i R

——

THE USE OF AGGREGATE FROM
DEMOLITION RUBBLE IN THE

MAKING OF ORDINARY
AND ‘STRUCTURAL CONCRETES

A thesis presented to the
University of Cape Town’
Department-of Civil Engineering

In partial fulfiment of the

requirement for the degree of
Master of Science in Enginéering

- by
Clayton Frick

February 1987

A ‘1 . " - T s he , -GIWVET ;
‘Ao right. to” «theslo: in- wht ' l

“:Mn port autho

B ! Mtl" o I E




The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



e =

DECLARATION

The writer hereby declares that the work
contained herein, with the exception of
quoted sources, is his own work and has not
been submitted to any other university.

»

Clayton Frick

The writer has successfully completed course work
to the value of 20 credits towards the MSc
degree. This thesis therefore represents half
of the credit requirements for the degree.



The aim of this thesis is to introduce the concept of recycling demolished
as aggregate which is then used in fresh concrete - to be known as
"recycled concrete'. Various aspects of concrete technology are covered and

concrete

SYNOPSIS.

in this way recycled concrete is compared to conventional concrete.

The work

was performed in three phases, and it should serve as a guide to

prospective users.

PHASE_1:

PHASE 2:

PHASE 3:

The use of recycled coarse aggregate in both plain and structural concrete
is then recommended as an alternative to the dwindling supply of natural ag-
gregates. The use of recycled fine aggregate, however, is not recommended,

although

Various recycled aggregates were tested according to standard
specifications and were found to be satisfactory in most
aspects. Recycled fine aggregate is very coarse though, and
should be used with caution. The absorption and porosity of
recycled aggregates should always be determined to enable
their use in concrete. The specific gravity of such an
aggregate should also be found to enable more accurate mix
calculations. The highest compressive strengths normally
possible for recycled concretes are between 56 and 71 MPa, but
an average strength of 50 MPa should not be exceeded without
thorough investigation, even though it is easily attainable.

A wet-batching method of mix design was investigated and sat-
isfactory recycled concretes were produced. Strength charts
for such concretes are given. Methods of dry-batching are also
presented, but are more complex than the wet-batch method. The
water demand of recycled fine aggregates was found to be con-
siderably higher than for natural sands, and again the use of
fine recycled aggregate should be carefully considered.

The mechanical properties of recycled concretes were tested
and Little difference found between recycled and conventional
concretes. The compressive strengths were satisfactory and the
elastic moduli sufficiently high, even though they were 15 to
20 percent lower than those of corresponding dense concretes.
The shrinkage of recycled concrete is comparable to that of
conventional concrete, and the creep potential somewhat
greater, although not excessivly so.

its use in low-grade or mass concrete is condoned.
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INTRODUCTION

The concept of recycling demolished concrete originated toward the end of
World War II, when engineers were faced with the dual task of rebuilding
entire cities, and clearing the vast amounts of rubble and debris that had
been created. ' : :

The first known publication on the subject, written by Gluzghe (*1), a
Soviet scientist, appeared in 1946. In 1947, an MSc thesis was submitted to
Cornell University, United States, by Ploger (¥2) who investigated the pos-
sibilities of recycling crushed concrete. In Germany during 1948, Graf (%3)
also experimented in this field. Even though the subject had been research-
ed, no records of any practical uses of recycled concrete exist.

However, the 1970s saw the advent of the energy crisis, which combined with
both an increasing scarcity of dumping terrain for rubble and diminishing
resources of natural aggregates, led the Europeans and North Americans to
investigate the subject with revived interest.

In 1977, the USA produced about 45-million tonnes of building and highway
rubble (*4). One of the world's foremost authorities on the recycling of
concrete, Professor Frondistou-Yannas of the Massachusetts Institute of
Technology, notes that: '

"The successful recycling of concrete from demolition wastes as a
substitute aggregate for new concrete can make a contribution to-
solving two problems of increasing magnitude.

"Firstly, an availability problem: Concrete aggregates are locally
unavailable in many metropolitian areas, both because urban expan-
sion had lead to the closing of several aggregate ‘plants and be-
cause of enforcement of environmental laws. Consequently, it
becomes neccessary to transport concrete aggregates over increas-
ingly longer distances. This creates a serious economic problem
since concrete aggregates are bulky and heavy, and the cost of
their transportation is correspondingly high.

"Secondly, the waste disposal problem: Recent studies indicate
that the waste from demolition in the USA reaches the substantial
figure of 30-million metric tonnes per annum. Since concrete ac-
counts for about 75 percent by mass of all construction materials
used, it follows that concrete will acount for three-quarters of
all demolition wastes. It has become increasingly difficult and
expensive to dispose of construction and demolition debris within
the bounds of the increasingly critical environmental require-
ments. In short, contractors are running out of dumps.' (%53)

For several years the Americans have been recycling concrete highways
(commonly referred to as ''concrete pavement'" in the USA) by using portable
crushing machinery to provide recycled aggregates - which are used mainly as
sub-base material - and also in the fresh concrete for the new pavement
(*4). This has lead to significant savings in transport costs, but recycled
concrete has not really been used for any other concreting applications.

In November 1980, the North Atlantic Treaty Organization (Nato) Advanced
Research Institute held an international symposium in france entitled
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"Adhesion Problems in the Recycling of Concrete', co-ordinated by Pieter
Kreijger of the Eindhoven University of Technology. The symposium produced
publications covering demolition methods, fracture mechanics and concrete
technology. (x6)

In South Africa, recycling crushed concrete is relatively uncommon:
understandably so, as the population density is considerably lower than in
Europe or North America, and consequently the civil engineer does not face
the same problems in the manufacture of concrete and the disposal of rubble.
Abundant resources of natural aggregates exist and there is sufficient space
to conceal unsightly rubble dumps or landfills. Consequently, there has been
no need to investigate and employ alternative concrete materials.

In certain areas of the country, local natural aggregates are not suitable -
the main problems being reactive coarse aggregates and unsuitable natural
Ia,wéﬁsgéfs. In these instances the appropriate aggregates have to be transported
~at considerable cost from another region. Additionally, in South Africa the
" best natural aggregates available are often used indiscriminately in all
applications, even for low~key concreting jobs such as mass concrete. There
is a myoptic and uneconomical use of dwindling natural re-sources, even
though it may appear that these resources "will never run out".

The need for alternatives such as recycled concrete will certainly exist in
the future, and the construction industry would find it advantageous to
become better acquainted with the process.

