environmental

Geotechnology, Allentown, USA, pp 149-157.

This paper is based on work done for the MSc(Eng) degree by Mr J M Ball. | planned

and supervised the work and wrote the paper.

Blight, G E, Vorster, K and 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. | planned and supervised the

work and wrote the paper.

Blight, G E, Hojem, D J and Ball, J M (1989). Generation of leachate from landfills in
water-deficient areas. Proceedings, 2nd ISWA International Landfill Symposium,
Sardinia, pp XXVI-15. Also to be published as Chapter 2 of Landfilling of Waste:
Leachate, Ed: Christensen, T, Cossu, R and Stegman, R. Elsevier Scientific Publishers

(1992).

The paper is based on work for MSc(Eng) degree by mr D J 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. | planned and supervised the work and wrote the

paper.
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Blight, G E, Ball J M and Blight, J J (1991). Moisture distribution in sanitary landfills.
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. | 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. | supervised the research and wrote the paper.
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THE EFFECTS OF ALKALI-SILICA REACTION ON REINFORCED CONCRETE

STRUCTURES

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 309-317.

Professor M G Alexander is a colleague of mine (and former undergraduate and
postgraduate student) who has collaborated with me in work on ASR. | 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 147, 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. |
planned and supervised the measurements, assisted by Professor Alexander. | also

drafted the paper. | 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.

Blight, G E (1990). Rehabilitation of reinforced concrete structures affected by alkali-

silica reaction. Structural Engineering Review, vol 2, pp 1-8.
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Blight, G E (1990). Can concrete structures be waterproofed to inhibit ASR?
Proceedings, International Conference on the Protection of Concrete, Dundee, UK.,

pp 223-232.

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

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

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

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

Alexander, M G, Blight, G E and Lampacher, B J (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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ASSESSING DESIGN LOADING ON BINS AND SILOS FOR STORING BULK

MATERIALS
DESIGN LOADING ON SILOS

Blight, G E {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.

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

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

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

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

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

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

Blight, G E {1988). Design loading for grain silos - intention and reality. International

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

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.

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

Review, vol 4. In press
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7.3.1

7.3.2
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MEASUREMENT OF PRESSURES AND LOADS IN SILOS

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

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

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. | wrote the paper, and assess my

contribution at 90%.

TEMPERATURES AND PRESSURES MEASURED IN SILOS BY MEANS OF PRESSURE

CELLS

Blight, G £ 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, | designed and installed the instrumentation, took the

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

Blight, G E (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.

Schaffner, R H and Blight, G E (1986). A comparison of design and measured lateral
pressures in a large Ibau-type cement storage silo. International Journal of Bulk Solids

Storage in Silos, vol 2, No 2, pp 17-24.
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7.3.5

7.3.6

7.3.7

7.4

7.4.1

The situation for this study was similar to that for paper 7.3.1, Mr Schaffner was the

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

Fliss, L and 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 thét for papers 7.3.1 and 7.3.3. Mr Fliss was the

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

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.

Blight, G E (1990). Temperature surcharge pressures in reinforced concrete silos.

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

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

Handling, vol 11, No 2, pp 451-457.

MEASUREMENTS OF STRAIN IN THE REINFORCING OF REINFORCED CONCRETE

SILOS.
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.
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7.5.1

7.5.2

| estimate my contribution to the paper at 80%.

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.

| 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. | planned and undertook the investigation and drafted the paper.

| estimate my contribution to the paper at 90%.

MEASUREMENT OF LOADS IN STEEL SILOS VIA ELECTRIC RESISTANCE STRAIN

GAUGES

Blight, G E (1985). Temperature changes affect pressures in steel bins. International

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

Blight, G E 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. | planned and carried out the investigation and

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

Handling, vo! 8, No 4, pp 413-419.

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

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

Blight, G E (1989). Strain and temperature measurements on an externally stiffened
corrugated steel grain silo. Powder Handling and Processing, vol 1, No 4, pp 343-

347.

Blight, G E (1990). Load and temperature strains of a welded plaﬁe plate grain silo.

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

Blight, G E (1990). Measured loading on a small steel grain silo. Powder Handling and

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

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

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

CONTRIBUTIONS TO LEARNING

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.

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.

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

application in the field of mining.

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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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.

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.

Blight, G E (1988). Some less familiar aspects of hydraulic fill structures.
I 5

Proceedings, Hydraulic Fill Structures, ASCE Speciality ConféféhCé,”Fort Collins,

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

Address.

Blight, G E (1989). Geotechnical engineering in mining. Proceedings, 12th
International Conference on Soil Mechanics and Foundation Engineering, Rio de
Janei,ro, vol 4, 11pp. (Still not published at end 1991 because organizing committee

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

Blight, G E (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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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.

i 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 tvpe 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 :

(1) Unless the structure under consideration is
one of many of similar type yet to be constructed
for the same authority, there is usually difficuley
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 1 pay for tests that will benefit some-
one else?" '"You are the consultant, vou should
know all the answers" are common client respouses
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 playved bv shear strength in design.
However, only two of the cases concern shear
strength directlv. In the other three cases, shear
strength plaved an important role, althe 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-like
materials'”. This is deliberate, as it 1is the
writer's belief that the training of a geotechnical
engineer peculiariy befits him to play a far wider
role in engineering than his traditional one. 1In
particular, the soils engineer can make an import-—
ant contribution in the fields of materials hand-
ling and storage - currentlv the preserve of the
mechanical engineer, and underground mine support
technology - currently served almost exclusively
by mining engineers.

2 STRESSES IN THE CORE TRENCH OF AN EARTH DAM

This case history is primarilv concermed 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 5m wide

at the bottom, opening up to i5m wide at the top.
It was decided to backfill the trench with
compacted clay fill.



2.1 Instrumentation 0

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 10
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 20
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 30
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.

DEPTH IN m

2.2 Analysis

40 |
A theoretical analysis of likely stresses in the
trench fill was carried out (Blight(1973;) using L 1
data obtained by aughan(1961) for Selset dam and 0 5 10 15
Blight(1970) for Bridle Drift and Manjirenji dams. : VERTICAL EFFECTIVE STRESS O\'IlN m OF ALL

The analysis was calibrated by applving it to ] .
observations for Balderhead dam by Thomas and Ward Figure 1: Comparison of observed and predicted vertical
(1969) and was found to give good agreement with effective stresses in Balderheaod Dam.

measured vertical effective stresses, as shown in 0

“

Figure 1.

® Cell 1048
© Cell 1053
O Cell 1056

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(1970)). These tests indicated that K
was approximately 2 near the surface of the back-
f11l deciining to about 1 near the bottom of the
trench. :

-
o

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(1973))

DEPTH IN m

[
[e]

1 {y - —i(cl—u K tan¢:)}rl—e-Ah- (1a)
v A Fz o] - -

_K tanml(l-ﬁ)

Fz (1b)

In which 30

5 1

vy is the bulk unit weight of the fill 0 25 S 7.5

u el o e fill; .

F is the factor of safgty against shear VERTICAL EFFECTIVE STRESS O\/‘N m OF ALL
failure of the soil against the walls
of the trench;

2z 1s the width of the trench;

h is the depth under consideration;

¢* and ¢1 are the shear strength parameters

of the fill;

G is the initial pore pressure (at

placement) in the fill;

K is the ratio of horizontal to vertical
effective stresses in the fill: and L i . n

B is the ratio of the pore pressure 10 20 30 40

increment in the fill to a TH IN
. . . wi m
corresponding increment in total stress O I

o
2]

=
o
T

N
o
Y

DEPTH IN m

w
o

o

g .
Y Rgure 2: Comparison of observed and predicted vertical
effective stresses in Lesapi Dam core trench.
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Equations (1a) and (ib) 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 :

6.1m

21.3kN/m?

15kPa

= 31°

u =190

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

0 <
N
LI T 1}

©
[
t

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

1
1 c
9 < (1+ tan‘¢:) 4 (ZX

2.3 Further field tests

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

but also to seek evidence of tensile cleavage. The
holes were wetdrilled using a wagondrill and a 76um
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-(fa) and (1b) are re-written with the
pore pressure U as a variable

Athe

g, = %1{7 - f%(cl - K can¢lu)}z1—e- P (3a)
at - X tand” (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.

1f equation (3a) is differentiated partially with
respect to u, the result is : .

= =1 (4)

12

Total stress O,
in m of fill
]

Pore pressure u
a inm of fili

N
o

1751

Total stress O,
in m of fill

L Iy
125 15 175

Pore pressure u
in m of fill

325

8

Vertical stress O,
inm of fitl

27,5 A i
125 15 175
b Pore pressure u
in m of fil}

FAgure 3: Observed reiationships between vertical total
stress and pore pressure for (a) the core french of
Lesapi Dam and (b) the core of Balderhead 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 oi in the f£ill at the end of construction is
every where more than the critical value for
tensile cleavage and if ¢! remains comstant as
seepage occurs, then tensile cleavage of the
soil camnot 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



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 prelicted 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.

(1i1) 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 sa
3 THE BACK ANALYSIS OF WASTE ROCK DUMP FAILURES
This investigation was undertaken during the wid
1960's (Blight(1969)). The reasons for the study
were as follows :

(1) 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.

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 surveved 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 siide, including the failure
surface and the profile of the foundation stratum,
while Figure 5 shows similar details for a dump
that 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 o
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Figure 4: Section through a typicat first-time slide in a rock ddmp on a clay foundation.
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Figure 5: Section through a rock-dump that has failed repeatedly.
3.1 Mechanics of the slides bulk for a first time failure can be represented
quite closely by laboratory triaxial and shear box
The surveys of the slides and model tests in the tests on-.76mm diameter specimens, or by the remoul-
laboratory confirmed that the sliding mass in each ded vane shear strength, as shown in Figure 7.
case consists of a series of apex-down active driv- R . . i .
ing wedges resisted by apex-up passive resisting (a) Active and Passive Wedges in first-ime failure

wedges, as shown in Figure 6. The base of each
passive wedge consists of a roughly horizontal movement of active wedge
failure surface through the foundation soil. As

shown in Flgures 4 and 5,.the basgl failure plane . active wedge
was constrained to be horizontal in each case by
the limited depth of foundation soil overlving /

N

hard material. e
g SR W SN
Based on this investigation, the stability of the e —
dumps could be analysed, either by a sliding wedge Y
analysis or by a method such as Janbu's(1957). A —r— \ﬁpasswe wedge
number of different analyses were tried, and altl e l—
' gave essentially similar values for the base shear ——_—57",’&‘&?;390.
strength in the slides (see 'R' in Figure 4). >
. movement of passive
3.2 Measurements of shear strength of foundation wed
ge
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 essentialiy uncon- . . . .
solidated undrained mode. The laboratory shear (b) Active and Passive Wedges in subsequent failures
tests used in the investigation were performed on
undisturbed samples taken from near the toe of each e———
dump with a 76mm.dia.meter thin-wa}led open-dr%ve w— active wedges
sampler and consisted of unconsolidated undrained —
triaxial tests on the untrimmed 76mm diameter
samples and quick shear box tests, also on 76mm 43’\ passive wedges
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 - poy
in Figure 5, in Figure 8. w?@«-71°-55°5

73° A39°

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 Figure 6: Diagrammatic representation of failures of

under consideration is very close (of the order of model stopes on thin horizontal cohesive founddations.
10mm to 20mm), the shear strength of the soil in
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Figure 8: Comparison of 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
sugface 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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analysis .

3.3 Design of rock dumps

The situation to be designed against is clearly the
first-time slide. This can be analysed 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 Figure 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 :

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

(ii) this enabled a method of analysis and design
to be formulated; anc

(iii) it established acceptable means whereby 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 Powell 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 14000m’® 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/m’
Angle of shearing resistance, $1=28°. tan®*=0.53
Angle of wall friction,
cement on concrete, 6=22°., tané=0.40
Cohesion, c! =0
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, v = 12kN/w’

Angle of shearing resistance, ¢'=42°. tan¢'=0.90
Angle of wall friction, 6=39°. tané=0.81
Cohesion after precompression to 500kPa, the
maximum expected vertical stress, ¢! = 25kPa.

20000 DiA

wé6

12 500

8 000

W1 to W7 are pressure celis in walls
C1 to C4 are pressure cells in cone
14 to 13 are thermo couple pairs
Dimensions are mm

HAgure 14: Layout of instrumentation in silo
Coefficient of lateral pressure
Ko (zero lateral yield) = 0.35 (loading)

K ='yp to 1.5 {unloading)

o
K, (active condition) = 0.20

A
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 objecrive
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 was to obtain information that {(hopefully)
would enable 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 (T! to T3)
in the silo. Pressure cells were of the mercury-
filled strain gauged diaphragm type, with 200mm
diameter sensitive faces.



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
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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 :

o

v
= - -_ _Jz 3 ’
0 (max) ! €XPL " 5 (max) = (4a)
v v
Dv

: A% S, 4

Jv(max) 4Ktanz (eb)
In which D is the diameter of the silo and the
other sympols have their usual meaning. The hori-
zontal pressure on the silo walls is then

0, = Ko (4c)

h v

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

oy =9, Ecos’u + Ksin’a] (3)

in which a is the cone angle of 60°, and 0 was
calculated by means of equations (4)

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 vertical 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 assumptioms
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).

4.4 Conclusions

[t became clear from the results of the measure-
ments that :

(1) 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. :

3 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
clayev silt residual from weathered siltstone. The
water table at the.site 4is 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 snale 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 apply to piles that ultimately
would be heaviiv loaded, but which would be in 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(1967) had, indeed, carried out measure-
ments of the load distribution in an instrumented
pile of 230wm diameter 10m in length. These
measurements confirmed the form of Collins' expres-
sion for pile tension which is : .

P e mg’“(cl + Ko ! tan¢®)dz ()
In which

P is the tension in the pile;
D 1is the pile shaft diameter;



L 1is the length of the pile subjected to
uplift; and
c! and ¢! have their usual meaning.

However . :

(1) 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*
and 3' to use.

(11i) What value of K should be used?
Donaldson's study had not attempted to compare

measured pile tensions with tensions predicted 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 0'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 puiling
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 deptn 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 result confirmed expectations,
-in the light of previously published work. However,
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 eff-
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
unicy.

5.2 Design of piles

The piles could be designed using Collins’ express-
ion in terms of the changing effective stress and

the progressive heave predicted for the site.
Whereas the laboratory shear tests had shown a pro-=

nounced peak in the stress displacement curve, the
field curves showed no peak. As shown by Figure 17,
using strengths derived from the plug~pulling tests
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-
iift and whether the uplift forces could correctly
be predicted from the measured shear strengrhs. All
piles were straight-shafted, 1050mm in diameter and
33m long. Referring to Figure 18, the positions of
the three instrumented piles were selected so that
they represented a corner pile, a side pile and 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 5m 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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Agure 14: Design of plugs to measure insitu strength on
pile shafis.
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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
clrve if vertical equilibrium is to be preserved.
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Agure 17: Pile design curves based on Collins’ formuta.
Curves based on iab tests take account of progression of
tveave with time and effect of peak in stress-displacement
curnve.

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 5m.
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Figure 18: Layout of piles in test pile group.

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 1000kN
compressive ioad 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 6ém of pile. Ten~
sions in the shafts below this depth were unaffect-
ed.
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Agure 19: Development of fension in test pile 2 with time
and comparison of measured and predicted depth-
tension relationships
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Figure 20: Shear siresses developed down length of ¢
and comparison with measured shear strength-depth
relationship.

5.3 Conclusions

The programme of field testing and monitoring
achieved all its objectives :

(i} The Collins expression for pile shaft tensio
was validated for the large diameter piles used at
T.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 'had 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 extemsive 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 3.5km. 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 im to !.2m in height and
which traditionally has been supported by timber
grillages or "packs".

For the following reasons, the gold mining industry

£i1l 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 oblvious 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

is attempting to replace the timber supports by
support provided by alternative materials.

to use a fill to support the area around a shaft
when the gold~rich shaft pillar was mined out.

7

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.

(iil) 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
zo confined compression with zero lateral strain.
farly tests to establish the compressibility of
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Fgure 21: Layout of instrumentation in shaoft pillar
replacement fill.

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 che figure were 200mm diameter oil-
filled Frevssinet flat jacks connected by copper
tubing to Bourdon pressure gauges, and pre—pressur-
ized to 'MPa. The jacks were installed so as to
measure vertical stress as well as horizontal stress
in two orthogomal 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 curve
of fill with laboratory compression curves



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 employeq.

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 :

(1) 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.

(i1)  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 feadings. The designer should
‘personally supervise every stage of instrument
installation and if possible either take the read-
ings himself or closelv 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 gemeral application in
engineering.
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The catenary net will cons  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 ductility of the mesh. The elongation at failure for
the weld mesh over a 200-mm gauge length 5 15% before annealing and
failure invariably takes place at a welded node. After annealing, the elon-
gation at failure vanes 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, sel m at a welded node. The average permanent
elongation after failure over an original length of 1 m is 26%.

Tests on 100-mm-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 10-
m-diameter circular void oc ming under the roadway. Under this circum-
stance, the net can carry a s erimposed 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
equivalent to a total load of 518 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 this 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 hv carrying out a near—full-scale trial. This ex-
penment and its results will > described next.

ReAasoNSs 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 y its loads in bendi The em would be Ty
efficient. in that load support would arisc irom a combination of compression
in the soil cement and tension in the reinforcement. However. it would have
the disadvantage of initially being a rigid system.

Voids of up to a certain si7~ could form below the reinforced layer without
being detected from the su ce. If the void subsequently enlarged suffi-
ciently, a combination of a he2vy vehicle load and a critical span could cause
the slab to fail. Once the sl 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 untii
it failed as an unreinforced b. 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 e cavity underneath, and steps could be taken
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FIG. 4(b). Cavity under Catens Net; Light Area above is Catenary Supported
Roof; Dark Area below Is Collapsed Top of Fill

to determine the shape of the catenary-supported slab under its self-weight.
A light truck was then driven onto the siab as a preliminary test and the
leveling repeated.

A twin-axle truck with a rear axle load of 64 kN was then reversed onto
the slab. The long axis of the truck was orientated at right angles to the
anchor trenches and the rear al wheels were stopped at the midspan of
the catenary net. Thus the loading on the catenary net consisted of the 100-
mm layer of surfacing mater , plus 64 kN. 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 kN.

Not all of the surface points on the catenary net could be observed while
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FIG. 6. 81-kN Axle L 1 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 (270 and 300 mm,
respectively). The maximum stress in the net under the 81-kN load was only
38 MPa (5.500 psi). whereas the yield stress was 250 MPa (36,000 psi) and
that under the 64-kN load was 36 MPa (5,200 psi}). Hence the movement
of the net arose almost entirely from irreversible sources such as vielding of
the anchor trenches, compression of the edges of the hole. and straightening
of the steel forming the net. As the original estimate of the midspan sag of
the net cannot take these ad ional sources of sag into account, the estimated
load carrying capacity of tf net will always be conservative.

Fig. 6 shows the catenary net successfully supporting an axle load at mid-
span of 81 kN.

EFFecT ON VeHICLE DRivir  INTO CATENARY
NET-SUPPORTED DEPRESSION

If a vehicle were to drive through a depression spanned by a catenary net.
it would be subject to: {1) Downward acceleration as its wheels entered the
dip: and (2) upward acceleration as it emerged on the opposite side.

The downward acceleration cannot exceed 1 g. but the upward accelera-
tion would depend on the speed of the vehicle. the maximum sag of the net,
and the distance over whic 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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Blight, G. E. & Dane, M. S. W. (1989). Géotechnique 39, No. 3, 567-570

DISCUSSION

Deterioration of a wall complex cc structed of reinforced earth

G. E. BLIGHT and M. S. W. DANE (1989). Géotechnique 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
: company Reinforced Earth (Pty) Ltd
rica. The Reinforced Earth group has

also undertaken extensive research on the ques-

° -f --=---*-a for 13 years and the Writer’s

le some salient points on this
topic 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.