The aggregate, both fine and coarse, is produced by crushing demolished
concrete and is generally coarse-textured and light-coloured (due to the
mortar of the parent concrete). The shape of the aggregate is determined by
the crushing process; for example, a more cubic shape is obtained by hand-
crushing with a hammer than by using a jaw-crusher.

Phase 1 of this work will cover the testing of these recycled aggregates,
with reference to relevant codes of practice.

The fact that recycled aggregates are by nature porous, and therefore will
absorb water from the mix, means that the aggregate porosity should be given
due attention.

South African mix design procedures are based on the Water Demand Theory,
whereby the water requirement of the sand to be used is determined as a
starting point of the design. Charts of concrete strengths versus cement-to-
water ratios for various combinations of aggregates and cement types are
available. Furthermore, there are numerous aids to the designer that suggest
stone contents, sand grading, slump adjustments, etc. The constituents of a
mix are usually batched in the dry condition, as the coarse natural stone is
impervious and the sand is the main determinant of the water content.

Design methods for recycled aggregates in which the porosity of the ag-
gregate is taken into account, and which follow established procedures will
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then be required. Phase 2 of this work will then concern itself with the
development of such mix design methods.

It stands to reason that the mechanical properties of the recycled concrete
will depend largely on the properties of the aggregate used, as the strength
of the recycled aggregate is considerably Less than the strength of natural
stone aggregate. Consequently, if a poor concrete is crushed for aggregate,
then a superior quality of recycled concrete cannot be expected. The con-
verse will also be true.

In Phase Three of this work, the mechanical properties of recycled concrete
will be investigated and compared with the results of overseas research.

Consideration should be given to the possible presence of contaminants in
the rubble to be recycled, and thus prevent the occurrence of undesirable,
harmful interactions between the contaminants present in the recycled
aggregate and the fresh concrete. The sources and types of possible con-
taminants are shown in Table 1.1 below. Young (*7) has established two
categories:

SOURCE TYPE

1. Within the concrete (i) Reinforcing steel
(ii) Admixtures from the old concrete
(iii1) Chemical contaminants such as de-
icing salts, oils, sea salts,
etc.

2. Within the structure (i) Metals Caluminium, zinc, copper
etc)

i) Gypsum (from plaster and dry

walls)
(iii) Wood v) Glass
(iv) Brick (vi) Plastics

No critical contaminants- are envisaged within the parent concrete. The. re-
inforcing steel (termed 'rebar' in the USA) that could damage crushers and
machinery may be removed by manual and magnetic seperation. The chemical
contamination and admixtures present in the crushed aggregate may affect the
fresh concrete by interfering with any admixtures that might have been added
to the new mix, or may alter the setting behaviour of the new concrete. Any
such contamination can be determined in preliminary testing.
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The de-icing salts used in North American and European paved roads and
bridges contain chlorides that will attack and corrode the reinforcing
steel. For plain unreinforced concretes no problems are forseen in this
respect. However, an excess of chlorides causes unsightly efflorescence on
the surface of the concrete.

The following deleterious substances should be avoided:

(i) Brick: Certain types of brick are highly expansive when
wetted and could cause excessive cracking in the concrete.
Otherwise use of brick in concrete is not a problem and has been
done in practice. Brick will, however, increase the absorption of
recycled aggregate, and will therefore reduce concrete workability

if no allowance is made.

(i) Wood: Wood is considered an undesirable contaminant since it
is soft, swells when moistened, and is degraded by alkalis. Wood
may contain natural sugars that will retard the setting of the
concrete. Wood may be seperated from recycled aggregates by den-

sity seperation methods.

' (iii) Gypsum: Considered to be the worst possible contaminant in
demolition rubble, gypsum will occur in debris from interior dry-
wall partitions, ceiling boards and plastered surfaces. As gypsum
is soft and crumbles easily, it will occur predominantly in the
fine material of recycled aggregates - this being another reason
why it is advisable to avoid recycled fine aggregate.

The gypsum CaS0, .2H,0 is potentially deleterious because it reacts
with the cement paste, and in so doing, sets up sulphate attack
which degrades the concrete. This results in a considerable loss
of strength and increased expansion properties in the concrete. In
1948, Graf (x3) set the maximum tolerance level of gypsum at 1% by
weight of aggregate and this figure is still used today.

The deleterious sulphate attacks the tricalcium aluminate (C;A) of
the cement, which sets up the subsequent degradation. Researchers

have stated that the resistance to sulphate attack in the case of

Portland cement elements depends primarily on two factors:

(a) The cement content of the concrete, and
(b) the composition of the cement, specifically the C,A content.

There are then factors that may be considered in the manufacture
of recycled concrete if there is concern about gypsum contamin-
ation.

(iv) Glass: Waste glass can be potentially deleterious in re-

cycled concretes as its-high-—alhkali—content can lead to adverse
~atkatimsiliea reactions.

In general, wetting the aggregates will remove appreciable amounts
of deleterious materials - which is another advantage in employing
‘wet-batched methods (as discussed in Phase 2). Additionally, by
avoiding the recycled fine aggregate, the presence of contaminants
may be further reduced.
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The economic feasiblity of using recycled aggregates in fresh concrete was
considered to be beyond the scope of this thesis, although some mention of
the cost of materials used in local concrete will be made in Phase 2.
Frondistou-Yannas conducted a study (*8) of the economic feasibility of such
concretes in the USA. Her study was based on information collected from the
ten recycling plants extant in 1980.

Many of the parameters involved in the fFrondistou-Yannas study of American

conditions apply to South African conditions. for readers with a particular
interest in this aspect, reference 8 is recommended, as is another version

of the study as presented to the 1980 Nato symposium - see reference 9.
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2:_PROCEDURE

The aim of this study is then to introduce the concept of recycling demol-
ished concrete, and then to cover various aspects of concrete technology, so
that this work may serve as as guide to prospective users. The work will be
performed in three phases.

Various tests were performed on the range of demolished rubble ag-
gregates and all these results are not only compared to speci-
fications such as BS 812 and SABS 1083, but will also serve as a
database for further work with recycled aggregates.

Using thé aggregate properties generated in the first phase,
different methods of mix design with their aggregates were
developed. The two general categories of mix design are wet-
batched and dry-batched methods.

e e e T Dt R ral PP e PR iy i~ PO e PR el e Pl P )

Concrete will be made from recycled aggregate and will be tested
for mechanical properties such as compressive, flexural and ten-
sile strengths, creep and shrinkage, and elastic modulus. A com=-
parison will then be made with the findings of other researchers
and with conventional concrete.
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PHASE 1: TESTING OF RECYCLED AGGREGATES

Making concrete from recycled aggregates would be no different from using
natural aggregates if it was not for the fact that recycled aggregates are
porous by nature. This porosity imparts certain special characteristics to
the aggregate, causing it to behave differently in the making of concrete. A
further consideration is that thatrecycled aggregates could in no way be as
strong and durable as natural aggregates. Concrete producers are also
concerned about the possible contamination that may exist in these
aggregates made from demolished concrete rubble.

It is therefore essential that the recycled aggregates should be analyzed
and tested so that a spectrum of their properties related to concreting may
be available. This range of properties will serve many purposes, the two
most important being:

(i) That the reputation of recycled aggregates may be enhanced by
comparing them to conventional aggregates and code~of-
practice requirements, and

(11) that these properties may be used to develop more accurate
: and economic mix designs producing reliable concrete.

Recycled aggregates can be compared with lightweight aggregates in many
ways. The fact that many lightweight aggregates are artificially produced
under controlled conditions means that their qualities and strengths are of
a consistent, and by now, trusted nature. Therefore, having had a humble
beginning, the technology of Lightweight aggregate concrete has grown to a
sophisticated level, and is in frequent use worldwide. (Short and Kinni-
burgh, *10; Cembureau, *11; Frick, *12).

If a factual basis of aggregate properties is created, and then further data
is generated for mix design using recycled aggregates as well as for the
various properties of such recycled concretes, then recycled aggregate con-
crete could follow a path similiar to other engineering materials.

Ten different samples of concrete that were generated by the demolition of
various structures such as bridges, blocks of flats and floor slabs, were
used in these tests. These samples were collected as large chunks of rubble
from a dumping ground on Koeberg Road, Milnerton, Cape Province. Each sam-
ple was placed inside a large, airtight plastic bucket and each bucket
Label led.

Ten of these samples were only of the order of 20 kg each and were used to
obtain a range of values in each of the aggregate tests that were perfor-~
med. An eleventh sample was collected afterwards to serve as a stockpile of
aggregate to be used in Phases 2 and 3 of this thesis - this stockpile
sample had a mass of over 1000 kg.

The large chunks (50 mm to 500 mm) of rubble had to be hand-crushed by
hammer down to a size suitable for a jaw-crusher. Geoplan Laboratories in
Beaconvale kindly made their jaw-crusher available, and each sample was pas-
sed through this machine twice and crushed down to a A Cize of 25 mm.
Care was taken not to lose any of the sample during the crushing process.

PHASE 1: TESTING OF RECYCLED AGGREGATES



The samples were then returned to the university laboratory where they were
screened and prepared for the aggregate tests that followed.

The aggregate testing was done according to the British Standard (BS)
812:1967 - "Methods for Sampling and Testing of Mineral Aggregates, Sands
and Fillers" (*13), which specifies the following procedure:

No attention to this section was necessary as the samples had been
collected, crushed and returned to the laboratory with due care.

_———— e -

A description of each sample is required and parameters to be
heeded are particle shape, surface texture, impurities, clean-
liness and colour.

The tests described here are sieve analysis, determination of the
flakiness index, the elongation index, and the angularity number.

density, voids and bulking.

Methods are described for the various types and sizes of aagre-
gates that may be tested.

aggregates.

The tests described are for:
i) aggregate impact value;
ii) aggregate crushing value;
iii) ten percent fines value;
iv) crushing strength;

v) aggregate abrasion value, and

vi) Llaboratory-determined polished stone value.

Since certain of the tests described by BS 812 were not relevant to the work
envisaged for Phases 2 and 3, they were omitted. Limitations in the amounts
of sample available also necessitated the omission of certain tests.
The following tests were performed:

1. Sieve analysis (particle size analysis).

2. Initial moisture content.

3. Particle shape indication (flakiness index, angularity number,
elongation index)

PHASE 1: TESTING OF RECYCLED AGGREGATES



4. Specific gravity, absorption, density, voids, bulking.

5. Aggregate strength indices (10% fines value and remoulded peak
strength). — o
——— — /

6. Quality indication (detection‘ﬁ?zg;ganic impurities)
Note: (i) ThiS is a new test developed by the writer for further in-
‘dication of the strength of aggregate. It is discussed in
Section 3.2.5.2.
(ii) The 10% fines value is also known as the 10% FACT value, and
is the strength test for aggregates favoured by the SABS.

The descriptions of the aggregate samples are included in two of the above-
" mentioned tests: namely the particle size analysis and the initial moisture
content determination. '

The tests that were omitted were therefore: the aggregate crushing strength,
since core samples were required; the aggregate impact value and the aggre-
gate abrasion value, as the latter two tests were considered to be imprac-
tical; the aggregate crushing value, because it was decided that the 10%
fines crushing value would be sufficient - this was to conserve the amount
of sample to be used as both the crushing value and 10% fines value test
used a substantial amount of material.

Once the rubble had been crushed the maximum size of the particles was ap-

proximately 30mm. The aggregates were then sieved according to the specifi-
cations in SABS 1083 (*14), using the following sieve sizes for the coarse

aggregates (by definition all the particles over 4,75 mm in diameter):

26,5 mm; 19,0 mm; 13,2 mm; 9,5 mm; 6,7 mm; 4.75 mm; pan.

A very small percentage of the particles was retained on the 26,5mm sieve,
and the grading of the coarse aggregate was calculated only for the par-
ticles passing through the 26,5 mm sieve.

The fine aggregate which passed through the 4,75mm sieve was then further
sieved using a series of sieves in a mechanical shaker for 20 minutes per
Load. The following SABS sieve sizes were used:

4750 pm; 2360 mum; 1180 um; 600 um; 300 um; 150 um; pan.

The grading of the fine aggregate, or 'fines', was then calculated from the
information gained by the sieving process. :

At this stage it was found that three of the samples collected had unfortun-
ately been spoiled - this was ascertained by comparing the total mass of the
samples with their initial weights which were labelled on the buckets in
which they were -kept. These samples - 2, 3 and 7 - thus had to be ignored in
the particle size analysis as the original and sieved masses differed
substantially.