L« Y D CONSTRUCTION
ENVIKONMENT

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
high security area, and access to the site is
iricted. 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 pm 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
se ce 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
w r for compaction purposes.

1is 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)

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
prot

()

Refore the construction stage, several samples
of ackfill material had been taken from the site
a1 its vicinity. These samples were mainly free-
draining wind blown sands with less than 5% by
weight passing the 80 um sieve. One ‘calcrete’
sample tested by the Employer with 13% passing
the 80 um sieve had also been approved by the
Writer’s company since the draining properties
wear= still considered to be satisfactory.

test sample of the ‘calcrete’ type material
w  32% passing the 80 um sieve was rejected by
Remnforced Earth (Pty) Ltd for use as Reinforced
Earth backfill.

ter completion of the structure in 1980,
fu er 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 um) 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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EFFECTS OF COLLAPSE SETTLEMENT OF FILL ON REINFORCED EARTH WALLS

As a result of the relative settlement, the st s
become inclined adjacent to the wall. For an inclined
strip to exert a horizontal tension component Th’ the
tension in the strip has to be (see Figure 2)

T = Th sec B

monitored over a period of five months. The observed
movement was only 1lmm 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 measurements seem to show that the rate of
movement of the wall had been almost constant with
time.

Figure 3: Fron | view of the failure at

Grootgeluk Mine

As shown by Figure 2, T increases rapidly with
increasing 8. If the design factor of safety against
yield of a reinforcing strip is 1.6, a strip
inclination of 351° will cause yield. If the factor of
safety against tensile fracture is 2, an inclination of
60° will result in fracture.

“he occurrence of this effect of fill settlement w
( lso be illustrated by a case history:

At the Grootgeluk Coal Mine in the north-west Transvaal
province of South Africa, the two arms of a U-shared
crusher complex were constructed of Reinforced Ea
walls.

The walls support the earth ramps that provide access
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 wall) of
the U failed, a wedge of fill sliding out together w

a section of the concrete panel facing. The height or
the section that failed was 16m. A view of the failure
is shown in Figure 3.

Early in the life of the wall complex there had b
concern because the facing of the north arm of the u
1 :n found to be moving outwards. The movement
tne wall was monitored for fifteen months, but when -
rate of movement was seen to be moderate (between 1u
and per year), measurements were stopped. At -
same time, the wall that ultimately failed was

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 inte the fill.

(ii)}) The fill consisted of a sandy gravel which
con a conside proportion of clay. It
was certainly nct 1Iree-draining but had an
estimated permeability of only 1m/year.
Penetraticn of water intc the fill by
infiltration of rainwater would have been slow.
Equally, water fed into the fill by the leaking
pipe would not readily have dispersed.

(iii) Several reinforcing strips had never been
placed in the wall. For example., one facing
panel was attached te four. instead of the
required six strips. In other cases O00mm x 3mm
strips had been used instead of 30mm x 3mm
strips.

(iv) Strips in the wall adjacent to the failed
section were found to be inclined at steep
angles to the horizontal. Inclinations as steep
as 80° were found. It is surmised that a
similar situation applied to the section of
wall that failed. Figure 5 shows a row of
inclined strips wuncovered in the post-failure
examination.
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ECTS OF COLLAPSE SETTLEMENT OF FILL ON REINFORCED EARTH WALLS
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Figure 4: Observed movements of north wall at
Grootgeluk P ary Crushing Plant.
The inclination of the strips may have resulted m Koningnaas wall. Because of the relatively low
setting the facing slabs too far ahead of the fill h permeability of the fill, the process of progressive

the result that the unsupported reinforcing st s
drooped down to rest on the fill surface. On the otner
hand, the observed progressive movements of the north
wall were probably caused by a similar mechanism,
involving collapse settlement, to the movement of the

release of friction would have taken place slowly over
the years as each seasonal wetting front progressed
through the fill. The same process was probably taking
place on the south wall, but was unobserved.

Figure 5: Inclined reinforcing stips uncovered

during post-ail

2 examingation
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the scil surface. The pressure behind the jet is increased until the
surface is penetrated. The pre: 1ire required for penetration, in kPa,
is the erosion index. Figure 2 10ows the ETCOM in use.

Figure 2 'OM erosion tester in use

EXPERIMENTAL WORK

Ten experimental plots were set up on seven gold tailings dams on
the Highveld. The plots each measured 9m bv ©m andé were chosen to have
differing aspects, slope lengths and slope angles.

8mm Diameter steel pegs, each lm in length were driven normal to
the slope at 3m intervals giving a 4 x 4 peg array cf .6 pegs in total.
25Cmm Of each peg, accurately measured, was left proud of the grcund
ce. The erosion leoss could then be assessed by measuring the
at of the slope surface against the datum of the top of the pegs.
ositioning of the plot is important 1f measurements are to be rep~

surfa
retre
The p
ntative, so plots were positioned approximately in the middle of the
e length. It was assumed that erosion would be least at the top of
ope and most at the bottom. Therefore an average value should be

5 Blight
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Erosion losses from he surfaces of gold-tailings

dams

SYNOPSIS

by G.E. BLIGHT*

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.

SAMEVATTING

Erosietempos is vir die hellings
Roodepoort gebied van Transvaal |
gee die resultate vir 'n waarnemil

bokante van 'n aantal gouduitskotdamme in die Germiston-Johannesburg-
1eet. Die voorlopige resultate is in 'n vroeére referaat verstrek. Hierdie referaat
tydperk van vier jaar en identifiseer die belangrikste faktore wat die erosie-

tempo van die opperviakke van guuduitskotdamme 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 e a/.> and Blig  and
Caldwell’. Those papers describe various defence« that
were devised to reduce erosion losses and the pri lems
that arise with their implementation. At that time it
became clear that not enough was known regard: ; 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 t+  sur-
faces of tailings dams was also not known. There was
an 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 ly. - on
the top surfaces of dams. Finally, the efficacy of various

easures proposed to reduce 1 losses w  not

nown.

In 1984 the writer, with the assistance of the Ch  ber
of Mines of South Africa, initiated a program : to
measure erosion losses from the slopes of gold-tailings
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-
tion of material lost from slopes and caught in erocion
catch-paddocks. The preliminary results of these « ser-
vations were published after two years by Dorren and
Blight' and by Blight*.

The purpose of the present paper is to give the results
of four years of observations. Whereas 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 of Civil Engineering, University of the Wit-
watersrand, 1 Jan Smuts Avenue, Johannesburg 2001.

© The South African Institute of Mining and Metallurgy, 15 SA
ISSN 0038-223X/33.00 + 0.00. Paper received 3rd August, 1988.
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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 papers"* summarized the theoretical
mechanics of erosion by water and wind, and the reader
is referred to those papers and others’™. 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,
o 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 Jarrett'®).

Two means have been used to measure the strength of
tailings surfaces.
- Penetration Resistance

« v . [COM 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 surface
is penetrated, and the pressure in kilopascals at which
penetration occurs is used as an index of erosivity. At
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 falsely 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 = ther
minimum values, than those measured in year 1. 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 1, and were therefore generally not as rccistant
to penetration by the water jet. Whatever the reason, the
change in ETCOM values converted correlation to in-
dependence for these data.

Surface Shear Strength and Erosion Loss

The correlation between surface shear strength and
erosion loss is shown in Fig. 3.

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 progra 1.
Fig. 4 shows 2-year average results for the erosion ot 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 s pes
of the dam is apparently trapped by the grass on the north
face, and the rate of erosion by water is insufficient to
we this entrapped material. The maximum obs ed
tion rate for this slope during the winter was 90 t/ha
ear (or 5 mm per year).

Slope Angle and Erosion Loss
Bare Slopes

All the available data relating erosion loss to slop:  1gle
are shown in Fig. 6. Once again, the datacanber rd-
ed as showing no correlation at all, or they canber  rd-

ed as showing the two-branched relationship indicated
.n the diagram. As pointed out earlier, the USLE inc  ites

that a positive correlation can be expected between slope
angle and erosion loss. A qualitative two-branched rre-
lation between slope angle and erosion loss was pre jus-
ly noted by Renner', who observed that very little
erosion occurs on natural slopes steeper than 80 per cent

(39 degrees) or flatter than 5 per cent (3 degrees).

Terraced Slopes

Blight et al.? and Blight and Caldwell’ 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.

Excavate from
top Armum
Crosswalls spaced ot
20m on horizontal terace A

/
Original slope

3
/ ‘Jaoo flat
A

—_—__ ~ —Crosswall

e
Grade back into the face

at 1:15 slope

—

l42000

S
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
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EROSION AND ANTI-EROSION MEASURES FOR
ABANDONED GOLD TAILINGS DAMS!

Geoffrey E. Blight?

Abstract. This paper briefly

cribes geotechnical measures for the abatement

of air and water pollution from abandoned gold-residue dams. The measures

were specified by a set of g
for the Chamber of Mines
rates of erosion of unprotect

elines for environmental protection formulated
South Africa in 1979. The results of measured
tailings surfaces arc then given and the effect of

various anti-erosion treatments is reported. These treatments include surface
stabilization with cement, gr ing, and gravel mulching.

Introduction

Unlike Canada and the United States of
America, the Republic of South Africa has »
legislation specifically directed towards the protec 1
of the environment from the effects of min .
However,there are a number of statutes that affect
the design, operation, and abandonment of tailings
de sits. To comply with the requirements of these
statutes and to achieve effective environme: |
control over the tailings deposits owned by s
members, the Chamber of Mines of South Africa, in
1978, commissioned the author to draft a
comprehensive set of guidelines for the des
operation, and closure of tailings deposits. Th :
guidelines were adopted in 1979 and revised in 1¢

Whereas valley dams are common in the United
States, most tailings dams in South Africa are
ring-dyke structures constructed on relatively flat
ground. Because they protrude above the natural
ground contours, these dams are particularly exposed
to the erosive forces of the atmosphere. Figure 1
-shows the layout of a typical ring-dyke gold tailii
dam.

The guidelines for the closure of tailings deposits
require, prior to the closure of any tailings depo
an inspection by a geotechnical engineer, who sho |
report on the existing state of the deposit and list |
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 rep:
should note the presence of any adjacent structures

or development, and the extent to which thcy may be
affected by abandonment of the deposit.
Recommendations to minimize the impact of
abandonment, or of possible failures of the deposit
after abandonment, should also be made in
consultation with professionals of appropriate relatcd
disciplines

Specific Requirements of the Guidelines

The Chamber of Mines Guidelines have a number
of specific requirements.

Erosion of Top = “aces.The guideclines 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 ~ able

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 I eting of the American Society for Surface Mining and

Reclamation, Durango, Colorado, May 14-17, 1991.

2 Geoff Blight is Professor of Constructic Materials and Héad, Department of Civil Engineering,
~ Witwatersrand University, Johannesburg, Private Bag 3, 2050, South Africa.
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Figure 2 Anti-erosion walls and cathchment paddocks on an abondoned
ring-dyke tailings dam

protection of these steep slopes against erosion is
very difficult. Sheet erosion of the slopes car =
reduced, and gulley erosion virtually eliminated vy
the provision of crest walls, which prevent water f 1
cascading off the top and down the slopes of a
residue deposit. Slopes can be protected aga t
erosion by being covered with a layer of waste rock.
However, this requires a large quantity of 4
because the angle of repose of the rock seldom, if
ever, equals the slope angle. Vegetation has also
been used to provide protection against eros .
This practice has not proved entirely successful: sc =
of the steeper slopes are gradually denuded of grass
as erosion progresses.

Containment of 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
hvdrologically 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 expec |
over a period of 24 hours for a frequency of once in
100 years. To this is added an additional capacity )

ow for the siltation resulting from erosion off the

slopes.

Control of Access. It has been found essential to
prevent access to abandoned tatlings deposits by the
public, especially those seecking 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 Stopes. 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 of Ergsion from Gold Tailings
Dams

1984, the author initiated a programme to
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,
some were located in erosion rills, some on ridges
.between 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.

™e_a

17l “pasons. Figure 3
shows the seasonal distribution ot 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
increased 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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retreat or tons/ha/yr. Annual erosion los  from
agricultural fields rarely exceed 10 to 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 = ARKLSCP,

(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 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 id 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  slope
angle. It may also arise because certain of e 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 r um
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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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 slopcs was observed as part of this
programme.

The results of the measurements, shown in
Figure 5, confirm that erosion losses from terraced
slopes are relatively small. However, the measure is
not very practical as severe gulleying occurs if one of
the steps overflows. A terraced slope is also not

isually pleasing.

Five test plots were established on the untreated
horizontal top surfaces of dams. The results of these
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

pe and tailings loss by erosion

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 of 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
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slopes suggests that the control plot was  isually
erosive, rather than that the gravel mulch s very
effective in preventing erosion. However, there 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 the
surface (Johmson et al 1979, Jennings ar Jarret
1985).

Effect of Stabilizing Dam _Top Surfaces. Blight ct

al(1981) and Blight and Caldwell (1984) rep  ed on
the experimental stabilization of the h zontal
surface of a tailings dam with Portland cer 1t and
road lime. Erosion-measuring plots were s up on

these surfaces and on an intervening untreated
surface. Measurements on these plots over years 3
and 4 gave the result that the cement-stabilized

ween slope angle and tailings loss by erosion.

surface is eroding at a rate of 18 t/ha/yr (a rate ¢
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_FErosion 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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hinds : it would have been better to have
measured erosion losses over the full length of the
slopes.

™ -treat 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 content) is only about 1
mm/yr. Cement stabilization of the tops of crest
walls therefore appears to be well worthwhile as a
stabilizing mcasure. ’

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 crosion 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.

‘(5) While more data is needed on anti-erosion

measures, it appears that grassing,
gravel-mulching, or terracing of slopes can
considerably reduce erosion losses.

1
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(Gain in fi11 moisture) + (leachate lost t*-~ugh
base of fill) = (Precipitation or rainf. ) +
(Added 1liquids) - Runoff - (Soil evaporatiun) -
(Transpiration by any plant cover).

Figure 2a shows monthly varfations in "potential
evapotranspiration” and rainfall for a site near
Cape Town’. (The term potential evapotranspiration
is not defined in the reference, but can probably
be equated to pan evaporation or evaporatior ‘rom
a free water surface). The important aspe  of
Figure Za is that from April to August each year,
precipitation far exceeds potential
evapotranspiration., It follows from the water
balance equation that during this period the fi]l
will gain in moisture and there will a
potentfal for the escape of leachate from the .se
of the landfiil,

Figure 2b shows similar data a
site on the Transvaal highveld. It will be en
that soil evaporation alone generally ¢ er
equals or exceeds precipitation, and pan
evaporation or potential evaporation always far
exceeds precipitation. Hence, providing there fis
no ponding of water in any low-lying areas on the
surface, there can be no potential for efther a
gain in fi11 moisture or for the generation of
leachate by infiltration. This conclusior fis
substantiated by the data shown in Figure 3. is
represents profiles of moisture content, al
dissolved solids (TDS) and chlorides a:« (I
measured in material taken from a hole dr ed

In contrast,

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 0,5m 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 resfdual moisture from {infiltration
during the previous wet season., Below d4m, the
moisture profile appears random with no clear
trend discernable. The profiles of TDS and C!}
show a similar lack of systematic variation.
Values in the top cell of refuse are somewhat less
than those lower down, but the Yow values recorded
in all of the intermediate layers of cover
materfal show that there has been no downward
leaching of soluble salts. The reasonably large
values of TDS and C1 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 fill,

Most importantly, there is no evidence of sait
contamination of the sofl forming the base of the
landfil1l, and hence no evidence of the formation
or escape of leachate.

Hence {t may be concluded that the water balance
for a Class I or Class II site is of prime
importance. [f there s a water surplus (as in
Figure 2a), then there is a potential for the
formation of leachate and for contamination of the
groundwater. If there is a water deficit (as in

2rs |-
; /-\\\\_.4) "mwu
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e
35S | . N , . L
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AGURE 4: Annual  lar surplus areas of South Aica
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Figure 2b) then the potential for lea te
formation and for groundwater pollution is a st
eliminated.

However, it must be emphasized ‘that this
conclusion may not be valid under the foll ng
circumstances:

(1)

(11} {f the surface of the landfill s
sufficiently irregular to allow rainwater to
pond locally; and

after an unusually wet season;

if sufficient liquid waste is co-disposed to
change the water balance to a surplue,
either on an annual basis or for le r
periods.

(ii1)

b, and large, therefore, {t should be possibl~ *o
satisfy the requirements of a Class [ or II e
without much difficulty, except in those areas uof
the country where there is efther an annual or a
seasonal water surplus.

As preliminary guide, Figure 4 illustrates those
areas of South Africa where an annual water
surplus exists. Each case should, however, be
treated on its merits, as many areas do exist that
have an annual water deficit, but seasonal water

surpluses, as illustrated in Figure 2a. Note that
Cape Town is not an area of annual water surplus.

CLASS I AND Il 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 Il sites that were
referred to earlier.

It {s likely that the rules came about from the
assumption that if the permeability of a stratum
is k m/y, then the outflow from the site {into the
groundwater can _Gbe 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 10m
of refuse resting on a 0,5m thick liner which in
turn overlies a 2m thick unsaturated zone. The
refuse may or may not be covered by a 0,5m thick
cover layer having the same permeability as the
sofl of the unsaturated zone.

¥ TRMEABILITY OF LINER cmy/s.

1077 10— 10-* 10 102 10-2
| i - ! ] O
4000 |— <— NO cover
™~ 0.5m cover
(k, =ky)
k=300 m/y ——u @
107 /s Yo cover

2 100} ¢ ) b
E 0.5m cover (k, = k,)
‘.5 kL=30my
g (10™ cm/s)
§ M0— = 3000 m/y & 500 m/y
& (10-2cm/s & 1.7 x 10-% cm/s)
0
=z - —_— e —— —  «—15m/y= likely maximum
T 10— available flow
2

—_—

<+— 0to 0.5m cover (k,)
04l—  profie <— 40m refuse (k;)
analysed ~— 0.5m liner (k;)
«-— 2m unsat'd zone (k,)
—
001 | 1 l 1 |
0.04 04 10 10 100 1000

k, = PERMEABILITY OF LINER m/y,_

@ Point at which pore pressure

un

liner goes negative

1 i5: Variation of fiow into the groundwater with
liner pemeability for a typical landfili profile
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A search of the literature showed that very little
seems to be known of the permeability
characteristics of refuse. Oweis and Kera give
the following values

Maximum permeability kz(max) =-1500 m/y
Minimum permeability : kz(min) = 200 m/y
Field average EZ = 800 m

For the present study 1imiting values of
3000 m/y ggd 500 m/y were selected. (
1 m/y=3.10"" cm/s).

k
Notze .

the permeability of the 1i
e of 0.01 m/y to
cm/s). The permeabfiicy
k,) and that of the

a\(e

In the analysis,
{ky} was varied over a ramg
m/% (3.10°° cm/s to 1.10 (

of the cover material

As Figure 5 shows, for a liner permeability of
1.10"7 cm/s, the potential flow under these circum-
stances is of the order of 8 m/y which is a far
cry from the 300mm/y mentioned above. To reduce
the flow to 300mm/y either the Hqsr permeability
would have to be reduced to 6.10 cm/s, or the
liner would would have to be thickened to more
than 10m.