PHASE 1: TESTING OF RECYCLED AGGREGATES



JAMPLE 1 5 b 8 9 10 Stockrile
SABS | % of |Total®% Total Totl | Total Total Total Total Total
Sitve total | rttoined | %, % A % % % % % % % A % Yo %o

arcttuie . | rMass | on Sieve R K R R R R R
BA.0mm | 134 [ 134 | 20n {20 [ 85 | &s [ w3 | 33 | by |ttt | 48 | 48 | 135 | 3.5 | 255 | 255
132mm | 316 | 450 | 238 | 449 | 309 | 394 | 24 | 43F | 20 | 421 | 25L | 2949 | 290 | 425 | 248 | %03
-5 nn W3 %3 | lo-9 55-8 I4-8 54-2 1222 | Sbo 123 544 | 228 | 521 3o | 555 6 b9
bfom | 41 | 654 | 41 | k49 | W3 | 655 | 95 | bS5 | Joz | 66 | 1227 | b54 | lot | 656 | 9L | Too
475mm | &5 | 719 3 | 1z | 1| 126 | b9 124 | 13 e | 8o | ¥34 | 16 | 132 | 58 | 168
23brm | 80 | 189 | T0 188 | 84 Bo-¥ | 80 Bo4 | 84 | 803 93 82-¥ | 84 | 86 | 6B | B3b
L-18mm | 60 851 51 834 6F | 8T4 | 6 8710 | 5¢ 8519 | 5S¢ 883 | 49 | 85 | 43 | &¥1
boo An | 42 Y0-1 41 880 | 45 119 4-5 -5 31 81-8 33 96 38 90-3 35 |14
3008 | 44 | 145 | 49 | %29 | 37 |56 | 43 |58 [ 49 | MF | 40 | W6 | 49 [152 | 52 | T6b
150Mhm | 3.7 [ 972 | 37 | %6 | 24 8-0 20 |91 25 1912 | 20 |76 2.6 | 918 16 | 982

Passiad {50 | 2-8 — 3-4 -— 2-0 — 2-2 — 2-8 — 2-4 — 22 — 18 —

Fineness | Moduli of the | adscesates :
of sand 312 2.13 3.24 3.29 3.4 3.36 3.1 3.18

of stoae 2.52 2.58 2.40 2.55 2.49 2.27 250 2-86
ovecall bL.19 k.99 6.3 7.0 6.48 b.83 Foo
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For each sample the fineness modulus of the '"fines' was calculated by the
method described in SABS 1083 (*14). A relative value is calculated for the
coarse aggregates following the same reasoning as that with which the
fineness modulus is determined. For the aggregate as a whole - fine and
coarse fractions - an overall modulus is calculated similarly to enable

comparison with one another.

ALL the charts showing the grading calculations of each of the samples
(including the stockpile that was used in Phase 2 and 3) as well as their
grading curves may be found in Appendix A1. Table 3.1 shows the summarized
details of the particle size analysis, and Figure 3 1 shows the grading
envelope of all the samples tested.

For the purpose of comparison, the two types of natural sand commonly
available in the Cape Town area, namely the fine Cape Flats sand and the
coarser Klipheuwel sand, were also analyzed and the results included.

Comments:

For eight samples in total that visibly varied from one another in colour,
constituent stone and strength, the range of results are fairly narrow as
can be seen from Figure 3.1. The fineness moduli of the "recycled sand" were
from 2.93 to 3.36, the relative moduli of the coarse aggregates from 2.27 to
2.85 and the overall particle size moduli from 6.83 to 7.44. The recycled
"fines'" may thus be considered to be fairly coarse compared with the
fineness modulus of 2.02 for the finer Cape flats sand and the 2.18 of the
coarser Klipheuwel sand.

The samples had been collected in August 1985 following a week of rain and
then a week of unusually warm weather. The fines of each sample were oven-
dried for at least 24 hours in pans at a temperature of 105°¢.

Details of each sample are reflected in Appendix A2 and the summarized
results are shown overleaf in Table 3.2. The initial moisture contents are
expressed as a percentage of the oven-dried mass of the sample.

Comments:

The only value of this test is that it gives some indication of what
moisture contents may be expected in rubble from samples collected from
dumps and other locations. Samples 1 to 8 were collected from the Koeberg
Road dumping terrain during the Cape winter - thus their moisture contents
vary from approximately S% to 8%. Sample 9 was from a demolished slab made
in the UCT laboratory in 1983, and had been lying outdoors for several mon-
ths before the sample was collected during the summer of 1984, hence the
slightly lower initial moisture content.

The stockpile for the mix design in Phase 2 was also collected from Koeberg

Road dump, but during mid-summer in 1985, hence its lower moisture content
of 4.2%. Sample 10 was collected from a demolished block of flats in Sea
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Point, Cape Town, during 1984 and had been air-dried on display in UCT
Laboratory for over a year before its moisture content was determined -
hence the minimal content of 1.85%.

SAMPLE NUMBER INITIAL MOISTURE CONTENT

6.98%
spoilt
spoilt
6.747%
4.96%
5.67%
spoilt
8.05%
3.94%
10 1.85%
(11) Stockpile 4.,20%

COONO NP NN -

_Table 3.2: Initial moisture contents
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Three fairly simple tests were described in BS 812 to give an indication of
one aggregate's particle shape as compared to another. There are tests for:

(i) Flakiness Index;
(i) Elongation Index, and
(ii4) Angularity Number.

The procedures to be followed and apparatus used for each is incl-
uded in Appendix A3.

3.2.3.1:__Flakiness_Index

An attempt is made to pass each of the particles individually
through the gauge plate shown in the Appendix A.3 and finally the
masses of each fraction are found and the flakiness index of each
size fraction is then calculated. An overall flakiness index is
then found. See the data in Sheets 1 to 9, also in Appendix A.3.

This is a similiar test to the flakiness index test, but this time
the apparatus consists of a wooden block with appropriately spaced
dowels providing the gauged spacings. The particles are then fit-
ted through the relevant slots on the apparatus.

The apparatus had to be made in the workshop, and as the spacings
specified correspond to the sieve sizes indicated in BS 812, and
the SABS 1083 sieve sizes differ slightly from these, the correct
widths are calculated in Table 1.3 overleaf:

PHASE 1: TESTING OF RECYCLED AGGREGATES



BS 812 SIEVE SIZES AVERAGE SIZE THICKNESS GAUGE GAUGE FACTOR
(mm) (mm) (mm) (mm)
25.40 - 19.05 22.225 13.34 0.600
19.05 - 12.70 15.875 9.53 0.600
12.70 - 9.52 11.110 6.68 0.601
9.52 - 6.35 7.935 4,78 0.602
SABS SIEVE SIZES AVERAGE SIZE CALCULATED GAUGE GAUGE FACTOR
(mm) (mm) THICKNESS (mm) (as above)
26.50 - 19.00 22.750 13.65 0.600
19.00 - 13.20 16.100 9.66 0.600
13.20 - 9.50 11.350 6.82 0.601
9.50 - 6.70 8.100 4 .88 0.602

The apparatus was then made from a wooden base into which thick
nails were driven to provide the gauge spacings. The gauge widths
were measured afterwards and found to differ slightly from the
calculated widths, and hence the correction factor reflected in
the tables are shown in Sheets 1 to 9 in Appendix A3.

This test requires data from the specific gravity, water absor-
ption and voids tests discussed in Section 3.2.4 - namely, the
specific gravity of the particle size fractions and the completed
bulk density. The same cylinders that were specially made for
Section 3.2.4 were also used.

The Angularity Number is calculated as follows:

A = 67 - 100w . « o equation 3.1
C.G
V2l 2yl
Where W the compacted dry butk-demsity of the particles;

¢ = the volume of the container used, and
G = the specific gravity of the particles.

The basis of reason in this calculation is that if particles are
perfectly round, then 33% voids will occur in the packing matrix,
hence the "67 - (*)" in the calculation. The angularity number is
thus the difference between the '"packing voids of particles'" and
"packing voids of round particles'. The data for each sample are
shown in Sheets 1 to 9 in Appendix A3.
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SAMPLE FLAKINESS ? ELONGATION ANGULARITY
I II III IV Total I II 1III IV Total I II IIT IV
1 0 7 12 11 10 11 15 6 18 12 10.7 8.4 3.8 -
;b 10 12 14 17 N 12 18 16 20 14 9.2 6.7 2.5 2.3
=S 8 5 6 9 6 0 8 6 15 9 - 7.2 3.6 2.5
6 14 12 12 13 13 16 16 12 22 16 1.3 8.7 2.9 2.5
Cc -8 17 9 20 18 15 21 17 21 18 20 .3 .9.5 1.9 2.4
t—~9 5 6 3 5 5 7 10 3 11 8 - 8.4 3.4 4.6
0 (10 8 7 6 9 16 15 8 14 14 10.3 7.9 2.9 4.5
S/Px {13 10 17 18 13 17 16 19 23 17 7.5 6.3 1.2 0.3

* Stockpile

6.5 - 19.0 mm; II = 13.2 - 19.0 mm;
9.5 - 13.2 mm; IV = 6.7 - 9.5 mm

nno

Sample 9 had the smallest original stone size, with a maximum of 13 mm, and
visibly had the roundest particles. Its flakiness index was therefore the
Lowest, as expected, namely a value of five. Its elongation index was also
the lowest - at eight, but its angularity numbers are no different from
other samples. Sample 8 had as its original stone a very angular, black
hornfels of maximimum size over 52 mm (2 inches) and crushed it had the

" highest flakiness and elongation index, of 15 and 20 respectively. Its
angularity numbers are also much the same as for the other samples.

It appears that the angularity numbers depend largely on the crushing
process - that is, one crushing process will produce a certain degree of.
angularity and another process a different degree. The jaw-crusher used was
set to produce a maximum aggregate size of 24.5 mm (one inch). Thus size
fractions I and II (19.0 mm ~ 26.5 mm and 13.2 mm -~ 19.0 mm) will be most
relevant to indicate an angularity degree. For size fraction II, the range
of angularity is very narrow (6.3 to 9.5), and for size fraction I, the
range is 5.3 to 10.7.

Another crushing process would probably produce a different degree of
angularity. For example, it is known that hand crushing of aggregates pro-
duces more rounded and more cubic particles than does machine crushing. The
angularity numbers in the corresponding size fractions will therefore tend
to be different.

The flakiness and elongation indices seem to be more dependent on the actual
aggregate properties, and hence the results were more in Lline with those
expected from a visual examination.

The highest single value of either index was 23 (the elongation index of the
mix-design stockpile for size fraction IV). This means that 23% of the ag-
gregate particles are considered to be "elongated'. The criterion for a
particle being '"flaky" or "elongated'" is that the maximum dimension of the
particles be less than a certain fraction/percentage of its maximum or
average dimensions, as shown in Figure 3.2.

PHASE 1: TESTING OF RECYCLED AGGREGATES
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Two types of natural aggregates were available in the university laboratory;
a 13 mm hornfels and a 19 mm granite. The hornfels is visibly quite flaky
with flat and poorly~shaped particles, whilst the granite is easily seen to
be more cubic in shape. The flakiness index of the hornfels was found to be
19 and its elongation index to be 20, whereas the flakiness index of the
granite was four, and its elongation index to be five.

p=ti-op e AU, R~ e O e A ) ——— e e e dt m e S —— ————

This test is probably the most important and informative done on the rubble
aggregates. The test is fairly simple, lasts 24 hours and gives some useful
information concerning the rubble aggregate. The major difference between
rubble aggregates and natural aggregates is the porosity of the former - and
in designing concrete mixes using the recycled aggregate, this is the factor
that requires attention - otherwise their mix designs would have been no
different.

Just this single test on a sample produces the following information:

(i) The specific gravity and densities (dry bulk, compacted and
absolute)

(ii) the porosity of the aggregate;

(iii) the absorption of the aggregate;

(iv) the voids present in the aggregate packing, and

(v) the bulking of the aggregate as it is wetted.

(Bulking occurs when an aggregate is wetted and it undergoes a volume
change, usuallty an expansion.)

Two steel cylinders with handles and heavy bases were made in the workshop
to comply with the reguired type of container specified in BS 812.

They were then calibrated as follows:

The "dry mass'" of the cylinder is determined, then it is filled to
the brim with water and the gross mass measured. The volume of the
cylinder is therefore equal to the mass of water that fills the
cylinder as the density of water is 1 gram per millilitre (1 cubic
centimetre equals 1 millilitre).