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:

unsaturated zone,(k,) were takeg as either 300 m/y
or 30 m/y (1.107% c/s or 1.10°" cm/s). {1) The presence of a cover layer has very
The method of calculation will not be described Hg‘:]e effect on the potential leachate
here (see Append1x),5 but follows the analyecie :
given by B8light. A free water surf £ th § 1 et
was assumed at the top of either the refuse ") ;:ﬁtpfm::u::g ghe t“eow':e use plays little
the cover layer and initially, saturated f
conditions have been assumed. In other words, i1 rmeability of the unsaturated zone has
refuse has been saturated to its field capac:-~ 1) :h:ng:rat:ng ef¥ect on the flow, but only if
and leachate is passing through the liner, ir it has more or less the same value as that
the unsaturated zone and thence into tue of the liner.
groundwater.
ky = PERI Y OF LINER cm/s
107 10~ 10- 10~ an-3
I IR | [ I
4000 (—
k, = 300 m/y (10°* cm/s)
nho cover E
400 — T
2> 3
£ § m unsat'd
& z0ne .
E ) 2m unsat'd
Z 40 — one (k‘)
g J
0 ' Smiy=| {
(o) — — —_— 1.5 m/y = likely maximum
z 10— 7 avallable flow
3 7
o /
410m uncovered refuse
01 {— k, = 3000 m/y (102 cm/s)
0.5m liner (k,)
v -—— 2015 munsat'd zone (k,)
001 1 ] | | |
0.01 04 10 10 100

4000

ky = PERMEABILITY OF LINER m/y

FIGURE 6: Effect on flow into the groundwater of increasing

the thickness of the ur

turated zone
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k, =PEF :ABILITY OF LINER cm/s_
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FIGURE 7: Variation o

‘igure 6 shows the effect of changing the
:hickness of the unsaturated zone from 2m to 5m.
‘hickening a relatively permeable unsaturated zone
ilightly 1increases the flow because of the
increase of seepage head. Although the term
‘unsaturated zone* has been used above, the zone
retween the underside of the liner and the water
2" wil)l only remain unsaturated if the pore
Vi pressure in this zone is negative. If the
yore pressure is positive, this zone will become
saturated.

“igure 7 shows how the pore pressure at the
inderside of the 1liner varfes with liner
sermeability for the situation illustrated by
“fqure 5. The points at which the pore pressure
Jecomes negative have also been marked in Fiqure
5. Figure 7 shows that for this situation a liner
permeability of 10 cm/s s sufficiently low to
induce and maintain a state of unsaturation in the
"unsaturated zone®.

It is known that a state of unsaturation can have
1 dramatic effec on the permeability of a soi].
For example, Fiqure 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
negative water pressure dramatically 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
unsaturation would cause an equally dramatic
decrcase in the flow through the unsaturated zone.
This, however, 1is not necessarily the case.
Calculations were made for the situation of Figure
5 assuming : )

(i) a ggnstant liner permeability of 3 m/y
{107 cm/s) and a variable permeability for

. the unsaturated zone corresponding to the

Jre water pressure at liner underside
with liner permeability 1or situation of Figure 5

-303-

'curve for "sand" in Figure 8; and

a constant liner permeability of 0.3 m/y
{10°° cm/s) and a variable permeability for
the unsaturated 2zone corresponding to the
curve for "silt* in Figure 8.

{ii)

For case (1), 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

remains relatively wunaffected and also that
appreciable negative pore pressures are only
induced in a relatively thin zone of soil

immediately 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 [ and [I sites
are meaningless statements unless they are read
in conjunction with the later statement i{n 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 established from meteorological data for
the area and operating characteristics for
the site. If there is a water deficit at all
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PERMEABILITY k CM/SEC
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N TIVE WATER PRESSURE IN FEET OF WATER

FIGURE 8: Effect of negative pore pressure on permeabiliity

of typical solls

times of the year, no leachate will be formed. If
there is a seasonal water surplus, leach**2 will
form, the quantity of which can be calcul d from
the water balance.

(1) In calculating the rate of outflow of

leachate, the thicknesses and
permeabilities of cover, disp dw e, any
liner and the unsaturated ur at uation

zone must be considered as an inteyral flow
system.
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The pore water pressure at the uni rside of the liner is given by

- »

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 :creases 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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Figure 2
Typical Pore P ssure Profiles Through a Clay Liner
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The pore water pressure at the underside of the liner is given by

dd.. )
u = (kc-kp{mkia(:) ( )

It follows from (4) that if the peri ‘ability 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 s | 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 mod cation to the profile caused by unsaturation.
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This paper was written on the assumption that the depth of leachate over the liner would
be a small fraction of the liner thickness. If the depth of leachate is not negligible, the
equations contained by the paper shot | be modified as follows:

k k. (d+d +d)

s (2)
(kch+KFac’
d
kK - 9% (3)

c qu
(d+d+d - —
[~ kF

- (kc_kF) dch + kchdL (4)
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ABSTRACT

Although alkali aggregate reaction or AAR is not a new phenomenon, the
bulk of research so far has bee aimed at investigating the mechanisms of
deterioration, the identificati | of materials susceptible to reaction and
methods of preventing AAR from occurring in structures yet to be built.
There 1is relatively 1little i1 »>rmation on the effect of AAR on the
strength and deformation properties of concrete. In order to assess the
strength margin of structures that have deteriorated, and to formulate
measures for repairing and stre jthening them, a knowledge of the strength
of the deteriorated concrete as well as 1ts elastic and time-dependent
deformation properties is required. This review will describe the effects
of AAR on these properties, as well as means for assessing the extent of
the deterioration of full scale structures.

KEY WORDS: Alkali Aggregate Reaction, Reinforced Concrete.

1. INTRODUCTION: THE AAR PHENOMENON

As the name implies, AAR occurs when the alkali associlated with the cement
content of a concrete reacts with the concrete aggregate. The reaction 1is
expansive and results in disruption of the concrete. The reaction occurs
very slowly and signs of dama : are unlikely to appear until five to
fifteen years after constructio 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 caused by AAR may vary from continuous cracks aligned parallel to
the direction of the major principal compressive stress in a structural
member to severe block cracking of the surface (see Figure ia). Cracks are
usually not static, but progressively widen as time proceeds.

Figure 1lb shows some crack idth-time relationships that have been
observed on the surface shown in Figure la. The growth 1in width of the
cracks 1s influenced by the weather. It will be noted from Figure lb that
an acceleration 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 an alkali content in the concrete which
exceeds a certain threshold. The threshold is usually assumed to be an
equivalent Na, 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 >t susceptible to attack/l/.

2. ENGINEERING CHARACTERIST S OF AAR-DETERIORATED CONCRETE

Because AAR causes an expansive disruption of concrete, the main effects
of cracking caused by the att :k are to decrease the elastic modulus and

* Equivalent Na,0 content = (% "a:0 + 0.663K:0)
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INCREASE IN CRACK WIDTH mm

Fgure ta: Biock-cracked surface of motorway column
which is subject 1o AAR

strength of the material. 1If AAR-affected concrete 1is subsequently
subjected to long-term loading, creep strains become abnormally large as
the expansion caused by AAR 1s reversed by the applied stress.

The strength of concrete that has been disrupted by AAR 1is, however,
decreased to a suprisingly small 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 strength of 30MPa. Although the cores were
taken from structures I : had apparently been badly affected by AAR,
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Rgure 1b: Growth of surface crack widihs with time. Observations taken on
column supportir  notorway structure.
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Rgure 3: lllusin  »n of effect of damaoge by AAR on elastic and
creep properties of concrete.

indicated extreme deterioration. However, «coring showed that the

deterioration extended no more than 300mm below the surface of the block.
Ultrasonic pulses transmitted from 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 del riorated significantly.

It may be concluded that an ultrasonic pulse velocity survey can be a
useful method of exploring the extent of deterioration by AAR. However,
the method should not be used without calibration against a more direct
physical method such as the e» nination of cores, or load tests on similar
structures.
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Agure 7: ' w of portal frame being prepored
forfuli-sca load test
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ngn 8: Compx  on of predicted and measured load -
dispiacement rel  dnships for beam refemed to in Fig. 4.

on the beam of the asymmetrical portal. The agreement obtained between
strains, rotations and displacements 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 supports 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 accommodai 4 on the structure.

315



le

ar






ate |






wlen









Alkali-Aggr 2gate Reaction

8th International Conference

DITED BY
K. Okada, S. Nishibayashi and M. Kawamura












5ic












Structural Engineering Review, 1990, 2, 113-12

Rehabilitation of reinforce

concrete

structures affected by alkali-silica reaction

G.E. BLIG

Department of Civil Engineering, Witwatersrand University, P.O. Wits, 2050, South Africa

The appearance of a reinforced concrete structure that has deteriorated as a result of
ilicareaction (ASR) may be alarming. However, it is known that in most cases the

2 retains useful strength and elastic modulus prc
structures can be successfully repaired.

rties, and that ASR-affected

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
‘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 appe
ances might suggest. This is at least partly because most
1 ng 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 AS
However, the actual service live load stresses amounted
‘0 a maximum of only 0.4 MPa. As the minimum

strength measured for cores taken from the pier v
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, reha
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.

o approaches, and that the third will

repair of ASR damage to reinforced concrete structures.
The paucity of the available information is illustrated by
the observation that in arecent 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 log; (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

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 experiment.
(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 ef 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 interna.
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
107y in year 1 to 100 X 10 %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
asecond case [18], post-stressing was used to tie together
a pile cap that had cracked as a result of ASR. Here, no
monitoring of therepair 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 et al. [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 ef 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 sonicdiscontinuitiesin 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. Itshould 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. A

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—concrete 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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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 an
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 peor  of
action who do not orocrastinate when thereisapro  m
to strengthen the Charles
ymouth, 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- 1w
damage. Coring of the piers was undertakentoest: sh
the properties of the deteriorated concrete. The I¢ st
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 e tic
modulus varied between 13 GPa and 22.8 GPa, and the

le strength averaged 2.5 MPa. The piers

, and these mechanical properties must
have been adequate to support the applied loads. Also,
the concrete was 40 years old and the rate of fu er
deterioration must at that stage have been min al.
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 be¢e no
case of repair by partial demolition and re-building 1at
could be justified purely on technical grounds. As
mentioned earlier, a public relations based decisior ay
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 damage 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 atten ed
by means of resin injection and by the applicatii 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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226 Blight

All preparations were applied by brush.

The effect of wetting and drying was assessed by inserting
thermocouple psychrometer probes to a depth of 100mm into holes
drilled into the columns. A psychrometer probe‘?’ consists of a
thermocouple sealed into a cavity in the concrete. The air in the
cavity comes to thermal and moisture equilibrium with the atmosphere
in the concrete. A current is passed thorough the thermocouple
which cools by the Peltier effect until the temperature falls below
the dew point of the moisture in the surrounding air. Moisture then
condenses on the thermocouple junction. The cooling current is
interrupted and the condensed moisture starts to evaporate at the
dew 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 measuring range of the psychrometer is
from RH = 1.00 to about RH = 0.96. Below RH = 0.96 it is not
possible to condense water out of the atmosphere by cooling the air.
The range- covers the RH range of interest of 0.97 to 1.00.

Figure 2: Test column that was waterproofed and subjected to
artificial wetting. Note cracks from ASR in shaft and
mushroom slab.

Figure 2 shows one of the columns that were the subject of the
experiment and Figure 3 shows a psychrometer installed in one of the
columns. Figure 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 same physical
condition. Some are completely sound, but others show signs of ASR
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attack, in the form of cracks 1n the columns, or in the mushroom
slabs they support, or both. As it happened, the control column is
completely sound whereas the silicone-treated column has a badly
cracked mushroom slab, although the column itself has only minor
cracks in it.

figure 3: Psychrometer probe 1installed in side of column, and
protected from water by clear plastic cylinder

The left hand section of Figure 4 Shows results of preliminary
measurements on the two columns to establish the range of p~ or RH
to be expected. p~ in the control column was very high (more than
5000 kPa) and the measurements eventually went out of range. p~ in
the silicone-treated column, however, was unexpectedly low (2000
kPa) and after a spell of heavy rain, reduced even further. A few
days later streaks of white ASR gel appeared through cracks in the
column and ran down the surface. This showed that water was
entering the column via the structure it supports and causing
further ASR. The gsilicone treatment was quite ineffective as the
vater was not entering throt , the surface of the column. 1In a
second series of tests conducied during very hot dry weather,
initial p~ readings were taken and the columns were then watered
continually by hose over a period of six hours on three consecutive
days to represent as severe 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 350 kPa (Figure 4). After 3 days
of drying, the p~ was again out of range.
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Waterproofing To Inhibit ASR ?

The column treated with Coating 2 is in sound condition. That
treated by Penetrant 2 1s cracked, but the psychrometer probe was
inserted in an area of sound concrete. p~ recorded in these two
crolumns started out of meacuring range and remained out of range
even after the watering. This shows that waterproofing treatments
ran assist in preventing concrete from absorbing water. However, a
previous investigation by the author!®' has shown that many
preparations sold as "waterproofers" for concrete are not really
effective as such.

FIELD OBSERVATIONS OF A STRUCTURFE EXPOSED TO THE WEATHER

For the second stage of this st , variations of suction with time
vere observed within portion of a reinforced concrete portal frame
that had deteriorated severely a result of ASR. Full details of
this structure have been publis | elsewhere!®’. The variation of
suction in the damaged concrete was observed for six months, after
vhich the larger surface cracks were filled using quick-setting
Portland cement-based mortar and the finer cracks were painted over
vith a slurry of the same material. Fiqure 5 shows the structure as
it appeared after application of the surface coating.

Figure 5: Knee of portal frame that is subject of measurements
shown in Fiqure 6. Dark areas show where large cracks
were filled.

’sychrometers were installed from faces of the portal oriented

north, west and south, at depths of 150mm and 400mm from each face.
\s the thickness of concrete in 1e north-south direction is 1250mm,
the deeper psychrometers were close to the axis of the structure.
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A study of four waterproofing systems for concrete

6+ Cement slurry: O original Resin emulsion: D original
® after four years B  after four years
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Fig. 2. Variation of moisture gain with time for specimens treated with cement slurry and resin emulsion

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 silane-treated surfaces was
about twice that of the other surfaces. The silane was
thus, after four years, still acting as a water repellent,
as well as inhibiting carbonation. On the assumption
that water permeability is proportional to oxygen
permeability, it is postulated that carbonation has
resulted in the reduced water absorption. The depth
of carbonation of the silicone-treated specimens
was slightly less than that of the controls. which
may account for the higher water 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 days
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 days at 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

Fig. 3. Depths of carbonation in test prisms treated with | > 1 ] )
(a) silicone; (b) silane and (c) cement slurry that in a semi-arid climate, either
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The moisture condition in an exposed
structure damaged by alkali-silica reaction

G. E. Blight*

WITWATERSRAND UNIVERSITY

Q‘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),

ken in 1977, shows these epoxy-daubed cracks. An

vestigation 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-stressing? 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 1982° and again in 1988 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

(¢) 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 Vivian® showed
that the expansion caused by ASR in cement mortar
can be halted if the 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.® and Kurihara and Katawaki’
have broadly confirmed that Vivian’s results also
apply to concrete. They conclude that expansion
caused by ASR ceases when the water content of
concrete (dried at 105-110°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, Ludwig? 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%,’ 83%,'° to 90%."

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 () 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. . .

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 C15 (A’
in Fig. 1).

Thermocouple psychrometers were originally used
for measuring moisture conditions in soil'? 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 10 mm
dia. hole to the required depth (100 or 400 mm). 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

Magazine of Concrete Research, 1991, 43, No. 157



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’ = 311000 log,,(RH)  (kPa) (1)

where the relative humidity RH is expressed as a
decimal of unity.

The width of the portal beam and columns is
1250 mm. 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

0 o
; i’gmfﬁz‘?fl ‘

4

SRR :
(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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Moisture condition in an exposed structure

and 400mm 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 psychrometeris RH = 1-0-
0-96, or p” = 0-5000kPa. 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 Hobbs'? 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
of 20 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 previously*'* 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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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 150S (permanently in shade in
winter) recording 2250kPa. 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. 1‘

At the end of October (although this was not part
of the agreed programme of observation) the major
surface cracks were caulked 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 suction between November 1989
and January 1990, conditions in the concrete stabil-
ized and suctions remained virtually constant for the

|
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South vertical
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ensuing 11 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 if the 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
(S and N) showed hardly any movement parallel to the
beam axis (S- and N-horizontal) and up to 200 ue 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

W-horizontal

W-vertical

Coating visibly cracked

'

S-vertical
N-vertical

Corrected strain ue

S-horizontal - .

__® N-horizontal
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Fig. 4. Measurements of surface strain from April 1990-November 1990
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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.

crack widths and not strains, it is not known if sealing:

Because previous measurements’ had recorded

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,' 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

to

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 study'® 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'’ 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

M G Alexander, G E Blight, B J Lampacher
Witwatersrand University, P O 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 C15), was particularly badly damaged and became the subject
of intense investigation. Figure 1 shows the dimensions of portal C15 and records the
various tests and remedial measures carried out in the period of 13 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 1000 to
3000m. An analysis of the rock showed that its equivalent Na,0 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 Na,0 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.

Fuli-scale Load Tests

Because of concern for the structural safety of portal C15, a full-scale load test was carried
out in 1982 (2). Part of the preparation for 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 C15 - 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 measurements 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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impos\sible to dry it out permanently.
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FIGURE 2 Typical results recorded in two full scale foad 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 1380, 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 consideration. These included

@) 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.



W-HOR.

700 r—
z @ NORTH HORIZ
Q goof— @ NORTHVERT.
z O WEST HORIZ.
> - R
4 soop— A WESTVERT COATING VISIBLY W-VERT.
® SOUTH HORIZ. CRACKED
400l— O SOUTH VEAT.
300—
200— S-VERT.

N-VERT.

S-HOR.
—¥ . __® N-HOR.
SEPT

T o |

T Yol e

1990
1001 —30c

-200

TEMPERATURE - CORRECTED STRAIN X 10-8

A MEAN 8 AT 400mm DEPTH
¥ MEAN 8 AT 150mm DEPTH

-300

TEMPERATURE 8

L_.i0C

FIGURE 3 Measured expansion on beam of Portal C15 recorded 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
futl 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



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 kin/s measured in situ in 1988, prior to the second full-scale loading
test.
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FIGURE 4 (a) Ultrasonic pulse velocity and (b) modulus of elasticity measurement on cores from Portal

Ci15

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.

© areun Ry et .



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 concrete
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 0.001mm, enabling a strain
of 5 x 10® or 5 pe to be resolved on a specimen 200mm long. 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 C15

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 pe were recorded and that strains of close to 250 pe 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 $welling pressure of the concrete was
in the range of 1 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 froin close to the surface.
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FIGURE 6 Relationships between equilibrium sweli strain and confining stress for cores from Portal C15
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 pe, but can exert fully restrained swelling pressures of between 1 and 2 MPa.

Finally, 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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7.1

ASSESSING DESIGN LOADING ON BINS AND SILOS FOR STORING BULK
MATERIALS

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 fulli-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 15000 tons in storage capa'city. 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 materiais 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



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 bressure 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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INTRODUCTION

This chapter deals with the pressures exerted on the walls of storage silos when they are rapidly
filled with fine powders. There are many fine powders that are of commercial inportance and which
are produced and stored in large volumes. Examples are cement powder. cement raw meal. wheat
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flour and powdered limestone or chalk. Figure | shows particle size distribution curves for some
typical fine products. Generally 80 to 90", of the particles are in the size range between 0.1 mm
and 0.001 mm. The rate at which fine powders are loaded. into storage silos may be very large,
especially i the decantation is intended to produce a measure of blending. For example, in a recently
commissioned facility [1] the storage silos were designed for a maximum rate of rise of the fill
surface of 38 m/h (115 ft/hj during filling. When a fine powder is rapidly loaded into a silo it entrains
alarge proportion by volume of air. The powder is deposited in a very loose state and then compresses
as further overburden is deposited on top of it

The pressure exerted on the silo walls at any depth below the fill surface is made up of two
components: that exerted by pressure in the entrained air and that exerted by the solid particles,
the intergranular pressure. The total horizontal pressure g, can thus be written as the sum of the
intergranular pressure o) and the pressure in the entrained air, or pore air pressure, p,:

Ay =P, + 0y _ (1a)

The rompression or change in volume of the powder and its internal friction and friction against
the walls of the silo is controfled by the intergranular pressure, not the total pressure. This is a
sulliciently important point to warrant re-writing Equation la as

7 =~ Dy . o : (1t)

The relative magnitude of the initial value of p, varies with the speed of filhng and with the fineness
of the powder. With extremely rapid rates of filling, p, may be large enough to support much of
the weight of the solid particles. In this cuse o} will be small and the powder will be partly fluidized.
As time passes alter the deposition of a particular layer of fill in a silo, the entrained air will gradually
excape, p, will diminish and o), 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 atmospheric pressive (zero gauge) and
al =0, ' {1v)

. The pressure for which the wall of a sifo requires 10 be designed depends on the complex seliation-
ship between the rate of fitling, and hence the rate at which over-burden steess builds up v the silo
at a given level, the compression of the fill, and henee the géneration of pore air pressure within its
voids, and the rate at which the pore air pressure can dissipate. These processes decide on the buikd-
up of friction on the silo watlls which in turn, has a considerable cffect on the haricontal pressuce.