PHASE 1: TESTING OfF RECYCLED AGGREGATES
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TRIAL MASS OF DRY CYLINDER MASS OF FILLED CYLINDER VOLUME
(mL)

1 2677 4176 1499

2 2678 4174 1496

3 2677 4172 1495
Average: 1497

TRIAL MASS OF DRY CYLINDER MASS OF FILLED CYLINDER VOLUME
(mL)

1 2637 4124 1487

2 2637 4125 1488

3 2638 4125 1487

’ Average: 1487

It was also found that it takes 3 to 4 ml of water to wet the walls and base
of each cylinder, but this feature is ignored in the calculations as it is
within the range of experimental error.

Procedure:

i) Using oven-dried aggregate, fill the cylinder up to its brim
whilst vibrating it on a vibrating table. Pieces of aggregate are
then hand-fitted into any remaining gaps until the cylinder is
fully packed. This level is determined to be flush with the cy-
linder walls by rolling the tamping rod over the cylinder walls.
The rod must roll freely, ihdicating that the cylinder is not
overfilled.

Two values are read in this step - the mass of the empty cylinder
(A) and the mass of the filled cylinder (B). The mass of the dry
aggregate filling the cylinder is thus found, and using the known
volume of the cylinder, the compacted dry bulk density is calcul-
able. '
. . Vo/ds

(ii) Fill the -elinder with water and leave for at least 24 hours, so
that the absorption is complete. The cylinder may be tapped with
a tamping rod or vibrated lightly to allow trapped air bubbles to
escape. Before the mass reading is taken, it should be ensured
that the water level is to the brim of the cylinder.

PHASE 1: TESTING OF RECYCLED AGGREGATES .



The mass of the filled cylinder (C) is taken, and compared with
the previous reading will give the total amount of water required
to fill voids within the cylinder. The total volume of voids in
the packing of aggregate and in the aggregate porosity is then
found.

(ii1) Place some mesh over the cylinder and pour the free water out of
the cylinder by turning it upside down. Allow it to remain up-
turned for three minutes, turn upright, and reweigh the cylinder
to find the mass of the cylinder and saturated aggregate (D).

Empty the saturated aggregate from the cylinder and allow it to
surface dry for another three minutes, but ensure that no solid
aggregate particles are lost in the process. Refill the cylinder
with the surface-dried aggregate and if any bulking occurs, it
should be noted and measured. The mass is again taken to give the
mass of cylinder and saturated stone (E).

It is assumed that reading D still contains some free water that
will add to the absorption of the aggregate, whereas reading E
may reflect the loss of some water from the aggregate pieces and
thereby reduce the absorption figure. The mass of the cylinder
and saturated aggregate is thus taken as U, which is the average
of the two abovementioned readings.

Appendix A4 shows data sheets of each of the aggregate samples
tested. Three size fractions of each sample ~ namely the 19.0 to
26.5 mm, 13.2 to 19.0 mm, and the 4.75 to 13.2 mm fractions, were
tested. The calculation of each relevant parameter concerning the
aggregate is shown in these sheets as well.

Results:
The calculation of the following parameters is performed in Appendix Aé4:
(i) compacted bulk density;
(i) compacted saturated bulk density;
(ii1) aggregate absorption coefficient;
(iv) total voids percentage;
(v) porosity percentage of aggregate by volume;
(vi) packing voids percentage;
(vii) absolute density including pores;
(viii) absolute density as solid material;
(ix) apparent specific gravity as porous material, and
(x) specific gravity as solid material.

The results are shown in Table 3.6 along with additional information from
the other aggregate tests done.

The data for each size fraction may be combined to give an overall figure
for that specific sample - this was done for the overall absorption percen-
tage, overall porosity and overall absolute density as porous material.
If there are n size fractions and the masses of absorbed water are a,; a

-
... an (millilitres); the dry mass of samples are m, ; m, ... mn (mil-
Lilitres), then the calculations for the the overall figures are as follows:

andd R, Ry o RY ave fho Wfiumec of bhe comproc
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B(OPERIY of Ar.suans SAMPLE 1 SAM?LE 4' SAHPLE 5 SAr\PLE ‘) SAHPLE 8 SAMI’LE c1 6Anr|.£ 10 nix DES(GN Srocxriu:

. %0 (153 LR H 1%0 " 4.3 o 132 4.3 "o 15.2 1495 | 110 13.2 |4.75 110 13.2 |4.38 1le 1.2 4.8 § 110 1312 | B [3%) 4.75
5““ F"AU“’“S (mn) z:-.s 1‘1.-0 :-: 1:.3 l':.o ::?: z:..s 1:..0 :;71 z:..s 1:..0 1:: zrs :.o 1‘:.'; 1‘:5 1:.0 :.L :s t:: ‘t:‘ :s l.:n l‘;.! . ?1
Comracied dey bulk demsits - in® | 1200 | 2824 | 1202 | 399 | 1386 [ 1202 | 124 [ 1399 | 2360 | 143 | ssam {azme | nase | 1208 | 1300 | ma. | 20w [asez | 1005 | asee | 1nco [ 1360 [ 1342 [ 1342 [ 1301 [am2
Conrackd Satwokd buk density @ K0/n® | 1380 | 4413 | 1403 | 1atu | 1430 [ 1425 [ 3 | L408 | 249s | 1405 [ 0043 [ 1426 | tens | 0359 [ 0485 | NA | 0046 [ 1408 | 1420 [ 1455 | 1420 | 145t {1933 | 1t | 1004 [ 1470
Absolute rorous deasity : “Sm? § 2295 | 2205 | 1104 | 2493 | 2245 | 18v0 | 2209 | 2293 | 2021 | 2459 | 2209 [ 108 | 2405 | 2320 | 100 | WA | 2003 | 204 | 230 | 2342 | 2000 | 2331 | 2213 | 209 | 1ass |10
Absolute foms wtisl dusity “ln‘ 22,50 | 22.20 | 1947 | Mo0b | 22.22 (1654 | 22.26 ] 22.50 | 19.83 | 2492 [ 209 jAB.8L | 24.49 2285 1129 N.A | 2120 20.T4{ 2351 | 2298 ] 1veb | 2287 21 71 [ 20.05| 4045 | 4745
Absaretion coellicieat = *fo 621 |67t 1027|348 {08 [ |58 | san [ sy {4 | o3 fuoe | ser |5 [noe| wa | w93 10 {400 500 {020 | 520|677 | toe {1028 {1555
Porosits of assresote @ “f 1425 11520 |20.37 | B-44 {1593 | 2100 | 1266 | 23.051 1030 | 10.48 | 14.30 | 20,06 | 4.4F | 1340 | 2202 NA J2T0S | 140 § TeL [ 41 T0 | 1045 {1233 | L1498 | 18.50 ] 1198 [ 274k
Tota} wids D% 15145 | 50.43]48.56 | 4T85 (4841 [4b40 {5200 | 4043 | AST3|ATSe | AL [ 4T | 4T20 05200 [T | AL | S2H | b 20 | 4850 | 4TS | AT00 | 4T8 ] 4843 [ 4041 | 4007 (4830
Puh‘ns void5 L %h 4330 4155 | 3540|4302 | 40.15(32.45 | 4500 ] 3854 | 32.00 | 41.62 | 40.08 [32.95 | 40.T6 | 4440 ] 30.27] WA 14235 | 35571 43.02] 40.82| 35.20 | 40.55 | 34.35 | 34.54 | 33.34 1 28.52
Srecific Growity : tows 2% [227 [ 1MW (245|223 (2.8 227 | 2.27 1202 (246 [ 224 | 192 {247 |2.33 [ 1% {wa | 250 [2.11 [240 [ 2.34 200 [ 233 {220 {204 )195 (1178
Jrecific Goovity - solid. 248 [ 267|240 | 268 [ 248 | 230 | 200 [ 202 {250 | 294 {2t J2a 202 200 [ 250 | wn f2n [ 253 [ 2us fous |2 J2as |20 J250 | 240 246
Ovall absoretion : % TH L1 117 Foi 686 7.8 6.02 1.29
Overall  roresity B 1633 1483 15.56 15.48 15.34 16-80 141 11.0¢
Ovuall dbsolute deasity : "™ ln? a3 N4 2.9 2151 A0 20.9 2t % 2.12
Owerall selative fincaess modulus. (] 611 b3 1.0t b.18 .83 700 14

BBLE 36 Bopcrtics of the Recvcled Amresates found in the Section 3.2 4 tests.
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... equation 3.2
... equation 3.3

... equation 3.4

These calculations are shown in Appendix A4 and included in Table 3.6

that follows.

- - m

The figures for bulking of aggregates are included in the test sheets of the
appendix. Bulking occurs when an aggregate i1s wetted and it undergoes a
volume change, usually an expansion. This phenomenon is only really pre~
valent in the fines fractions of a course aggregate (for example the frac-
tion of 4.75 mm to 6.70 mm in diameter) and especially in sands.

To simplify the process of calculating the bulking percentage of the aggre-
gate, the following process was used to determine this value:

he

Let the height of aggregate protruding above the the top of the cylinder be
hb and the height of the cylinder be hc. The bulking percentage is therefore
directly proportional to hc over hb, and using some known values, as shape

coefficient can be determined so that:

bulking = 100 x hb x Cb %
he

.... €quation 3.5

A known case comes from sample 8 in the 4.75 to 13.2 mm fraction where the
hb was assumed to be 25 mm, and the bulking percentage found by weighing the
material to be 7.4%. Therefore, with the cylinder height being 172.5 mm for
both cylinders, the coefficient to correct for the shape of the protruding

aggregate is:
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Cb = bulking x hc
100 x hb
Cb = (172.5 x 7.4)/(100 x 25) = 0.51

Or, to simplify that even further;

bulking = |100.hb | x 0,51% = 0.30hb%
175.25
where hb is measured in mm.

The bulking data for all the aggregates and size fractions tested
are shown in Table 3.7 overleaf.

SIZE SAMPLE |SAMPLE {SAMPLE | SAMPLE | SAMPLE {SAMPLE | SAMPLE {STOCKPILE
FRACTION . 1 4 5 6 8 9 10
(mm)
19.0 - 26.5 0 0 0 0 0 0 0 0
13.2 - 19.0 0 1.0 0.9 0 0 1.0 2.4 0
4,75 - 13.2 | 1.5 7.5 10.0 5.5 7.4 3.6 5.2 5.2

e go= PR PR AP E.2~ 0 - TP~ P oo S TRPE R SEERE S S S S e e e R P R

It appears that up to 10% bulking can occur in the finer fraction 4.75 mm -
13.2 mm of recycled aggregates, and the most common amount seems to be '
around 5%. The larger particle fractions do not appear to be affected by
bulking as would be expected. Concrete producers need not concern themselves
with this aspect of recycled aggregate, but for roads and pavements an en-
gineer might take these values into account.

These tests are by nature destructive and the aggregate used is then lost to
future testing. Due to a shortage of certain size fractions, only one of the
two applicable tests as described in BS 812 could be performed - namely the
10 percent fines value test - and the aggregate crushing value was thus
omitted. The test for 10 percent fines value is described fully in Appendix
A5, although a summary thereof is presented below in Section 3.2.5.1.

The other strength-indicating test was devised by the author and will be
known as the test for the ''remoulded peak strength" of the aggregate. It was
felt that although the 10 % fines value gave an indication of the strength
of the aggregate, it was (i) too variable, and (ii) did not give an accurate
account of how the aggregate would behave under compression when constricted
by the mortar of the concrete. The idea of the test is thus to constrict the
aggregate particles in a paste of a known high strength and thereby induce
aggregate failure in a standard concrete compressive cube test. There is
therefore very Llittle matrix failure and the compressive strength attained
from these cubes would reflect directly on the strength in compression of
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the aggregate used as it would be in a real concrete structure. The test is
described in detail in Section 3.2.5.1 below.

3.2.5.1: Ten Percent Fines Value

Aggregate samples of the size fraction 13.2 to 9.5 mm are required
for this test. They are compacted into a heavy cylinder with a
tamping rod, and the final pieces are hand-packed so that the rod
may roll freely over the top of the cylinder. A heavy piston is
then placed over the sample and the apparatus is then positioned
in a compression testing machine such as the Amsler machine avail-
able in the UCT Llaboratory. The piston is then forced down onto
the aggregate and has to be lowered some distance to produce bet-
ween 7.5 and 12.5% of '"fines" (to be defined hereafter). The
recommended distance for the piston to be lowered onto a honey-
combed aggregate is 24 mm, but it was found during tests that 28
to 30 mm produced the best results. This distance can be gauged by
using the plotter on the testing machine. ’

For this test the "fines" have been defined as all material pas-
sing through the 2.36 mm aperture sieve - and not the 4.75 mm
sieve as would be the general boundary between coarse and fine
aggregates as defined in both the British and South African codes.