Before proceeding to consider the silo problem, therefore, it is necessary 1o consider some of the
fundamentals of solids—void space geometry in powders and of the compression and the flow of
air through powdery malterials.

Throughout this chapter, reference will be made to measured paramcters that are in common
use in geotechnical and silo engincering. Because methods of measuring these are described in detail
in a number of standard geotechnical engineering texts, the reader is referred 10 books such as
those by Lambe and Whitman [2]. Lee, White and Ingles [ 3] and Harer {4] rather than repeat de-
scriptions of test apparatus and methods here.

SOLIDS—VOID SPACE RELATIONSHIPS FOR POWDERS

The state of packing af the particles in 1 powder can be described in terms of four parameters:
the particle relative density or specilic gravity G, the void ratio e, the porosity n, and the density
or unit weight 7. The particle relative density G is the ratio of the mass of unit volume of solid
particle to the mass of an equal volume of water. The void ratio ¢ is the ratio of the volume of
void space in a given mass of powder to the votume oceupied by the solid particles. The porosity
n is the ratio of the volume of void space to the total volunie of powder. The unit weight 5 is the
weight of unit volume of powder.

The solid-to-void space relationships for & powder can be idealized as showa in Figure 2 in
which all the void space has been lumped together (0 give void volume e while the solids hine
been lumpe together to give unit solids volunie. The relationships betwcen the four parameters
G,, e, n, and y can then be summurized as: -

n=— ).
I+e (2a)

y= Gy 2h)
l+e -

. jae
Void —_—— e [ ——
volume e
= S }
Solids K
volume
1 & v

Figure 2. Solid-void space relationships

z i ht 3
Solids werg GS w for powders.
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THE COMPRESSION OF FINE POWDERS

The compression of a fine powder is governed by the increase of intergranular pressure according
to the equation _ .

& _ _cas : (a)
l+e ) :
where e = the void ratio,
Ae = the change in void ratio resulting from a change in intergranular stress Ao*
C = the variable compressibility of the powder
Ac/1 + e = the volumetric strain of the powder

I

If the void ratio of a powder is plotted against the logarithm of the intergranular stress, a linear
refationship results as shown in Figure 3 [S]. 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 affected by the initial void ratio. The curves in Figure 3 all start from an initial intergranular
stress of 25 kPa (3.6 psi). Separate measurements indicate that most powders have void ratios-of
about 1.7 10 1.8 at zero intergranular stress i.e. when deposited. When a powder is compressed
without aflowing the pore air to escape, (i.e. if the compression is undrained) the pore air pressure
increases according to*Boyle's law. Hence, it can be shown that the change of air pressure Ap,
produced by a change of void ratio Ac is given by:

A —Ac i
P _ T8¢ : (3b)
P, e+ Ae
Usually, Ae would be negative in sign, hence compression of the powder will result in an increase
inp,.

stress psi
1'0 2'0 : 3.0 4'0 6.0 1q0 : 11.0
141
4115 o
9 1.3F §
2 <
« 4120
Q =
= o
o) 1.2+ 2
> w
ti di25 a
@ il
R1S »
413.0
1.0 A i A i A A Fl .
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9% = INTERGRANULAR STRESS kPa

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 undrained compression Ae,
in terms of the corresponding increment of total stress Ao, thus:

Ap,=B,Ac or B,=- P (3¢)
Ao : .

B, is known as a pore air pressure parameter. From Equation 3b:

p, _Ae | | (3d)

B, = —1>
* Ag e + Ae

- Values of B, for fine powders are generaily 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 powders. An indication
of how compressible a powder has to be before B, can approach 0.5 is given by the following analysis:
Suppose A = p, = 100 kPa (1 atmosphere) and B, = 0.5. Then from Equation 3d Ae == —¢/3 or
Ae = —0,6if e = 1.8. A glance at Figure 3 will show lh.nl a change of void ratio of this magnitude
is extremely large.

THE FLOW OF AIR THROUGH FINE POWDERS

Steady flow

The steady-state flow of air through the pores of a fine powder can be described by Fick's law {7],
according to which

om, __op
— = —-F - kY
a 2 : o )
dm, . . . . .
where —— = the mass velocity of flow, i.e. the mass of air flowing normal to unit arca of pow-

der cross-section per unit time

op,
0z

= the pressure gradient in the direction.of flow, the z-direction, and

F = a transmission constant having units of time (e.g. scconds or hours) if the pres-
sure gradient 1s expressed in units of foree per unit arca per unit time

As shown by Figure 4A, Equation d4a only holds approximately as the relationship between mass
velocity and pressure gradient is not completely linear. However, provided the riunge of pressure

_gradients or mass velocities that is of interest is not too large, Equation 4a gives a reasonably uc-

curate representation of the m..ndy -state low of air through a fine powder. If the cquation of stae
of air is taken to be

ROm,
PaVa=—"" (4b)

where p, is the absolute pore air pressure, V, the volume of air, w, the molecular mass of mass
m, of air; 8 is the absolute temperature and R the universal gas constant, Equation 4a can be rewritten
in terms of a linear flow velocity, v, as

RO 1 6
Vo= ~F—— D : (4e)
W, p, 0z
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Unsteady Flow

When considering the escape of entrained air from the pores of a powdery silo fill, one is con-
cerned with the phenomenon of unsteady flow of air from the pores of a material that compresses
as the air escapes. In the case of sieady flow, it did not matter whether the powder was compressible
or rigid. Because steady-state conditions were being considered, the void ratio of the powder was not
changing.

Consider an clemental volume of fixed size dxdydz in a powder through which air at constant
temperature is flowing in the z-direction only. .

The boundarics of the clement are fixed in space and the powder within the element has a
porosity n. if my, is the mass of air cntering the element in the z-direction in unit time, then using
Fick's law,

‘p,
m, = nF —_—Z— dxdy : (4d)
€ - .
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If m, is the mass of air contained in the clement at any time, then for mass continuity of air,

fm ‘m
Ty, - _ (4e)

¢t (4

From the cquation of state for air,

W

‘m, =
* R

'(i)vnpa dxdydz (4r)

and hence from Equations 4d and de,

3] FRO 0 ¢
Coap, =-— P “9)
ct w, (Z ¢z

This differential equation describes the unsteady flow of air through a compressing powder.

To solve Equation 4g. it is necessary to relate changes of the porosity n to changes in pore air
pressure p,, which can be done by using Equations 2a and 3d. However, a closed form solution
cannot be obtained and each situation requires its own numerical solution.

Fortunately, however, the effect of the powder compressibility is small. If the powder is assumed
for the moment to be rigid. Equation 4g reduces to

) FRO 82 . : ‘
{pi - ¢ pl . (4h)

ct w, @z2?

This equation is lincar and solutions for a number of initial and boundary conditions have been
published. Figure 4B (7] compares 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 low solution corresponding to Equation 4h has been fitted
to the observations at a me corresponding to 50% equalization with atmospheric pressure of the

“air pressure at the impervious base of the specimen. Actually, the time t divided by the square
of the maximum drainage path length H has been used as abscissa in Figure 4B. t/H? is plotted
to a logarithmic scale to compress the time axis. In each case the specimen was compressed
isotropically under undrained conditions. Prainage of air was then allowed to proceed from one
end of the specimen while changes in 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 given time. Henee. an acceptable error is incurred if Equation 4h is used to describe the
unsteady flow of air through a compressible powder, rather than the rigorously correct Equation
4g. Figure 4B also illustrates one method of evaluating the constant

FRO

c= (4i)

w,
in Fquation dg. The actual salue of t H? at which 509 dissipation of pore air pressure occurs is
compared with the corresponding theorenical value of ct/H2 and hence ¢ is found.

Alternatively. because the pote e pressure and the compression of the powder are related via
Equations 1b and Ja. the process of pore air pressure dissipation can be followed by observing the
time compression curve for the powder as shown in Figure 4C. The degree of equalization is
simply taken as the compression at tnme t divided by the total compression undergone by the
powdcr. In Figure 4C the time <cale has been compressed by plotting to a square root scale. c is
again found by comparing the obhserved H? with the theoretical value of ct/H? for a given de-
gree of equalization. .

For fine powders, values of ¢ typically fall within the range Sm?h™! to 50 m?h~*.
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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 from straining laterally by the relatively rigid walls of the silo. The powder is thus
subjected to one-dimensional compression with zero-lateral strain.

An approximate relationship can be obtained between the horizontal and vertical intergranular
stresses in the powder during this process if the grain skel¢ton of the powder is assumed to be clas-
tic, or more correctly, if a linear relationship is assumed between intergranular stress and stram,
The corresponding relationship between horizontal stress and strain is then

Ee,=al —va! +6})=0 (5a)

in which E and v are respectively the equivalent Young's modulus and Poisson’s ratio of the powder,
and ¢, is the (zero) lateral strain. Hence,

al v
— T o =
a! 1

(5b)

-V

Ko, the ratio of horizontal to vertical intergranular stresses, is known as the “coefficient of lateral
pressure at rest” in which the words “at rest” indicate the condition of zero lateral strain. For an
incompressible material, v = § and K, = 1, while for v =}, K, = }.

Several empirical relationships have been suggested between Kg and the angle of shearing re-
sistance @' of granular materials. The most commonly used of these are due to Jaky,

Ko = 1 —sin ¢! _ : (5¢)

and Reimbert,

. 900_¢l
Ko =S v or | ch

See, for example, Harr [4].

If ¢! = 30°, Ky = L for Equations Sc and 5d, whereas if ¢! =20, K, = 0.66 by Jaky and 0.64
by Reimbert. In practice, it is more reliable to measure Ky in the I.|hnmlnry. espectlly as Equations
Sc and 5d apply only to the first loading of a material. If the material is unloaded, K, ceases to
be a constant ratio, and increases considerably.

There are many methods of measuring K, for fine powders [8], but all involve the prmclplc
of compressing a material vertically under a series of measured stresses, while simultaneously pre-
veming lateral strain and measuring the lateral stress that is generated. During this process the pore
air pressure must be controlled or measured so that llu. intergranular stresses can be determined
in accordance with Equation 1b.

Figures SA and 5B show meusured rclulionships between a! and a) in cement powder and
cement raw meal. In neither case is the ratio K, constant over the entire stress range, but tends to
decrease from a value of ubout 0.7 at low stresses to 0.5 at higher stresses. The effects of unloading
or stress reversal are not relevant to this chapter, butit should be noted that K, increases umm.dmn.l)
unloading occurs.

Figures SA and 5B each compare results obtained using the oedometer apparatus with those ob-
‘tained by means of the triaxial cell. The reader is referred to the paper by Ofer and Blight [§] for
full details of the test methods.

INTERNAL FRICTION AND WALL FRICTION IN SILOS

Both internal friction (or shearing resistance) and friction on the walls of a sifo are a function of
the intergranulur stress a' on the shearing surface. Internal shearing resistance ¢ can be characterized
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by the cquation
t=a'tan ¢! = (o — p,) tan ¢' : (6a)

in which ¢! is the angle of shearing resistance. Shearing resistance generated on the wall of a sifo
can be described by

t=a'tané' = (o — p,) tan §* i : (6b)

in which 8! is the angle of wall friction. Note in both Equations 6a and 6b that if p, = o, the shear-
ing resistanee will be zero. (Referenee to this point is made later) '

a' andd P! are not generadly equal as 8' depends on both the characteristics of the wall surface
and the powder, while ' depends only on the characteristics of the powder. However, for walls
that are rough relative to the particle size of the powder, such as those of a reinforced concrete
silo, o' and ¢! can be equated with little crror.

Figure 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-
teristic for meat on concrete.

Figure 6C shows the influcnce of relative movement between the fill and the wall on the angle
of wall friction. When the fill is moving refative to the wall, the angle of wall friction increases to
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above the static value, in this case by 2°. As the angle of wall friction appears as the tangent in Equa-
tion 6b this corresponds to a deviation of only about 4% from the static value. Values of ¢' are
stmilarly affected, static ¢! values for powders being slightly less than dynamic values.

LOAD TRANSFER TO THE WALLS OF SILOS

As described in earlier. when a silo is filled, the fill is able 1o compress vertically, but lateral
strain is prevented by the presence of the walls, The ratio of lateral to vertical intergranular stresses
is therefore represented by K. Because the fill moves downward relative to the silo walls, wall fric.
tion is generated, which transfers some of the vertical stress into the silo walls. This action is illus-
trated by Figure 7, which shows the stresses acting on a typical elemental slice of fill at depth z
below the fill surface in a cylindrical silo having diameter D. By considering vertical equilibrium of
the clement, the following differential equation may be derived:

4K
%—? =3 - -b—-o (7, — pa) tan &' . (7a)
or
do, _ i Ao, —pa) ()
dz (o, — pn)mn .
where
‘D
(6, — p,) max = Z)K— tan §* 0]
0

Equation 7b may be integrated to obtain the distribution of o, for any given distribution of p,
with z. For example. il p, is zero, the diflerential equation integrates to the well-known Janssen
equation:

T, = — " Ytlavimax) 7d
a (max) {l-e } o )
Ov z
/N Y
T g Fill, density — 7 |
O ——*le— Pa 3 Pa —sp— |dz
— , - ———/5‘2“_1_
Element //T7 T T I t L Silo wall
i . Y,
of fill Ov + dOv 2
y Silo diameter D _ 7
/

Figure 7. Stresses acting on an element of fill in a silo.
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'D
in which o,(max) = m (Te)
In this case '
g, = Ko, (71)
whereas in the more general case of p, # 0
oy = Koloy —p) + pa . (7

It is clear from the form of Equations 7d and 7¢ that a, increases exponentially from zero at the
fill surfuce towards an asymptotic value a (max). When o (max) is attained, the weight of the fill ele-
ment in Figure 7is just supported by the frictionat forces on the walls of the silo. Examples of pressure-
depth curves calculated from Equations 7d and 7e are given later.

The cffect of gy, is to induce hoop tension in the walls of a cireular silo and bending and axial ten-
sion in the walls of a rectangular one. At a given depth z, the total load to be supported is the
weight of the fill above z, plus the weight of the sifo walls. The difference between the vertical load
carried by the fill, numely -

.

(xD*/4)- a,

and the weight of fill plus walls is carried by an axial stress o, in the walls which amounts to
D
6., =—(yz—a,) . 7h)
yn (v ) (

where t is the wall thickness (and the weight of the walls has been neglected).

If the silo walls are constructed of reinforced concrete, t is relatively large and #, generally of
no consequence. However, in the case of a steel silo s usually only a few millimeters (or eighths
of an inch) and o, is often the stress that governs the design of the silo, '

For the case of particular concern in this chapter, p, varies both with time, according to Fquation
4g or 4h and with stress, according to Fyuation 3. For an analytical solution to silo pressures, it
is therefore necessary to solve Equations WL dh, and 7a simultineouslty.

EMPIRICAL SOLUTION TO PRESSURES IN A RAPIDLY FILLED SILO

Martens [9] carried out luboratory-scale roscarch mio the effects of rapid filling of silos with fine
powders. He used an instrumented model sido of 08 m ¢2.62 ft) diameter and 5.5 m (18.04 fi) high,
but was apparently only able to measure total honzontal pressures, g,. No attemipt was made to
measure pore air pressures. The mitenals used consisted of powdered limestone, cement powder,
and wheat flour. He came to the conclusion that the profile of gy, in the zone aflected by the speed
of filling could be represented empirically by two siright-line relationships:

oy = 08z (8a)
with a vertical cut-off at depth z given by

z=(v—volt (8b)
In the above, 7 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 v,, is a lunting Hilling speed. If v and v, are expressed in mh', 1

is taken as 1 hour. Table | summarizes the values of  and v, established by Martens for his three
materials. :

e o e et e e
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Table 1

Properties of Materials Tested by Martens [10]
Minimum Limiting filling
Density - speed
L - Vo
Material (kNim?) (i) (mih) (ft/h)
Powdered limestone 13.5 84 1.40 4.6
Cement powder 15.5 .9 2.60 85
Wheat flour . 70 : 44 4.80 15.7

Some of Marten’s detailed results were published by Picper [10] and are shown in Figures 8 and
9. which also show pressure-depth curves caleulated according to the German standard for silo
design DEN 1055 (1964), which is based on Equations 7d and Te. 1t will be noted from Figures 8
and 9 that Martens did not investigate pressures during rapid filling but only the conditions at the
completion of rapid filling. and subsequent pressure changes as the entrained air escaped.

Martens” work was subsequently extended by Nothdurft et al [11]. who proposed a second
empiricil relationship: ’

Oho = (mi'n‘,')\.'l,K,'\/i 3.6 (in units of kPa) v (8c)

where 0y, = the maximum horizontal pressure
{min;) — the minimum density of the powdcr
v = the rate of rise of the fill surface
- 1, = 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
K, = the ratio of the total horizontal to vertical stresses in the fill

5.5
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Values for these variables, recommended by Pieper, Martens, and Nothdurft [11] are given in

Table 2.

"Recently, Martens [12] has expressed the opinion that Equation 8a could be refaxed to

g, = 0.6yz

(8d)

, Note that the implication of both Martens’ and Nothdurft's equations (8a-d) is that if the filling
~velocity is high enough, the fill will remain semi-fuidized (i.e., o, = 0.6y2 to 0.8y2) throughout filling,
no matter how deep the silo. If @, = Ayz and a, = 3z (i.c. if the silo action described carlier is ig-

nored), it can be shown from Equations la and 5b that

_ i—-K, 2 (8e)
P = 1— Ko ) €
Table 2
Values of (miny), t, and K, According to Nothdurft et at {11]
(miny)
t,

Material (kN/m?) (Ib/ft*) (h) K,
Powdered limestone 11 62 0.24 0.55
Cement powder 13 81 0.19 053
Wheat flour - 6 . 37 0.14 0.31
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Hence, if K, =0,.5
pa=1(22 1)z - : (81

Note that only if 2 = 1 will p, = yz. In other words, according to Equation 6b, only if 1 = | will
no frictional transler of foad to the wall of the silo occur. Conversely, if 2 < 1 as suggested by
Martens and Nothdurft, the gradient of ay, with depth must decrease continuously and cannot be
represented by a constant gradient A,

MEASURED AIR PRESSURES IN RAPIDLY FILLED MODEL SILOS

Some seven years after the publication of Nothdurft's results, Murfitt and Bransby {6, 13] re-
ported the results of a series of tests on two model silos, 1.83 m (6 1) diameter by 4.24 m (13.91 ft)
high and 2.44 mv (8 f1) diamcter by 4.21 m (i3.8 {0 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
observed that the pore air pressure at completion of filling could be as much as 60% of the total
stress measured at the silo wall. Thereafter, the dissipation of pore air pressure followed the pre-
dictions of Eguation 4h fairly closcly. ‘

As a result of their measurements, Murfitt and Bransby [6] recommended that silos that are
rapidly filled with fine powders should be designed to withstand hydrostatic pressures, i.e. that the
horizontal pressurc at the end of filling should be calculated as

oy =172 ' (%a)

It is strange that ncither Murfitt and Bransby, Martens, nor Nothdurft attempted to scale the fill-
ing rates used for their model silos so that they would accord reasonably with filling rates that are
practically attainable in full-scale silos. Sets of mcasurements 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.

MEASUREMENTS DURING RAPID FILLING OF
A FULL-SCALE SILO WITH FINE POWDER

At the time of writing, only one set of measurements of pressures in a full-scale silo filled at
various rates with a line powder has been published [5]. The measurements were made on a cement
raw meal silo at the Sturry works of the Pretoria Portland Cement Company. The assessment of
pressures was made via strains measured in the hoop reinforcement of a silo 15w (49.211) in.
diameter by 43 m (141 f1) high. The silo forms part of a blending and storage complex for ccment
raw meal consisting of twin blending and storage silos. )

Figure 10A shows a vertical section through one of the pair of silos. The blending sifos form the
upper one third of the storage height of the structure. When both blending silos are full, their
contents can be discharged simultancousiy into one of the two storage silos at filling rates of up
to 10 m k' (33 0h). )

A description of the instrumentation and the methad of interpretation of the strain readings is
heyond the scope of this chapter and the reader is referred to the original paper for details.

Figure 10B summarizes the results of the investigation and also shows the maximum pressure
line given by Lguation $d and the vertical cut-ofT line derived from Equation 8¢ for a filling velocity
of 4.2m'h (14 1Lh). The theoretical curves in Figure 10B have been derived by simultaneously
solving equations 3d, 4h, and 7a as explained in the following section.

The effeets of a variable lling speed are shown very clearly by the measurements that show
certain similarities with the results of Martens” work (Figurces 8 and 9). Although pressures increase
as filling rates increase. there are certain puzeling featurcs of the measurements that cannot yet be
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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, but not all, of Murfitt and Bransby’s).
One possible explanation is that the angle of wall friction d increases with depth, thus transferring
more load into the walls and decreasing vertical and lateral pressures. Why are the pressures less
even thun those calculated from Equations 7d and 7e, which assume pore air pressures to be zera?
(This same feature is evident in Martens® results). Only further research and field and laboratory
measurements will provide an explanation. :

From the designer's point of view, the importance of the Slurry results is that the maximum
recorded pressures agree reasonably with those predicted on a rational basis. The results do not
indicate that maximum pressures increase linearly with lilling rate as this rate is increased, as
predicted by Equations 8b and 8c.

Figure 10C comipares measured and calcutated pressures at a depth of 20 m below the il surface
at the completion of filling at various filling speeds. The theoretical analysis indicates an upper
limit to the harizontal pressure of 60 kPa and the experimental observations tend towards a similar
limit.

THEORETICAL SOLUTION TO SILO PRESSURES DURING RAPID FILLING
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 3h
becomes - :

d 2 h
_p.f=cap. Bd

Py 2 (la
&t o022 *dt )

in which dh/dt is the rate of rise of the fill surfuce, i.c. the filling rate. Equation 11a must be solved
simultaneously with Equation 7a,

da,

4K
oy = T2 a = p) an & (7

which can be accomplished by writing the equations in finite diffcrence form with reference (o the
finite difference grid shown in Figure (1.

c At :
P1=1Po" (’EZ)T (pz + p3 — 2pa) + B, Aa, . (1b)
oP;
Az

=]
pr 1

At

i Figure 11. Finite difference grid used to calculate pres-
P3 sure during rapid filting. .
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4K
Ao, = Az{)- = —D—° tan 6'(o, — po)} i ) (11¢)

in which p,, po. ete. are the values of p, at the nodes of the grid, Az is a suitable depth differential
and At a suitable time step. Once At has been chosen, Ah 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 [ 3] for examples of the solution process for similar problems in geotechnical
engineering.

Figure 10B shows the results of solving Equations [[b and [I¢ for the Sturry raw meal sifo
referred to earlier. 1t should be noted particularly that the range of pressures covered by the
theorcticad curves is about 507 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 curves in this instance (i.e. 2 filling speed of 4.2 m/h). However, as the cut-off
pressure {a,, in Equation 8c) is directly proportional to the filling speed v, the corresponding
envelope for a filling specd of 10 m/h would have predicted a maximum pressure of 10/4.2 = 2.4
times that shown in Figure 10B. 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
curves.

DESIGN ASSUMPTIONS FOR TIHE SILOS AT SLURRY

It is instructive 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 effects of rapid Gilling of silos with fine powders was that of Martens [9, 10].
The foltowing filting possibilitics were assumed for the silo [1):

1. 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 dlscharge
at S my/h until the adjacent blending silo was empty.

2. Filling of an cmpty 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 at any rate from 5 m/h to 35 m/h.

Once the material had been deposited in the silo, the horizontal pressuré was assumed to revert
to that corresponding to the Janssen Equations 7d and 7e with K taken not as K, but a lesser
value. K, = {1 — sin ¢');/(1 + sin ¢"). ) ’

1n the abﬁeme of direct meuasurements. the angles of internal friction ¢* and wall fnctxon 5" were
hoth taken as 207 while the density of the raw meal was taken as 1.7 T/m? {17 kN/m?).

Martens gave v, (Eguation 8b) for limestone as 1.4 m/h and this was assumed to be applicable
also to cement raw meal.

In addition to the normal filling and emptying pressures in the storage silo, it was considered
prudent to design 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 lollows:

1. ab represents the pressure produced by filling the S|lo to just more than half at a rate of 35 m/h
(zo = 33.6:n).

2. bed represents the pressure produced by filling lhc upper half of an mllmlly half-full silo at a
rate of 35 m/h.

. de represents portion of the static (Junssen) curve,

4. of represents the minimum 100 kPa pressure.

L
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Figure 12B compares the design pressure envelope with the maximum measured pressures (v =
10.1 in/hy the static {v = 0} cnvelope, the dynamxc (v = co) envelope and the Martens’ envelope for
v = (0.1 m7h:

In rcxrospcct there arc several reasons for the large dlscrepancy belween design assumpuons and
actual pressures: -

1. The maximum filling rate turned out to be limited by the ducting connecting the silos and was
only 10.1 m/h rather than the design figure of 35 m/h. (Figure 10C indicates that this would
actually have made little dilference to maximum pressures).

. The actual setiled density of the raw meal was 11.5 kN/m? rather than the assumed 17 kN/m3.

3. The actual angles of shearing resistance and wall friction were 38° rather than the assumed 20°,

(3]

All of these differences, if known at the design stage, would have resulted in a lesser design pressure
envelope, but the biggest source of discrepancy. by far, arose from assumption, necessary at the
time, that Martens’ model test results could be extrapolated to the full-scale situation. It is now
clear that the reasonable agreement between the observed and theoretically predicted pressure en-
velopes and the Martens-Nothdurft envelopes in the filling speed range 4 to 10 m/h was largely
coincidental.

PROI’()SLD DLSI 3N METHOD FOR RAPIDLY FILLED SILOS

The design method is based on the observation in F igure 10B that the increase in calculated hori-
zontal pressure between the static condition (v = 0 and p, = 0) and the fully dynamic condition
(v = = and Ap, = B, Aa, is less than 100% of the static pressure. For design purposes, the fully dy-
namic condition will give a conservative but not unrcalistic over estimate of horizontal pressures.

If both-the pore air pressure and the vertical stresscs are assumed to have datum values of zero,
Equation 7a can be rewritten as

do, 4K,,(l - B,) tan §!

P, e 13a)

az L D g, (13a)
or

da a :

=l =~ : . 13b

dz ' { a,(max)} Ny (139)

..D
in which g (inax) = ZK—O'—tE;T (t -8B, : - (13¢0)
The solution to this equation is simply
= “ — e—;'lm\(rn.ni} ) (l}d)

which is identical to Equation 7d, although, of course o (max) is different. Also,
o, =0, [Kg(l = B,) + B,] o . (13e)

7 Ky and o' should be established by dircct testing of the powder product it is proposed to store.
1 the product is not available, tests should be performed on the closest available approximation to
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Figure 13. Design curves for storage silo shown in Figure 10A 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 should a4 design be based on parameters taken from the literature,
although these are useful as i chech on the reality of actual test results.

B, can ¢ither be established by direct test, compressing the powder under a series of total stresses
in an undrained condition and measuning the resultant pore air pressures (see Equation 3¢) or B,
can be assessed from the results of desned compression curves, yielding a relationship between a!
and e, via Equation 3d. Figure 13 shows a fannty of design curves caleuliated for the Slurry silo
for a range of values of B,. {If the curves for B, = Oand B, = (.1 are compared with those for filling
rates of zero and oo in Figure 10H. shght discrepancies will be noted. This is because the two seis
of curves were calculated for slightly different salues of 32 120 kN/m? in Figure 10B and 115 kN m*
in Figure 13. Also, the curves in Pigure 108 were derived by numerical integration and not from

* a formal expression).

CONCLUSION

When referring to knowledge of a particutar subject, the term “encyclopedic” usually denotes an
all-embracing exhaustive state of knowledge. t ngineenng knowledge, of course, is not like that
It is continually being added to. correctad. and entarged and is continually sprouting side-shoots of
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knowledge 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. Tt is hoped that the foregoing summary of available knowledge
of the subjeet will prove adequaltce as a frame-work within which the present-day designer of silos
intended for rapid filling with linc powders cian operate.

NOTATION
B, pore air pressure paramneter m  mass
C  compressibility n  porosity
¢ constant defined by Equation 4i P, pore air pressure
D diameter R universal gas constant; also hydraulic
E  Young's modulus ) radius of silo
¢ void ratio "t wall thickness or time
F_ transmission constant t, characteristic settling or de-aeration
G, - particle relative density time for powder
H  height . ' .V, volume of air
K, . ratio of total horizontal to vertical v, filling speed
stress in the fill w, molecular mass
Ko ratio of horizontal to vertical inter- z depth

granular stresscs

Greek Symbols

specific weight gy, maximum horizontal pressure
angle of wall friction axial stress

strain intergranular pressure
absolute température shearing resistance

Poisson’s ratio angle of shearing resistance
pressure

Q
o }

" 9

s .
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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

nical characteristics of the material. This Paper
cOMares 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 généralement calculé sur la base d’une
théorie trés simple utilisée pour prévoir les pressions
horizontales sur les murs. Les pressions réellement exer-
cées dépendent de plusieurs facteurs, dont la forme de
I’écoulement a lintérieur de la matiére, le principe du
fonctionement du silo et aussi les caractéristiques méca-
niques de la mati¢re ensilée. L’article compare les press-
ions mesurées dans quelques grands silos contenant des
matieres 4 gros grains avec les prévisions de la théorie
classique. Bien que la théorie de I'effet de voiite dans
un silo donne une évaluation acceptable de la pression
moyenne sur la paroi mur, cette théorie ne fournit pas
toujours une enveloppe acceptable. Il parait préférable
d’utiliser pour les calculs des pressions proportionelles a
la profondeur.

KpVORDS: case history; design; earth pressures;
field instrumentation; 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.
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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

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

1)

~
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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 .
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

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

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 these 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).

(c

~—

@

(e)

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 r
materials, e.g. ores, sand, etc., it may not matter
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 ‘Tive’
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




PRESSURES OF MATERIALS IN SILOS 35

boundary of o
cylindrical >
silo

diameter D

%ufu
® [Tt

o, +do,

’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
i 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

DZ
il y dz = nDt dz
4
or
. Dy
T=—
4
Writing

where
K =ay/a,
Dy ) 1
g, = ————— =
Y 4K tan § o (max ()

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 & 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) é = ¢, 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

dg, .o, |
dz y[l - a,,(max)] (2a)

This can be integrated to give

S - __rr
o (max) =1 CXP[ a‘,(max)] (2)

o, = Ko, (2¢)

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 g,{max) and
then postulates that the pressure increases hyper-
bolically from zero at the surface of the fill to the
g, (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 K,, the active pressure coeflicient. 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, 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

Also

do, 2Kg, tan §
dh htana

which can be integrated for the boundary condi-
tion

€)
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to give
yh h c-1 h C
= —— — | — — 4
a, C_1 l:l <h0> + g, e (4a)
C= 2K tan § (4b)
tan o

Because of the imposed boundary condition,
equations (4) apply to emptying of the hopper. It
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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, 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 by a
shear displacement of 2-5 mm. Full internal s
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 ¢, will be as
shown in Fig. 4. On the axis of the silo, the major

stress
at
wall
stress
on silo
axis

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 g, will therefore intercept the wall at
an angle of 45° + §/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.

hen emptying is started, the material is

ed 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 4’ 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 S 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
Peattic & 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
points.

particularly important

(@) 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.

(¢) 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.

(@) 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 the
pressure cells is 200 mm.

Cylindrical silos with uninterrupted filling
Sfollowed 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
carlier 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 m in diameter and 32 m high

cell times the bulk density of the fill. The param-
eters vy, ¢, § and K, 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, 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

(5)

Only two, however, fall outside the envelope
defined by

op = K,yz

(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, gives a good fit to

o, = Kyyz

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, 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 = K, 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 K, and K,), but
equation (5b) 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 (5a) 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 (5b) 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. H
the increase in lateral pressure coefficient ca‘
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, 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
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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, for the normally consolidated maize is 0-60
(Ko(NC)) while overconsolidation results in K,
increasing asymptotically to 1-0 (K (OC)).

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 K (OC) 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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Fig. 12. Pressures measured in the hopper described by
Fig. 11

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 the g§1

was sliding across the effective hopper surfac

Figure 12 shows that the pressures changed 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 K, and K, stress lines given by equations
(5a) and (5b) bracket the measured data with the
K, 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 K, and K,
st lines 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)

o, = K,z
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 flow 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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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

Dy
= 6
Thp 4 tan o (62)
dy
O = 4 tan 6 (65)
Hence
d
Tha _ £ (60)
owp D

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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horizontal pressure on the wall adjacent to that
chute should decrease. This effect is shown in Fig.
17. Pressure cells A1-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 (5¢), 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 .
Clague’s (1973) model test data (Fig. 5) a¥¥ell

as those of Jenike et al. (1972) (and others) show

what appear to be clearly defined and relatively

fill fiowing

silo wall

\ fill static

Fig. 16. Effects of funnel or plug flow on horizontal
pressure in a silo
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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

0 10 20 30 80

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

oy = Koyz (5b)

Time: s
9.0 1 90 21' 0 2?0 2?0

A4 - 45 kPaincrease _M

Time: s

50

[’—1‘" wr T T T
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4 _A3

A1 -10 kPa | decrease

(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, is the at-rest pressure coeflicient 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 (5b), in which K,
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-
unifermity 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-
erat¢ and significant switch pressures have not, as
far as is known, been observed in full-scale silos.

These conclusions are essentially the same as
thosé reached for silos used to store fine powders
(Blight. 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
cg@alusions agree with those reached for silos used to
s' coarse materials. The Paper also describes the
radial distribution of pressure in silos and transient
pressures during emptying.

L’article compare les pressions mesurées dans divers
silos contenant des poudres fines avec les prévisions de
1a théorie classique. Dans la plupart des cas la théorie
de Peffet de voite dans un silo fournit une enveloppante
acceptable pour les pressions observées. Cependant,
pour couvrir tous les cas il serait préférable d’utiliser
des pressions proportionnelles a la profondeur. Ces con-
clusions s’accordent avec celles tirées pour les silos uti-
lisés pour le stockage des matiéres a gros grains.
L’article décrit aussi la distribution radiale de la press-
ion dans les silos qui se produit au cours du décharge-
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
wilot 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 termis 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 K, 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,. 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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Fig. 1. Basis of the arching theory for wall pressures in
stlos ‘

librium of the element, the following differential
equation applies

da,
— oy

dz (av - pa) tan &' (1)

D
In equation (1) y is the unit weight of the fill, K is
the lateral pressure coefficient, p, is the pore air
pressure in the fill and & is the angle of wall
friction between the fill and the silo wall, evalu-
ated in terms of effective stresses.

In general o, — p, will increase with increasing
z until the weight of the element is entirely sup-
ported by wall friction. At this stage

do,
v _ 0
dz
and .
yD .
(G'V - pa)max = 4_12 tan § (2)
ie.
do.v \ (Gv — Dy
120 P €)
dz (Gv - pa)max

Equation (3) can be integrated to obtain the
variation in g, with z for any given distribution of
p, with z, and the.corresponding horizontal stress
on the wall is

Oy = K(av - pa) + pa (4)

To illustrate the influence of pore air pressures
on lateral pressures, consider the case of
undrained compression for which p, is related to
g, by the relationship

p. = B,o, )

Oy, =CALCULATED HORIZONTAL PRESSURE: kPa

Ba=0 04 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
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The solution to equation (8) for the boundary
condition ¢, = 0 whenz = 0 is

i

c yz |

: =1—exp[— } ©

o (max) o (max) . 4

Equation (4) becomes

o, = 0,[K(1 - B) + B.] (10

Figure 2 shows a family of curves calculated
from equations (9) and (10) for a case where
y = 11-5 kN/m3, § = 36°, K = 0-5 and for suc-
cessive B, values of 0, 0-1 and 0-2.

In Fig. 2, values of the calculated horizontal
stress 6, 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 less than this. The
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pressure reduction
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Fig. 3. Pressures measured in a 20 m dia. cement silo with an inverted conical base

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.

Oh = MEASURED HORIZONTAL PRESSURE:kPa
0 20

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—conical
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
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Fig. 4. Pressures measured in a ‘duocell’ ring cement silo
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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 =K, contains the data reasonably well,
although at small overburdens the straight line
relationship

oy = Koyz (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 47 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

WD, — Dy
4K tan 6'(1 — B,)

in which D, is the outside diameter of the ring silo
and D, 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 =K, =035

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 ‘s'of
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 =K,.
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/m? and assumed values of K, = 0-58 and
&' = 31° are used. If it is further assumed that ¢’
is slightly larger than §, say ¢’ = 33°, K, 0..
These values have been used in drawing !]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

g, (max) = (12)
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Fig. 5. Pressures measured in a 15 m dia. cement raw meal silo

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, 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.

Oh = MEASURED HORIZONTAL PRESSURE kPa
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PRESSURES ON INCLINED SURFACES

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, = 0-35 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, = 0-58. The pressures at the start of discharge,
however, indicate that K, 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
radia] 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 pagamson
the base of the silo, level 2 is 5 m above | i
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 VARIATIONS
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

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.

180°

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

45°
Meosurements were
made ot levels 1,2 ond 3.
Level 1 is at floor level
+1.5m. Level 2is 5m
above level 1, ond level 3
is 10m obave level 1.

135°

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—|

times are so much more variable than changegad
the top level of the fill would lead one to expe'l

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 W1 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
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Fig. 11. Typical variations in pressure on the wall and cone of the cement silo illustrated in Fig, 3
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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 (W1
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 es more remote from the opening (W2 and
C‘xr)essure 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
rentrains 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

o, = K,yz (1

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, 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 in .
filled with coarse materials.
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Defects in acéepted methods of estimating
design loading for silos

G. E. BLIGHT DSc(Eng)London), DSe{Eng)Witwatersrand)*

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
i is a phenomenon that may or may not occur. Even when it does occur, arching may
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),' the
German Standards Institute (DIN 1055, 1987),? the Institution of Engineers, Aus-
tralia’s Guidelines (1986)> 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® or
Reimbert.® However, there is a general caution expressed towards this approach,

ich is well summarized by this quotation from the commentary on the ACI
de.

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 see p. 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.”

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 ina
silo more closely than does the statement in the ACI commentary.

5. Figure 1(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. i
ratio of the horizontal stress on the walls g, to the applied vertical stress o,
assume a characteristic value K, known as the ‘at rest pressure coefficient’ (s, and
o, are both assumed to be principal stresses). If the diameter of the container is
allowed to extend while maintaining the vertical stress o, constant, the horizontal
stress o, will reduce to a minimum constant value after a horizontal extensive
strain of 1-2% has occurred. At this stage, the ratio of g, to ¢, will have assumed a
second characteristic value K ,, the active pressure coeflicient. If, however, the
diameter of the container is compressed while keeping ¢, constant, the horizontal
pressure will increase to a constant maximum value after a horizontal compressive
strain of 5-10% has occurred. The ratio of ¢,, to g, will now be K, the passive
pressure coefficient.

6. If § is the angle of shearing resistance of the particulate material, then K,
and K will be given by the well-known expressions

K, = tan? (45° — ¢/2) - (la)
Kp = tan? (45° + 9/2) (1b)
K, is given empirically and approximately by
Ko = (45° — 0/2)/(45° + 9/2) (1)

The numerical values of K in Fig. 1(4) are illustrative only, and correspond
approximately to § = 30°.

7. In the context of this Paper, arching is a process whereby sufficient of]
weight of the silo fill is supported by friction on the walls to reduce the horizo
stress. F1g 1(b) indicates how these concepts apply in a silo in which no arching is
occurring.

8. The fill material is usually poured 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. 1(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 QA’, and the
pressure coefficient will be somewhere between K, and K. 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, condition.
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Fig. 1(a) The at rest, active and passive pressure coefficients in relation to horizon-
tal strain in a silo fill; (b) hypothetical stress paths for material contained in a silo -
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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, 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, condition, and therefore the horizontal stress in a silo can be
expected to increase at the start of emptying. These strains may also result 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, stress by an
amount that is related to the horizontal thermal strain, and which will be referred
to as the temperature surcharge pressure T'S.

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 2% shows stress paths, similar to those sketched in Fig. 1(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 oy, the frictional wall load P, and the overburden (which approximates
to o) 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
fametress path 1-1 lies below the K, stress path. Paths 1-1, 5-5 and 6-6 have been
c'en for display as they represent measurements spaced at 90° to each other in
plan.

14. At A, filling was terminated and emptying started. Immediately, o,
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. 1(b) and illustrate that arching in a silo cannot be regarded as an.
ever-present phenomenon.

16. Tt 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,” the measurements were taken
when the silo wall was cooling and contracting relative to the fill. The very low -
value of § = 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.!® The figure shows the spread of pressures

G, = HORIZONTAL PRESSURE kPa .
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Fig. 3. Horizontal pressures measured at the end of filling and the start of emptying
in a7 mdia. by 46 m high reinforced concrete wheat silo
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measured at various 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 K , line,
with pressures approaching the K, 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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0 50 100 150 200 250
| |

Actual Din 1055 | Australian | ACI
12 16 16
E 42° 28° 45°
4 39° 28° 350 .
T 0.35 0.53 0.3 0.36
s (K, = 0.20)
o
O CEMENT IN 20m DIA. REINFORCED
- CONCRETE SILO WITH INVERTED CONE
g BASE. DRAW-OFF AROUND PERIMETER
-
w
©
T
}—
o
w q
a ) /
]
N 40—
PRESSURE \ |
REDUCTION '
TOWARDS \
. OUTLET t t J t 1 20m DIA
50— —~ - - .
AEFFE S 253
] > =
12 o2 4 S >0 YW 50m
o n a D C
oI NI X2 a a3 % \
om S m < *m !
T2z3 3 | 203
532 = o b
B L X e M3 50°
Q H0O E x0 -
) o v 0O P
m I m s m g) m
33~ £ o3
Mmoo m 3&nm
4] 4] =< « 60°—1¥L_ g openings
% at 45°

Fig. 4. Horizontal pressures measured during operation of a 20 m dia. by 50 m high
reinforced concrete cement storage silo
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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 dia. by 50 m high reinforced concrete cement storage
silo.!! 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 of the silo is unfavourable, Fig. 4 shows that the relationship between h’
zontal pressure and depth of material accords with the predictions of the Jansy®]
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 préssure 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.!?

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 3W&lll loads were measured by means of strain gauges mounted on the
walls.?

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 paths‘
within envelopes defined by the K, line and a temperature surcharge line. The#%s
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 D in 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.'*
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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.!° 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.!® Fig. 6(c) shows radial variations of
pressure observed at two different levels at the end of filling the sugar silo referred

Fig. 2.8 In the case of Fig. 6(c), it is believed that much of the apparent radial
bility of pressure is, in fact, radial variability of strain arising from geometri-
cal imperfections in the silo shell. '

27. Tt will be noted from these examples that radlal 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
Code*). 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.'® 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'” has been used, but it appears to give
unrealistic reults, mainly because of the difficulty of estimating the parameters
ssary for its solution.
The Author!?!® has formulated an equation based on measurements of
temperature surcharge pressues in four steel bins storing maize. The equation is

_2M EtaAf

=— 2
MD + 2Et @

where TS is the temperature surcharge pressure; M is the compression modulus of
the silo filling; E is the elastic modulus for the material of the silo wall; ¢ is the wall
thickness; « is the coefficient of thermal contraction for the material of the silo
wall; and D is 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,'® by Jenike and Johanson,'® and by Walker2® 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

.
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Fig. .5 (above and facing). Stress path for (a) horizontal pressure and (b) frictional
wall load ina 155 dia. by 22-7 m high steel silo during ﬁllmg with maize
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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 theorles do not stand up to close
examination.

(a)‘ They call for a near-instantaneous transition from the active to passive
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140
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states, taking no account of the strain requ1red to produce th1s tran-
sition (see Fig. l(a))

FRICTIONAL WALL LOAD P, kN/m

0 50 100 150 200 250 300
I T T T T

CALCULATED
P,vsYZ

L e ey 7
, , K,y tand Z%/, - Koy tand Z%/,
(b)

Fig. 5—continued

1025



BLIGHT -

Fig.

RADIUS OF CIRCLE
1S 100 kPA

RADIUS OF CIRCLES
180° IS 50 kPa

._\\

\ .
2
7/ 180°

3 — 2.2 135°

Measurements were
made at levels 1, 2 and 3.
Level 1 is at floor level
+1.5m. Level 2is 5m
above level 1, and level 3
is 10m above fevel 1. (b) 45°

6 (above and facing). Radial variations of horizontal pressure observed in silos:

(@) 7 m dia. silo referred to'in Fig. 3; (b) 24 m outside dia., 15 m inside dia. reinforced
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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Fig. 7. Relationship between overburden stress and compression modulus for maize,
deduced from measurements of temperature strains in four steel silos
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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

COAL 7 .
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Fig. 8. Re-examination of measurements on model silos ostensibly demonstrating the
occurrence of a peak pressure at the start of emptying
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horizontal stress at the silo or hopper wall may be unaffécted by empty-
ing. '

33. The overpressure theory was apparently substantiated by measurements
made on model silos by Walker2® and by Clague.?? 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 observations purported to support the
theory. However, if these results are compared with the positions of the K, and K,
lines, it becomes apparent that the filling in the model silos was actually following
the stress path OAB in Fig. 1(b), with a localized transition from the K, to the K,
state in the vicinity of the cylinder-to-hopper transition. This observation will now
be substantiated by referring to the resuits of measurements on full-size hoppers.

leasurements 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.2? The figure also shows the positions of the K, and K, lines. The observed
pressures fall mostly between the K, and K, lines, with a few measurements
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Fig. 9. Comparison of measured pressures normal to the wall of a 20 m dia. by 54 m
high, coal load-out silo, at the start of emptying, with pressures predicted by the DIN
code and the Austrahan guidelines
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somewhat less than the active condition would predict. There is no evidence of any
pressure substantially greater than that corresponding to the K, 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.!? 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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Fig. 10. Companson of measured and calculated pressures normal to the hopper
walls of a 10 m diameter starch bin
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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 t
shown were those normal to the convergent
have been adjusted to allow for this.

o the code predictions. The pressures
hopper wall, and the K, and K, lines

37. The final comparison is shown in Fig. 11(a).2* 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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Fig. 11. (a) Pressures measured near the outlet of a reinforced concrete coal staithe;
(b) variation of pressure at the start of emptying
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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. 11(a) showed that the horizontal pressure at
this point lay between the K, and K, 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 inthe hopper either durmg
filling or at the start of emptying.

38. Figure 11(b) shows the variation of strain 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.

HORIZONTAL PRESSURE a,

0 . _
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T
= JANSSEN, K = K, (FOR WALL
w
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RANGE
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| | /
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FRICTIONAL WALL LOAD Pw

0 -
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[ .o
Q
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J ()

Fig. 12 (above and facing). Suggested basis for estimating design loading on parallel-
walled silos: (a) band of horizontal pressure between yzK, and yzK, + TS; (b)
frictional wall loading based on Janssen theory with K = K, ; (c) suggested radial
variation of design horizontal pressure; (d) suggested vertical profile of design hori-
zontal pressure
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39. From these comparisons, it niay 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 archlng 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 (T'S) 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,* taking
appropriate temperature changes into account.

44. The design maximum horizontal pressure envelope should be the one in
Fig. 12(a) labelled .

yzKo + TS .

45. Frictional wall loads will be at a maximum if arching occurs in the s&
They should therefore be calculated on the basis of a horizontal pressure distri
tion that assumes arching according to the Janssen theory, with a pressure coeffi-
cient of K, (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

o, = yzK,

and
=yzKy,+ TS

A poss1b1e but arbltrary, distribution for th1s purpose is that shown in Fig.
12(c), i.e.

o, = 2K, + [0zK¢ + TS) — yzK \Jsin2B 3)

‘where 8 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. TIrregularities in the horizontal pressure proﬁle resultmg 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 vert
profile of horizontal pressure, such as that illustrated in Fig. 12(d). This dlStrI“

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 K, to K, conditions, and back again, over a vertical height of D/4 above and

below the cyhnder -to-hopper transition. The variation is assumed to be descrlbed
. by

o, ' .om 4x
y_;= K, + (Ko — K )sin 3 (1 - 3>

as shown in Fig. 12(d). In this case, the temperature surcharge TS is not con-
sidered, as observations have shown'# that the temperature surcharge disappears
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once the silo contents dare put in motion at the start of emptymg The surcharge
could, however, be included by adding an appropriate term to give

% g +rk,+ Bk T

— = — - sm - —

vz A 0 vz A > D
Conclusions

48. Current codes of practlce 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.

pendix 1. Derivation of temperature surcharge pressure equation
49. . If ¢ is the thermal strain that is prevented from occurring by the presence of the silo.
fill, « is the coefficient of thermal contraction of the silo wall, A8 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 =aAb — (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 ¢

TS = 2MEtaAG/(MD + 2Er)

" 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 descr1pt10n
of temperature surcharges in steel sﬂos with walls of plane welded plate.

References

1. AMERICAN CONCRETE. INSTITUTE. Recommended practice for design and construction of
concrete bins, silos and bunkers for storing granular materials. Title 72-37. J. Am. Concr.
Inst., 1975 Oct., 528-548.

DeutscHEs INsTITUT FUR NORMUNG. Lastannahmen fur Bauten-Lasten in Silozellen.
" DIN, Berlin, 1987, DIN 1055, Part 6.

3. INSTITUTION OF ENGINEERS, AUSTRALIA. Guildlines for the dssessment of loads on bulk
solids containers. The Institution, Melbourne, 1986.

4. AMERICAN SOCIETY OF AGRICULTURAL ENGINEERS. Loads exerted by free-flowing grains
on bins. ASAE, St Joseph, Michigan, 1989, Engineering Practice: ASAE EP433.

5. JanssEN H. A. Versuche iiber Getreidedruck in Silozellen. VDI Zeitschrift, 1895, 39,
1045-1049.

6. REMBERT M. and REIMBERT A. Silos-Taite Theorique et Pratique Editions Eyrolles,
1961, Paris.

7. ReyNoLDs C. E. Reinforced concrete designer’s handbook. Concrete Publications,
London, 1932.

8. BLIGHT G. E. and GARSTANG A. Strains measured in a 7500 t sugar silo. Bulk Solids
Handling (FRG), 1987, 7 (4), 573-582.

9. BLiGHT G. E. Strains measured in a 7500 t sugar silo, part II. Bulk Solids Handling
(FRQG), 1988, 8 (4), 413-419.

1035



BLIGHT

10.

11.

12.
13.
14.

15.

16.
17.
18.
19.
20.
21.
22,
23.

24.

HARTLEN J. The wall pressure in large grain silos. Swedish Council for Building Research,
Stockholm, 1984, Document D2. ’

ScHAFFNER R. H. and BLIGHT G. E. A comparison of design and measured pressures in a
large Ibau-type cement storage silo. Int. J. Bulk Solids Storage in Silos, 1986, 2 (3),
17-24.

BLIGHT G. E. A comparison of measured pressures in silos with code recommendanons
Bulk Solids Handling (FRG), 1988, 8 (2), 145-153.

BLIGHT G. E. Load and temperature strains of a welded plane plate grain silo. Powder .
Handling and Processing (FRG), 1990, 2 (1), 25-29.

BLiGHT G. E. Temperature changes affect pressure in steel bins. Int. J. Bulk Solids
Storage in Silos, 1985, 1 (3), 1-7.

Fuiss L. and BLIGHT G. E. A comparison of design and measured lateral pressures and
temperatures in a large duo-cell cement storage silo. Int. J. Bulk Solids Storage in Silos,
1986, 2 (4), 18-28.

BLiGHT . E. Strain and temperature measurements on an externally stiffened cor, ‘
gated steel grain silo. Powder Processmg and Handlmg (FRG), 1989, 1 (4), 343-347.

ANDERSON P. Temperature stresses in steel grain storage tanks. Civil Engineering, Amer-
ican Society of Civil Engineers, New York, 1966, Jan.,, 74.

JENIKE A. W. Storage and flow of solids. Engineering Experiment Station, University of
Utah, 1964, Utah, Bulletin 123. .

JENIKE A. W. and JOHANSON J. R. Bin loads. J. Struct. Div. Am. Soc. Civ. Engrs, 1968, 94
(ST4), 1011-1041.

WALKER D. M. An approximate theory for pressures and arching in hoppers. Chem .
Engng Sci., 1966, 21, 875-997.

DEeutscH G. P. and CLYDE D. H. Flow and pressure in granular materials in silos. J.
Engng Mech. Div. Am. Soc. Civ. Engrs, 1967, 93 (EM6), 102-125.

CLAGUE K. The effects of stresses in bunkers. University of Nottingham, 1973, PhD
thesis.

BLIGHT G. E. A comparison of design and measured lateral pressures in a large coal
load-out silo. Int. J. Bulk Solids Storage in Silos, 1986, 2 (2), 1-8.

BLIGHT G. E. Pressures exerted by materials stored in silos: part 1, coarse materials.
Géotechnique, 1986, 36 (1), 3346.

1036
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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
‘iesign 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 radia! strain of 0-1% would be
extremely large. A glance at Fig. 1(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 K, because wall friction causes shearing in
the solid, and because the test to measure K, 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.?® 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, 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. 13.2¢ There is no ‘natural’ state at K, as
suggested in § 9.

55. It appears that Fig. 2(a) demonstrates that K increases on discharge,
moving towards the K, 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 1, three ‘pressures’ fell substantially, while two scarcely
changed. At level 3, three ‘ pressures’ fell dramatically while one rose dramatically.

Paper published: Proc. Instn Civ. Engrs, Part 1, 1990, 88, Dec., 1015-1036.
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Fig. 13. Stress paths observed in a confined 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 studies?” 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 ’
K. It appears that he chose his results very selectively to demonstrate the require
proposition.

57. Finally, if a designer were to try to predict the line marked K, yz in Fig.
2(a), using the information in the Paper, he would measure the angle ¢ at 41°® and
use it in equation (1c) to obtain K, = 0-374. The designer would then underesti-
mate the K yz line pressures by 32%. Using equations (1), the value of K, in Fig.
2(a) corresponds to ¢ = 39-7°, while the value of K, corresponds to ¢ = 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.®- 1%27-3% They are widely
acknowledged to occur, and the German DIN code? 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 o, has been
simply interpreted through ¢, = o, D/2¢ as a local pressure value.

61. This process results in wall ‘pressures’ which are wrong by large and

.'ariable 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 difficultics 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 density® of y = 8:6 kN/m?, the value of K which has been
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used in backfiguring this wall friction can be found as K, = 0-55. As the silo was
being filled, and the pressures were clearly much smaller (Fig. 2(a)) than this K, yz,
it is quite misleading to use this K, 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.?' 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.

Normal wall pressure p/po
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Fig. 14. Effect of local loss of wall friction on pressures
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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 of filling.

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.*? 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 K, or K, 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 1-5). 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. :

ures 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. 1(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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ﬁ

Type | 5 Type !l
conical hopper . inverted cone
Transition .

Area

Height above outlet

Cross-sectional area A

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 theories 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 2Mt, 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.

,M. 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. Tt 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.

The results presented in Fig. 6 illustrate that silo pressures may not be
rddially 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 28 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:

(@) 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, the measurements must be wrong. However, he
fails to appreciate that the material in most silos is placed in an active (K,)
condition and, in terms of Fig. 1(a), has to undergo strain to reach the K, 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, state, as Rotter states in § 52. If shear stresses in the
filling are larger than those corresponding to the K, state, as they are along stress
path OA in Fig. 1(b), they will, given the opportunity, reduce to those of the K,
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
K, line and progresses towards the K, line, reaching the K, 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
and would therefore conclude that the stress ratio was not changing. StudieS of
strain conditions in silos at the start of emptying (e.g. Deutsch and Clyde,?! 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. 1.

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. If he 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 Joad, 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, for normally consolidated sugar was measured at
0-55. It is hoped that the hypothetical designer would have used this value, rather
than equation (1c), which is clearly denoted as empirical and approximate.

95. In Rotter’s § 58, T 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-
edged as coming from that source. With regard to references 27-30 (three are
éer’s), 27 was published after the Paper was written, 28 appeared in the pro-
ceedings of an obscure conference, 29 is in German, and 30 was never published.

96. Rotter’s §§ 5864 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, 5, 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 relevant 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. I 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?? of pressures derived from strains measured on the outsic!
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. Initial 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. I 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?®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. 5 (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. 1In§ 66, Rotter refers to “ Fig. 2(b)’. It is presumed that he refers to point 5B
on the wall load diagram to the right of Fig. 2. A corresponding point 5B is shown
on the left-hand diagram for equivalent horizontal pressure. This point lies very
close to the K, yz line for K, = 0-55. Hence, it was quite correct to back-figure the
angle of wall friction for this value of K, .

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 adjustin
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 K, yz
profile. However, in the vicinity of 30 m, at which depth the H/D ratio is 4 to 45,
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pressures not only reached the K, 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 of 2 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 if the material crowds into
the outlet, thus undergoing lateral compressive strain and increasing the lateral

ss ratio-in the process. It does not do this, and hence filling pressures remain

hanged 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. 1In 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. 1 would certainly endorse Blackler’s remarks concerning the use of actual,

erly measured material properties, where these are available. Often, however,

s 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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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 The plaintiff claimed that the design of the silo was inadequate,

particularly with regard to n1e resistance of the walls to buckling

* the frictional wall load. He also maintained that the form anc

___:ion of the failure was ¢ 1isistent with denting caused by eccentric

emptying of the silo. That v s why the silo wall buckled in Tine with

the reclaim tunnel. The worker 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 j overhead. Therefore the silos had been
negligently operated.

‘.2 The owner-operator maintained that the failure was caused by faulty

design. In particular, the pl :e thickness of the walls was inadequate
to withstand the frictional wall load, and the silo wall buckled at the
base. The buckle occurred dir :tly in Tine with the reclaim tunnel on
the side of the eccentric out :t and developed slowly over the 15 day
period that the silo stood full. According to the owner-operater no
grain whatsoever was drawn fr  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 nperature changes which added to the
compressive wall Tload. That s why the silo failed at night, as the
temperature was falling, the r chanism being axisymmetric buckling under
the action of the wall load.

.3 The designer-constructor pointed 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 wl 1t, 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 times the 12.2m silo had been used to store
maize, rice, sunflower seed. wheat and de-fatted maize germ. The
designer-constructor agre | w1 the plaintiff that the primary cause of
the failure was eccentric >tying. He disagreed with the owner's
explanation of the effects ot a fall in temperature, stating that a
temperature decrease would have reduced the frictional wall Tload. It
would also have increased the horizontal pressure on the wall, thus
improving the buckling resisti ce 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 Tlaw, if 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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on a 20m diameter steel maize silo(Blight, 1985) illustrated and amplified in
Appendix I, have shown that the ass' ption of incompressible contents gives a
good agreement between calculated and measured thermally induced horizontal
pressures.

TABLE 1

Calculated and Permissible Vertical Stresses in Silo Wall with Silo Storing
2at

a = 6.4m above base of silo

b = at base of silo

t l a [ b |
| Vertical wall stresses calculated by | I |
| DIN 1055, 1984 ovaPa | 61 | 73 |
| l | |
| Timoshenko Classical Buckling l | |
| Stress oTMPa | 100 | 120 I
| | | |-
| Australian Institute of Steel I | |
| Construction Permissible Stress oAMPa ‘ 57 l 60 l
| .

' OA/GVw (Trahair et al, 1983) I 0.93 { 0.82 }
| 0.80,/0 (Rotter et al, 1986) | 1.31 | 1.32 |
| TW | | | |

The increase in horizontal pressure resulting from the fall 1in temperature,
according to equation (1), would be about 25kPa. The fall 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 angle of wall friction
between steel and wheat at a low va 2 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. C ,aring these figures with 1 : corresponding calculated compressive wall
stresses given in Table 1 as 73MPa ¢ | 63MPa shows that the net compressive wall
stress in the silo would have been n ‘e 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 ¢ curred, it would have been most likely to
occur in the heat of the day when - e frictional wall load would have had its
greatest value, and the Tlateral pressure on the walls would have been at a
minimum value.

4, THE EFFECTS OF ECCENTRIC EMP1 ING

There was no evidence that more than a very small 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 convevor belt as it discharged, was found fitted in place at the
eccentric outlet. ...e worker who I | been in the reclaim tunnel admitted
"cracking the eccentric out™ - open to see if the grain would flow", but denied
that "more than a few grains” had i tually flowed out of the outlet. However,
after the failure, wheat was found ¢ the reclaim conveyor.
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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 10mm (0.4 inch). It seems possible that a
withdrawal of even less than 1 ton would have been sufficient to establish the
flow funnel. If this is correct, denting of the silo could have been induced
within half to one minute of startir eccentric drawoff at the lowest possible
reclaim rate of 60 tons per hour. E: eriments in the laboratory on model silos
ypendix 2) consisting of a tube of aluminum foil filled with sand showed
that eccentric withdrawal of about a teaspoonful of sand was sufficient to cause
the tube to dent visibly. If withdi w~al was then continued through a central
outlet, the model silos continued to cant over in the direction of the initial
nt. Continuing withdrawal through the central outlet of the prototype silo
would, on the basis of the model tests, 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 Jumikis et al(1986) for experiments on the eccentric emptying of
model silos. If the bulge at the bas occurred after the dent at 6.4m height it
would have been generated by the canting movment of the silo following formation
of the dent. As the centre of gravii of the mass of grain above the 6.4m level
moved across, vertical pressures on 1e 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

: . 1ikely cause of the failure was never pronounced by the court. However,
it is highly significant that tI matter was settled shortly after the
owner-operator's technical witnesses had given evidence and been cross-examined
by the plaintiff and the designer- onstructor. 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:

. The loads for which a silo 35 designed may be nothing like those it is
called to carry during its service life. Current silo design codes still
do not pay sufficient atte tion to such factors as the effects of
eccentric emptying or to te jerature effects. Operators of silos often
appear unaware that a silo 3 a structure that is highly sensitive to
the nature of the material stored in it.

.2 Eccentric outlets should never be provided in a silo, especially a steel
silo, unless the structure 1is 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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In Figure 5a a small quantity of san has been withdrawn eccentrically (see the
eccentric pile of sand under the mc :1). The buckle adjacent to the eccentric
draw-off point became visible after the withdrawal of only about a teaspoonful
of sand. Eccentric withdrawal was t 'n stopped and centric withdrawal started.
As shown by Figure 5b,the buc ling became progressively worse witn
centric withdrawal (the pile of sand under the model is now centric).
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frictional wall loads, but does give guidance on thermal bending
effects. The usual cause of t rmal bending is hot material stored in a
silo, but diurnal temperature . anges can also cause thermal bending.

The thermal bending moment MT is given as :

M, = Ew t® aaT/12(1-v) V (2)

T
Here, AT is the difference in temperature between the inner and outer
faces of the wall, and v is 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 wall, 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 full size silos some of the characteristics
of 1 perature-induced loading. The object is to info t! ro fer and
to increase understanding of 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 (AT or ae) and materials parameters (Es’ Ew’ Vs
v, a) to be used. However, the confidence of the designer will be
increased if the basic phenomena, and the uncertainties that beset them

are more fully understood.



CHARACTERISTICS OF TEMPERATURE SURCHARGE LOADS

Figure 1 illustrates some of the basic features of the development of
temperature surcharge loads (Blight [11]). It represents two sets of
simultaneous recordings of tem; ~ature 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 v 32k-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 1 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 period during which sunlight fell on the area
of measurement. The dip beti 2n the peaks corresponds to the time
during which the shadow of a neighbouring silo fell on the instrumented
area. It will also be seen that the recorded pressure was at a minimum
shortly after noon and a maxin n at about 6 am. Each successive peak
pressure is slightly higher - an the last. Hence the temperature-
induced pressure tends to "ratchet" upwards from day to day. This is
however not quite as serious as it appears. A longer record of
observation [11] has shown that after about 5 days an equilibrium is
reached and thereafter, provide 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 Tateral pressure on the silo wall. In the example of Figure 1,
the temperature surcharge pressure exceeded the primary lateral pressure
by as much as 174 per cent.

Note the jagged stick-slip characteristic 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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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 tl Koyz line and the largest measured
horizontal pressures. Actually as shown in Figure 2, TS 1is the
difference between the pressure on the wall at the highest diurnal
temperature and.that at the Towest diurnal temperature, with the grain
static. In Figure 3a, the fli tuations in pressure as the overburden
stress increases, which are tl ught to result mainly from day to day
temperature fluctuations around midday when the measurements were taken,
show that TS does increase considerably with 1increasing overburden
stress.

CALCULATION OF THERMAL BENDING MOMENTS

Thermal bending will occur 1\ enever 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 ¢ r.

Figure 6 shows the basis for calculating the thermal bending moment,
assuming an uncracked symmetrically reinforced wall. Figure 6b shows
the assumed strain distribution for incr 's in temperature of the
outside face of 460 and of the inside face of 48;. 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:

t (8)

M= ECG(ASO - 80;) |:t‘ + 0 -1) ﬁAsz]
12
Where EC is the elastic modulus of concrete, m is the steel-concrete
modular ratio and the rem¢ 1ing terms are defined in Figure 6.
The expression is similar to equation (2) with (AeO - 40;) replacing aT
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 o. The equation can be modified for application to a
cracked wall.

Reinforced concrete silos are 1 1ally designed for hoop tension, on the
assumption of a fu]Ty cracked section. The contribution of the concrete
to carrying tension is completely ignored. However, strain measurements
on hoop reinforcing in reinforc 1 concrete silos (e.g. Blight and Dreyer
[17]) show that silos may have essentially uncracked walls even after a
decade or more 1in continuous ¢ ~vice. Hence it is by no means always
incorrect to assume an uncrack | section for this analysis, as the ACI:
[10] have done.

TEMPERATURE SURCHARGE PRESSURES IN REINFORCED CONFRETE SILOS

According to Figure 6, a silo wall subjected to differential
temperatures at its inner and « ter surfaces will undergo a mean strain
a (a8; + 460)
2
Hence if the mean temperature 1lls, the silo wall should experience a
temperature surcharge pressure.

Figure 7 is a set of measurements made on the wall of a 24m diameter
reinforced concrete cement s rage 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 g ged 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 a' rage calculated hoop strain in the silo
wall under the maximum measur 1 horizontal pressure is 1less than 50
microstrain, based on the assumption of an uncracked section. Although
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most of the thermal bending was occurring, only the inner 100mm or so of
concrete had experienced an appreciable rise of temperature.

Figure 10 shows a set of temp¢ ature profiles through the 350mm thick
reinforced concrete wall of a cement storage silo [14]. Here thermo-
couple “inctions were positioned on the inner and outer surfaces of the
wall and 100mm away from the inner 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
lTinear. The observations are similar in nature 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 solid". 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 maximum temperature of 56°.

The maximum tensile strain induced by thermal bending will depend on the
temperature difference across the wall. Taking o = 12x10‘6 per °C and
the tensile fracture strain of concrete as 150x10‘6, the maximum
temperature dif- ice that could be tolerated without the concrete
cracking on the cool side would be 25°C. Referring to Figures 9 and 10,
it will 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 11 wall loads and thermal bending. The
guidance given by current ¢ es 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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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 press :
along an axis at right angles to the centreline of the ais-
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
chiite and for a zone of reduced pressure to form adjac  t
to the chute.

| 8a summarises maximum pressures recor. |
dinp nptying of the bin through the north load
1... __.s figure confirms the patterns shown by Figure

ob, except that in this case cell BS 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
7hb. 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 fill g
‘ycle to the next. The pressure distribution in the south

alf of the bin again became more uniform once emptv-
ing was started but as shown earlier was not gre; vy
affected by emptying from the north chute.

PREDICTION OF BIN PRESSURES

As pointed out earlier, if the cone at the top of the n
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.
siloaction) 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 th a
granula material filled into a cylindrical container v h
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 g, is
increasing. This value compares reasonably well with a
value of 0.36 predicted by the empirical relationship®

K, = (I - sind) (1)

here ¢ 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 K, given by the relationship®

K, = 1 — sin¢
1 + sin¢

@)

K, 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 nei =r
Equation (1) nor Equation (2) adequately describe 1e
relationship between depth and lateral pressure for e
bin at the end of the filling cycle. However, the at-rest
condition seems to represent a stress state that is reas~n-
ably close to the observed static pressures. In reac g
this conclusion it will be realised that, apart from 1y
other uncertainties, a value for K of 0.48 represents
conditions for first-time loading of the coal and may not
necessarily represent the actual at-rest pressure co i-
cient for the coal. It is well established®® 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. Walker?) 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.

Jenike* has shown both theoretically and by observa-
tion that a zone of reduced pressure should develop when
a flow funnelimpinges 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 vo™  : of coal above this chute
had therefore been subjectea 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 chuteis
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 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:






that the zone of reduced pressure on the A-line
extends to a height of about 8 m above cell Al, and
that the zone of increased pressure on the B-line
appears to extend to the surface of the fill.

.(a)
(b)

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 !
‘ge was started from the north chute, and then, six
monrtns Jater, switched to the south chute. With the
mn of cell B6, however, the changes in pressure
rrom tne static condition did not appear to be mu
affected by the change in the flow regime.

According to Jenike,*, 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.

.It is of great interest and importance to note that no
dication of pressure peaks, either static, as predicted by
Walker?, or dynamic, as predicted by Jenike a
Johanson?, were recorded. The authors do not consider
this to be proof that such peak pressures do not arise, t
merely that they have not been recorded on this particuiar
structure. It would be foolish, and possibly dangerous, to
ignore the theoretical prediction of these overpressures
the limited amount of observed evidence on prototy
structures that they may, in fact, occur®. It is possible t]
the Walker-type pressure peak is occurring within tne
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/d
meter = 1) therelationship between depth of filland 1
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

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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(i) Start with : 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.

On selected gauges, make continuous recordinpe

of pressures occurring over a period of sever

days during normal operation of the silo.

These measurements had to be fitted in with the
nue-producing operations of the silo an
xpectedly difficult to arrange with the
iff. Even when arranged, measurements d

not aiways go as planned because of break-downs ¢
equipment, unexpected cancellation of trains, etc.

The instrumentation generally performed well
However, gauge 13, although operational at the end
the installation, never functioned thereafter and gauge
22 ceased to operate about 8 months after installation.

(iv)

Pressures measured during uninterrupted filling,
" llowed by emptying

JFigure 8 shows pressures measured on line | gauges
. 1ring uninterrupted filling (long axis of outlet) wh:
Figure 9 shows corresponding measurements on line 2
gauges (short axis of outlet). In each figure, the desi
horizontal pressure envelope (the ACI envelope shos
in Figure §), has been superimposed on the measure-

ments.
0.

Line 1 - LONG AXIS OF OUTLET

5 0® 30/7 O filling ® emptying

O  47/7 filling and emplying
a  3/12filling

design horizontal
pressure (AC1)

£ 20
(o]
256
approx.
Oh=1023¥2z upper limit of
30 hung up coal

DEPTH BELOW TOP
w
o

emplying «
————— o

q 114
40 §
ﬁ 13 w
45 . LED
1“0

50 111

55 ) .

1 1 Jd. 1
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PRESSURE NORMAL TO WALL O\ kPa

Figure 8.
Pressures observed on long axis of slot outlet.

Line 2 - SHORT AXIS OF SLOT
0®30/7 Ofiling ® emptying
[ 47/7 filling and emplying
A 3/42filling
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£
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9
w
(7
(o]
%
(o]
—_—
2 approx. upper
o) and lower limils
o of hung up coal
s 125
=
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85 1 Il i i 1 1
0 25 50 75 100 125 450 175 200

PRESSURE NORMAL TO WALL Gy kPa

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.

[0
A Ch
SHEAR =
STRESS
T
stresses on plane
at o« o horizontal
On =Koy
on [ Ao o
o O R
/( g DIRECT STRESS O
planes
O
On=(1+%(1/K-1)sin(2 - 90°))
Figure 10.

Correction of pressures normal to benching to
equivalent horizontal pressures.
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Figure 3.

Comparison of design pressures with pressures calcu-
lated for actual cement properties.
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FIGURE 15 @ Photograpih - f 20m
diameter ~aize bin

FIGURE b : Pressure cell installed in bin wall



A









he

mea

rem






possible to inspect 1t from the inside. The walls of the bin had
been scoured and cleanc by moving grain down to a clearly defined

horizontal ring. Below this ring, the plates were rusty and where
the water leaks mentior | earlier had occurred, decayed maize
adhered to the walls. 1This was clear evidence that parallel flow

of grain was occurring ove the ring and that dead material was in
contact with the bin waiis below the ring.

The inside of a large b'n 1s particularly difficult to photograph,
but in Figure 7 maize ¢ 1ering to the bin walls can clearly be seen
and the junction between the rusty plates below and the scoured
plates above occurs just above the fourth horizontal plate seam in
the photograph. Two of the pressure cells are faintly visible
between the second and third vertical stiffeners from the left of the
photograph.

FIGURE + : Photuagraph of
inside of bin showing deau
material adhering ta walis

and transition between
parallei and convergent
flow zones

The position of the observed lower limit of the zone of convergent
flow is marked on Figure 1 and occurs just below pressure cell 4.

It appears from the markings on the bin and the pressure readings that
the transition zone is either static or nearly static in position.
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NTRODUCTION Table 1

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 exer 1
on the silo walls at any depth is made up of two
components: that exerted by pressure in the entraii 1
air and that exerted by the solid particles. Thus the total
horizontal pressure o, can be written as

1)

Oh = Pat Oy

where p, is the pressure in the air (or the pore r
pressure) and oy is the intergranular pressure exerte¢ vy
the solids. The relative magnitude of p, will vary witn
the speed of filling. With extremely rapid rates of fil g
p, may be large enough to support most of the weighr ~f
the solid particles, in which case o, will be small and :
powder will be partly fluidized. As time progresses atter
the depositon of a particular element of fill,
entrained air will escape, p, will diminish and o, wul
increase. Simultaneously, as the entrained air escapes,
1e fill will compress, settle relative to the walls of
ilo and develop increasing frictional stresses against
walls. This, in turn, will have the effect of reducing botn
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 e
semi-empirical conclusion that the profile of g, in ¢
zone affected by the speed of filling could be represen-
ted by two straight-line relationships:

w

o,=08yZ (2a)
with a vertical cutoff at depth Z given by
Z=(v-v)t (2b)

In the above y is the density of the powder in s
loosest state; v is the filling speed or rate of rise of e
fill surface in the silo; and v, is the limiting filling speea.

If v and v, are expressed in mh-!, t is taken as 1h.
Table 1 summarizes the values of y and v, establishec y
Martens for his three materials.
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Properties of materials tested by Martens!

Minimum  Limiting filling
density speed
Material Y Vo
(kNm=) (Ibft?) (mh') (fth)
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 detailed results of Marten’s tests were
published by Pieper? 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
Nothdurft? who refined Marten’s result to

0,, = (miny)vt,K;V R 3.6 (in kPa) 3)
In this expression:
Oy, 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
K;is the ratio of horizontal to vertical stresses in the silo
during filling.
Values for these variables recommended by Pieper,
Martens and Nothdurft? are given in Table 2.

*Although the DIN curves were calculated for a higher
density than that which actually obtained.
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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 ¢f the two blending/
storage silos is housed in a continuously slid reinforced concrete
cylinder having an internal diameter of i3 m, a wall thickness of

450 mm and an overall height of 88 m. Figure ta 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’. Zach 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 tor of the adjacent storage
silo. It was assumed that filling rates of 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/h)
could be transferred by transverse flow frcm the adjacent blending
silo. Hence a maximum of rise of up to 23 m/h (7000T/h) was
considered possible. -
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Figure 1a (above) :

View of twin blending/storage silo
complex

Figure 1b (right)

Section through combined bleniing and
storage silo cvlinder
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DESIGN PRESSURES

For the blending silos, in which pneumatic homogenizing takes place,
horizontal pressures py, were calculated on the basis of DIN 1055 as:

Py, = 0,6Y2 tivunoceensaoncansssotoanssanesceaansosnsasasennnas (1)
with v = 1,15T/m’ and z the depth below the fill surface.

For the storage silos the followinag filling possibilities were assumed
to exist:

(1) 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.

(11) Filling of an empty storage silc by vertical discharae at
30 m/h followed by filling at 5 m/h by transverse discharge.

‘(1ii) The reverse of (ii).

(iv) Starting at any stage of filling of a storage silo and
discharging into it at any rate from 5 m/h to 35 m/h.

At the time of the design, the only known work available on thé ef fects
of rapid filling of silos with fine powders was that due to Martens (2)
who gave the following equation for pressures under ranid filling
rates: :

P, = O,SYzo f et eecaa et a e et verseanrarsereas (2)

where z, is the depth below the surface at which the horizontal
pressure reaches a maximux and belosw -vhich it is constant

with depth
z, = (v-vo) feea e e e e e et i c et e e e et (3)
in which v = rate of filling in m/h and
Vo ° limiting filling rate in m/h.

Martens gave v, for powdered limestone as 1,4 m/h and this was assumed
to be . applicable also to cement raw meal.

Once the material had been deposited in the silo, the horizontal
pressure was assumed to revert to that predicted by the Janssen
expression

-Kyz/ph(max)’

Py = ph(max){1 - e TR e e e e e {3a)
P, (max) = YD eeee... e e ie et a ettt (3b}
h 4tand :
in which K was taken as the active pressure coefficient Ka’ and
KA = (1-sin¢)/(1+sin¢)
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v

Y 1is the density of the settled raw meal, taken as 1,7T/m’

¢ 1is the angle of wall friction, taken equal to the angle of
shearing resistance 3, as 20°.

In addition to the i.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 could be transmitted
from the blending silo above.

Figure 2 shows the .resultant envelope of maximum horizontal pressures,
which was made up as follows:

HORIZONTAL PRESSURE py, kPa
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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 (z0 = 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 .epresents 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
gstress of 450 MPa was used for the reinforcement. The maximum stress
in the steel under assumed static pressures occurs between devths of
25 m and 32 m and amounts to 250 MPa. The maximum 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 1,30
against yield of the steel. {Thermal stresses would have reduced

the stress in the inner layer of hoop steel to 295 MPa and increased
that in the o?ter steel to 395 MPa.)

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 1la. This limited the
positions at which strain gauges could be mounted. These positions
are indicated in Figure 1b. 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 correction for temper-
ature effects of the measured strains.

Initially, flow into the silos was: throttled by means of orifice
plates in the connecting ducts to give a maximum rate 0of £illing of
5 m/h under combined vertical and transverse dischargs. Larger
orifices were then inserted in the filling ducts, and ultimately the

orifice plates were removed completely. it transzired that the
maximum attainable rate of flow was only 10,71 m/h instead of 35 m/h
assumed at the design stage. At this filling rate it was noted that

the dust extracting plant that de-dusted the air zpace above the fill
in the storage silos worked so effectively thut a sartial vacuum
existed above the fill.

Figure 3 superimposes the maximum recorded strains (expressed as an
envelope of equivalent actual horizontal pressures) on the design
pressure envelope. The actual pressures. for a fiiling rate of 10,1 =/h

. are compared with Marten's theory in this figure.
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REASONS FOR DISCREPANCIES 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. 1t 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-sind. Marten's
work appears to have encompassed filling rates 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 intc the storage silos. The walls therefore have to be
designed to resist the thermal bending moment that results.from Fhe )
temperature difference tetween the inner and outer hooop reinforcing in
the wall. The design assumptions were:

Maximum temperature of meal : 100°C
Minimum ambient air temperature : 5°C
Internal wall surface temperatures:

space above stored meal : 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 propcrtional to a temperature difference of
400(60-5) = 49°C. : : :

450
Thermocouples installed in the wall of the silo were ased to measure

actual temperature differences through its thickness. Figure 4 shows
temperatures measured as the silo was filled at a rate of 7,36 mh-!.
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Figure 3 : Comparison
between design and measured
Fressure envelopes
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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 36°C which represented the temperature of the meal. Thereafter
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 pcint 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 reinforcing 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 REMARKS

A major point to emerge from this comparison is the extent to which the
design of a silo may depend on informauvion, not alwavs accurate, or
even correct, but given in good faith by a third partv such as a
mechanical equipment supplier. Another difficulty that the silo
designer has to face is that many industrial silos zave to be designed
and constructed before the product which thev will store has been
produced. The designer therefore has to depend orn available informa-
tion, which again may be unreliable. It is only =+ carrving out
comparisons such as the one above that the large discrepancies that mav
exist between assumption and reality come to light.
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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 using 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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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.

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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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 was 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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Figure 3.
Variation of horizontal pressure on bin wall and
temperature with time at constant fill level.




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! in the case illustrated in
Figure 3, a pressure coefficient of 0.5 at noon on
Saturday would increase to between 1.1 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 1m
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.

Figure § 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. €= g— ¢

where £, = net oEserved change in hoop
strain
g, = temperature strain and
g, = 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 (= ¢,) in hoop strain (a decrease in
hoop stress of 12Mlga).

(ii) The temperature rose by about 9°C which should
correspond to an increase of about 110 micro-
strain in hoop strain (g).

(iii) The observed change of hoop strain was an
increase of 80 microstrain (¢,) which should equal
the difference between the temperature-and
pressure-related strains. (Actually, (g - ¢) = 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 STRAII’

Figure 6 shows simultaneous recordings of horizonta
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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Strains Measured

in a 7,500t Sugar Silo

G.E. Blight and A. Garstang, South Africa

Qnopsis

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 7,500t
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.
 objective of the instrumentation was to study the struc-
| 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, o, and oy, would be
principal stresses related by:

oh = Kpoy, = Kpvz (1)

where:

Ky — lateral pressure coefficient for compression with zero
lateral strain

y — unit weight of the sugar

z — depth below the sugar surface.

zone relatively |

unaffected by wall | I

silo wall

inifiaity horizontaf
straight lines curve

Y as fill settles
weight of -l “ affected
fill in this —J by wall
zone partly friction
suppored by (a)
wall friction

o PRESSURE

N
- ¢
=
—
y

-« hear axis of silo
\ O, =¥Z
\ near wall, Oy reduced
by wall friction
\ near axis Op = Ko 82
near wall, Op = Ko Oy,
\ ie. Op, reduced
J \ by wall friction

DEPTH

(b)
Fig. 1: 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 o,. oy, would still be related to o, by an equation
similar to Eq. (1), but the equivalent value of Ky might be
changed. Fig.1 shows the process described above in
diagrammatic form.

The frictional wall load P, in the silo can be calculated as:
2
P, = Ko vy tané ? (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:

Moisture content

Unit weight y

Angle of wall friction &

Angle of shearing resistance ¢
Lateral pressure coefficient Kj.

N

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/m?3 (loose) to 10.28 kg/m? (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/m? was adopted as a basis for
analysing the measurements described later.

3.3 Angle of Wall Friction &

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 um 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.
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Fig. 2:  Angle of wall friction — sugar on shot-blasted carbon steel painted

with 75 um dimetcote 4

3.4 Angle of Shearing Resistance ¢

The shear box apparatus was also used to measure the
angle of shearing resistance. The results of the
measurements are shown in Fig. 3.
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Fig. 3: Angle of shearing resistance of sugar

An angle of ¢ = 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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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
Fig 8.

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 150 mm. Hence for
both filing 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 33.5°) is very close to the
angle of repose of 34°+0.5° 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. 5a.

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.
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Fig. 7:  Typical gauges that returned to zero on silo emptying

When the silo was empty in May 1986, the inside was
inspected. It was found that, notwithstanding the steep 65°
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.5a. Ridges of caked sugar had also
formed between the extractor cones, as indicated in Fig. 5b.
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, 5 and 6 (see
Fig. 5) as the sugar overburden above this level increased.
Reference to Fig. 5a 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 5
and 6 are consistent, one with the other, and indicate that the
lateral pressure coefficient in the vicinity was intermediate
between K and K,. 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 K, but later, during
filling, indicated a value of K considerably less than Kj.
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POSITION ON PERIMETER OF SILO
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Fig. 8:  Surface profiles during silo filling and emptying
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When emptying was started, p,, increased sharply at all
three positions, with K on line 1 approaching Ky 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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Build-up of equivalent horizontal pressure and wall load at level 2 in silo during first filling (assumed y = 8.6 kN/m3)

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 p,. The reason for the
radial non-uniformity of the wall load is not known.






bulk
Volume 7, Number 4, August 1987 solids
handling

Silos, bins & bunkers
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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?)
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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?)

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 p;,. 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 Kj. In this case, the unit weight would have had
to increase to 12 kN/m3, which is probably not possible.
However, an increase in unit weight to 10 kN/m3, together
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i
with an increase in K, 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 p,, at any level (as seen in Fig. 7), but the design
profile of p;, = Kyyz provides a reasonable envelope to the
measured values. The wall loads also generally fall within the
design envelope of p,, = Kyy tand z%/2, 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 py, 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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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

- As already indicated by Figs. 9 to 14, equivalent horizontal
pressures and wall loads in the silo were far from being

dFr»adially uniform. The actual radial distributions of these two

+ variables 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.

©Right: 0.4m

drawndown
o Left: End uninterrupted positions of
filling extractor cones

_ /  oRight: 0.4m drawndown

1= Level 1
6 3=Llevel 3
scale |
0 50kPa

Fig. 15: Radial distribution of equivalent horizontal pressures — left: end of
uninterrupted filling; right: drawn down 0.4 m after uninterrupted
filling

581



Silos, bins & bunkers

bulk
Volume 7, Number 4, August 1987 seolids
handling

Measurements made on subsequent fillings will show
whether the silo characteristics do become more uniform in
the longer term.

positions of
extraction

b = - cones
1

o Left: End unintenupted

© Right: 0.4m drawndown

filling
1 =Llevel 1
6 3= Level 3
scale
0 300 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

vertical
strain
50.107¢
I‘ 24 hours | 3hours
‘/_:/_’M]‘M/\»\Mﬂ horizontai
/ strain
50107
fill _l* emplying
static started

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 angte 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:

1. The behaviour of the sugar in the silo conformed quite
closely with expectations at the design stage. The one
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. Fjg
ther research is required into this aspect of sugar ;‘
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.

The study described here was made possible by the .
cooperation of and partial funding by the South African
Sugar Association.
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Strains Measured in a

7,500 t Sugar Silo
Part II

G.E. Blight, South Africa

Summary

The paper describes the results of a further set of strain
measurements on the walls of a free-standing cylindrical
insulated steel sugar silo. The strains are interpreted in
terms of the equivalent horizontal pressure exerted by the
sugar, and the frictional load transferred into the silo walls.
The paper provides further data to support measurements
published earlier and illustrates some previously unsus-
pected and unrecorded aspects of the behaviour of this silo.
In particular, these aspects are the effect of daily tempera-
ture changes on wall loads and horizontal pressures.

1. Introduction

A recent paper [1] described the results obtained from
strain measurements made on a 7,500t capacity free-
standing cylindrical steel sugar silo. The measurements
reported then related to the first and second annual fillings
nwe silo and the following conclusions are quoted from
t paper:

1. The behaviour of the sugar in the silo conformed quite
closely with expectations at the design stage. The one
unexpected aspect of its behaviour was the large decrease
inthe wall load on emptying and the corresponding increase
in equivalent horizontal pressure. Further research is re-
quired into this aspect of sugar properties.

2. Even though the silo is filled almost perfectly concentri-
cally and the flow pattern during emptying is also concen-
tric, wall loads and equivalent horizontal pressures were
radially non-uniform 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 conclusion was that the conditions
assumed for design had largely been met in the silo. The
critical case for design of the walls was the frictional wall
load. Wall loads were generally less than the design values.

Dr. Geoffrey E. Blight. Professor of Construction Materials, University of the
Witwatersrand, Johannesburg. Department of Civil Engineering. P.O. Wits,
2050, Republic of South Africa.

The first part of this paper was published in bulk solids handling Vol. 7 {1987)
No. 4, pp. 573-582.

Manuscript received: March 14, 1988

Equivalent horizontal pressures became greater than the
design values during emptying and during the second filling.
This should perhaps have been catered for by adopting a
higher value for the unit weight of sugar for design pur-
poses.

The purpose of the present paper is to present the results
of strain measurements made during the third annual filling
of the silo, and to consider these results in relation to the
above conclusions. Also, quantitative credibility of the
measurements will be considered in the light of appropriate
laboratory measurements of the properties of sugar.

Afull description of the insulated silo and its instrumentation
was given earlier [1]. For the present purpose, Fig. 1 shows
the layout and principal dimensions of the 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 stress is the average reading of two
strain gauges. It has been assumed that the measured
vertical and horizontal strains ¢, and ¢, represent principal
strains in the silo wall. The vertical and horizontal stresses
in the silo wall were calculated from:

o= )
Een + vey)
(1 -9
where:
E: elastic modulus of steel (taken as 200 GPa)
v: Poisson’s ratio (taken as 0.33).
The wall load P, per unit of circumference was taken as
P, = o (2a)

where 1 is the plate thickness.

The horizontal stresses were interpreted as equivalent hori-
zontal pressures py, exerted by the sugar on the silo walls,
via the equation:

20yt
D

I (2b)
where 1) is the diameter of the silo shell.
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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

£, < — ugy (1c)

Reasonably large wall frictions were observed at line 5, but
these were aiso 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 outside 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
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convenience. The effect of this was that the wall was always
about 10°C cooler when the strains were measured than it
would have been about midnight.

The physical effect of this 10° 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
thatthe 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 equivalent horizontal
pressure increased linearly, with a lateral pressure
coefficient greater than K, but less than K,. On line 1,
however, the equivalent lateral pressure increased with a
lateral pressure coefficient that exceeded K. 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. 7: Build-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 6 for lines 5 and 6. The check on credible
values for & 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 Py, kPa

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 P, kN/m
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Fig. 8: Fill at maximum height after uninterrupted filling — profiles of equivalent horizontal pressure and frictional wall load on line 1, 5 and 6
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Fig. 10: Variation of stiffener strain in silo with temperature (silo full)

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 ue as compared with a maximum
hoop strain of about 800 ue. 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 wall pe (+ = tension)

200 0 +200 4400  +600
" | ]

-400

Overburden stress at wall kPa (vertical axis)

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-

Axial load kN/m
w
I

400 600
Compressive strain pe

800 1000

Load-strain characteristics of three speci-
mens of 3 mm corrugated steel plate
compressed in the plane of the plate and
across the corrugations

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 parallei to the corrugations)
versus compressive strain across the
corrugations, and are shown in Fig. 12.

If the maximum measured strain of
250 ue 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 s
400 kN/m. Hence it is quite plain that
the corrugated wali sheeting carries al-
most no frictional wall load.

‘
. :

The following conclusions can be
drawn from the measurements and
their analysis:

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.
The strains, and therefore the loa
in the stiffeners also vary around the
silto 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.

9. Conclusions
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Appendix

Sample Calculation of Design Loads Based on Conclusions
from Strain Measurements

Materials parameters: y =7.5kN/m?
K, = 0.65
6 = 30°

Silo dimensions: D =18.19 m

Zmax = Maximum depth of grain
against silo wall = 23 m

0.65 x 7.5 X 23
112 kPa

_ Horizontal pressure at base of silo: p,, = KoYzmax =

Hoop tension at base of silo:

_peD 112 x 18.19

%= 2

= 1,019 kN per m height

Wall load at base of silo:

(zmad® _ 0.65 x 7.5 x tan 30° x (23)°
2
= 744 kN per m perimeter

P, = K,ytan d

Wall load per stiffener (60 stiffeners):

_PJID 744 x 1819 II

P
s S 60

= 709 kN per stiffener
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Strain and Temperature
Measurements on an
Externally Stiffened
Corrugated Steel Grain Silo

G.E. Blight, South Africa

’ ,iummary

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 aninternally 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

Arecentpaper[1] described the results of
casurements made on an internally
fened 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 wallload. The corrugated sheet-
ing forming the silo wall distributes the
wallloadinto the stiffeners asitarises 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 pagie 442

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
atA, B, C, D upper & lower

5THK
SECTIONS OF STIFFENERS

16 Strakes each 780
high

1 gauge midway
between stiffeners
on either side at
upper and lower
positions + 1 dummy
on separate galv

tive co-operation in making their Pienaars-
rivier 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 shownin Fig. 1;
Fig. 2is aview of the complex of which the
test silo forms part. (The test silo is the
fourth silo from the right).

Concentric loading
point

12500

1 Strain gauge
on lowest section of
stiffener & 1 on next

section above

steel tag Single central 42 External
outlet stiffeners

{4 gauges + 1 at
each of positions
A,B,C,D) X

7

9@00

D

Strain gauges at
each position A, B,

Fig. 1: Layout of silo and instrumentation

~ B
K \
| Strain gauges
«— at each of 4
C points

All dimensions
are in mm
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4. Horizontal Pressures
Deduced from
Measured Strains

Strains were measured atintervals 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
aparticular hoop strain was calculated as
follows:

‘-Iorizontal pressure:

2E
Py = 25501 M
D
where:
P, = horizontal pressure
E = elastic modulus of steel
g, = measured hoop strain
t = 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 silois shown in Fig. 4. In this fig-
ure, each experimental point represents
an individual strain measurement. If the

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 onthe 18.19m
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:

+ alinear distribution of horizontal pres-
sure with overburden stress:

Ph=Koyz @)

where:

K coefficient of lateral pressure

for zero lateral strain

vz = overburdenofgrainatthewall

- two distributions calculated from
Janssen’stheory[2], one for a coef-
ficient of lateral pressure for zero later-
al strain (Kp), the other for the active
lateral pressure coefficient (Kj,).

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
alaterai pressure coefficient between the
limits K, and K. This is completely con-
sistent with observations on other silos
[1, 3, 4] storing coarse granular materials.

The small scatter of the observations on
this 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 shownin Fig. 4 is for filling of the
silo from empty without interruption. Be-

cause of the squat dimensions of the silo,
the funnel of flow that develops on empty-
ingdoes notintersectwith the wall. Hence
no change in hoop stain or horizontal
pressure would be expected at the start of
emptying. Infactnochange 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 P, corresponding to a par-
ticular strain was calculated from:

Ps = & EAs 3)

where:

g = measured strain in the stiffener

A; = 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, atapar-
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 K, and K, . The DIN calcula-
tion gives the frictional wall load P, in
load per m perimeter of silo. The stiffener
load P, was then calculated from:

‘Jair of readings taken at a particular posi-

HORIZONTAL PRESSURE p,, kPa STIFFENER LOAD kN
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Pu D
S

Ps = (4)

where:
S = number of stiffeners.

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 agreementis at least partly be-
cause the stiffenerson the 12.5mdia. silo
have a simple section. Those inthe 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-
erloads was observed at the start of emp-
tying.

6. Temperature Effects on
Horizontal Pressure

Previous measurements on steel silos
(e.g. [11, [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, itis 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-
servationinthe tests onthe 12.5 mdia. 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 datain the figures show that the tem-
perature in the silo wall varies by about
10°C less than does the air temperature.
This confirms 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 P, 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 P,
induced by a temperature change A8
would be given by the expression

2t

AP, = EaAB- (5)
where:

a = coefficient of linear thermal contrac
tion of the steel silo walls

v= Poisson’sratio.

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
F|g 6b) and taklng

= 11x10
E = 200 GPa
v = 1/3
AP, = 23 kPa
The difference between the calculated
and measured values of AP, (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:

APy

£=0AO- — (6)
M
where:
€ = prevented thermal strain
M = modulus of compressibility of the

grain for radial compression

AP, = resulting increase in horizontal
pressure.

€ and A6 have been measured, AP
can be calculated from Eq. (1), and hence
M can be calculated from a re-arranged

Eq. (6): [ .

2Ete

= )
D(aAB - g)

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] [MPa] [kPa]
12.5 65 90
18.19 165 125

20 [6] 350 190

The values above are 10 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, an

Fig. 7 shows the experimental relation-
ship between these two variables.

If the values of A@ 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

_ 2MEtaAd

_— ®
MD+ 2Et

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 canbe as muchas 50 kN, or 50% of
the mean calculated stiffener load of 102
kN at the lower instrumentation level.
Hence, thermal effects can also comprise
major component of the stiffener load-

' ‘ng. However, there is a difference be-
tween thermal hoop loads and thermal
stiffener loads. When the temperature
falls, the hoop load increases, but the 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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200

ward frictional drag between the silowalls
and the stored contents.

The reason why stiffener loads decrease
whenthe temperature of the siloshell 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
&, and the vertical strain ¢, the condi-
tion for zero volume change of the silo
contents would be:

gy, +2ep =0

i.e. £y = —2¢€h

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 forthe 18.19 mdia. 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 inthe 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-
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Fig. 5: Variation of vertical and horizontal strain as a function of temperature

calculated values of AP, 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 silo 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 Apy corre-
sponding to a change of temperature AG:

_ 2MEtaA®

AP n = 5 oET

where:

M = compression modulus of grain in silo

E = elastic modulus for material of silo wall

t = wall thickness

a = coefficient of linear expansion for material of silo wall
D = 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

28

F
¥

—

b Q}%

22°C

~J
—
m

AP =23kP3

MIDNIGHT
NOON

2653 kN/m{ a P, =30 kPa

=215 kN/m

w

e

MPa for a temperature change of 10°C gives a value for AP,=
13 kPa which is somewhat lower than the values of Ap, record-
ed in Fig. 5. The measured unit weight of the maize was in this
case 8.7 kN/m? 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 silos filled 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 beenr -
culated from the data shown in Fig. 5. The average calculdfed
value of M has been included in Fig. 6.
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Fig. 6: Relationship between overburden stress and compression modulus for
maize
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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

o = coefficient of thermal contraction of the silo wall
A6 = change in temperature of the wall

E = elastic modulus of the silo wall

t = wall thickness

D = silo diameter
M

= modulus of compressibility of the grain for radial
compression, and

7S5 = temperature surcharge pressure:
2MEt aAB
IS = Mo+ oEe M

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 M and 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 diameter 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

pn =K avz
at any depth z.

(il Pressures at any level vary around the perimeter of the silo. It
may be necessary to take consideration of this variation
during design.

(iiiy 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 Iengij of
It

time. The magnitude of the temperature surc
pressure may be calculated from Eq. 1 in conjunction With
the data on the compression modulus of grain shown in
Fig. 12.
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=
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