When the desired displacement has been reached, the maximum load
exerted to attain that distance is noted and assigned the value X.
The sample is then removed from the test cylinder and sieved to
find all particles passing through the 2.36 mm sieve. The per-
centage of fines produced is assigned the value Y and is cal-
culated by taking the mass of fines over the total mass of the
sample. The ten percent fines value is then calculated as:

10% fines value = 14X kiloNewtons .... equation 3.6
Y + 4

This value should only be calculated if the percentage of fines
produced was within the specified Limits of 7.5 and 12.5%.

The code requires that the samples tested should be of 9.5 to 13.2
mm in diameter, but it does not allow for testing of non-standard
sizes following the exact same method as described. Due to Limit-
ations in the amount of samples available, and the fact that in
the mix design phase it is intended to use 13.2 to 19.0 mm aggreg-
ates, the size fraction used for the 10% fines test was thus 13.2
to 19.0 mm in diameter. ‘

Results:

The data sheets of all the various samples tested,are shown in
Appendix AS5. The test was found to be highLykﬁfsffg; as can be
seen from the test on the 13.2 to 19.0 mm fraction of the stock-
pile, where the values produced were 139kN and 192 kN. Therefore,
the single values attained for each of the other samples in this

PHASE 1: TESTING OF RECYCLED AGGREGATES



size fraction cannot be deemed to be sufficiently accurate. In the two tests

on the 9.5 to 13.2 mm fraction of the stockpile, the values were far more
consistent in that the two results were{11kN and 106 kN. So perhaps the

reason why the code prefers to use this particular fraction is

generally produces more consistent values.

Table 3.8 below shows a summary of all the 10% fines tests done:

that is

SIZE SAMPLE |SAMPLE |SAMPLE {SAMPLE | SAMPLE [SAMPLE | SAMPLE |STOCKPILE
FRACTION 1 4 5 6 8 9 10

(mm)
19.0 - 26.5 - - 304 - - - - -
13.2 - 19.0 186 182 198 142 - 238 170 189 165
9.5 - 13.2 - - - - - - - 108

The fact that the larger the diameters of the aggregate particles, the
higher the 10% fines value, indicates that the larger size fractions contain
a higher degree of the original structural stone. This fact becomes very
apparent in the previous Section 3.2.4 and will be discussed in greater
detail in Section 3.3.

- o ot e e e e o sk . o —— o — == ] —
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As mentioned previously, this test attempts to measure the comp-
ressive strength behaviour of recycled aggregates within hardened
concrete. The concept is that recycled aggregate particles are
mixed with a high strength water-cement paste and cubes thgn cast
and tested at any desired age. The fracture of the cubes will then
occur in the aggregate rather than in the paste matrix. This fact
was borne out by investigation of the failure surfaces of the
crushed cubes.

In a competition to make the strongest concrete possible, under-
graduate students in 1985 attained strengths of between 100 MPa
and 110 MPa using cement-water pastes with cement/water ratios of
over 4.0. The winning team produced two cubes of 111 MPa using a
cement/water ratio of 4:16 (a water/cement ratio of 0.24). No sand
was used in these cubes.

Some of the teams had used the same cement/water ratio but had
inctuded a 13.2 mm nominal size hornfels as stone aggregate, and
only achieved up to 85 MPa. Certain aggregates are known to be the
timiting factor in concrete strength, hence this test for recycled
aggregates. . '

Initially an attempt was made to calculate the exact amount of
constituents (water, cement and recycled stone) required for a mix
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with a cement/water ratio of 4:16. This calculation was based on
the porosity voids in the compacted aggregates from Section 3.2.4.
However, in attempting to apply the derived formula, there was an
extreme deficiency in paste, and the values calculated for the
cement powder and water had to be almost doubled to produce a
satisfactory mix.

By trial and error a mix design was found that worked very well
and produced workable concrete. A standard specification was then
defined for this new test:
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1. Use oven-dried aggregate in the 13.2 to 19.0 mm fraction;
2. Use a stone content of 1100 kg/dg;

3. Use a cement content (preferably rapid-hardening cement) of
- 1000 kg/m3;

4, Use a water/cement ratio of 0.24 - i.e. use 240 Litres of water
per cubic metre.

5. Prepare the mix, and if the workability is poor, then up to 6%
- of the stone content in additional water may be added to
improve the workability. That is, up to 66 Litres/m3 may be
added; .

6. Prepare at least four 100 mm cubes using heavy vibro-compaction
for at Lleast one minute;

7. Crush the cubes in a compression testing machine at the desired
age, that is, seven days for rapid-hardening cement or 28 days
for ordinary Portland cement. The mean value in MPa is thus the
remoulded peak strength of the aggregate.

1. If aggregate from a size fraction other than the one specified
is used, the test is still acceptable, although any aggregates
over 19 mm in diameter would by code requirements have to be
cast in 150 mm cube moulds. '

'2. Rapid-hardening cement is recommended as it gives the required
results within seven days.

3.  The selected water/cement ratio of 0.24 is arbitrary and is
based on the discussion that preceded the standard speci-
fication for the test.

4. The 6% of additional water (6% of stone mass) is to allow for
the absorption of the porous recycled aggregates. The value of
6% was derived from the aggregate tests in Section 3.2.4, where
the overall absorption coefficients for the rubble samples
tested were all at least 6%. If the actusl absorption figure is
known for the sample to be tested, then it may be used instead
of the 6% for more accurate results. -
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5. The density of each cube to be crushed should preferably be
determined, as the compressive strength in concrete is highly
dependent on the concrete density. This merely serves as an
additional parameter that the user may wish to consider in the
analysis of his/her data.

6. Table 3.9 below serves as a guide to the user as to how much
material needs to be batched to produce four, five and six 100
mm cubes using 13.2 to 19.0 mm aggregate for this test.

MATERIAL AS SPECIFIED FOUR CUBES FIVE CUBES SIX CUBES
(kg/m3) (g) (g) (g)
Stone 1100 5500 6000 6600
Cement 1000 5000 5455 6000
Water 240 1200 1309 1440
Additional 66 330 360 396
water
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When the constituents were first mixed with the nett amount of water requir-
ed to give the water/cement ratio of 0.24, the mixes were still very dry and
would not mix properly. However, when the additional water was added, the
workablility and mixability improved significantly, and although the slumps
were all below 30 mm and the mixes were rather sticky, they behaved reason-
ably well when vibrated in the cube moulds. The cubes from each mould were
all cast without much difficulty.

The cubes were cured by being left to set for 24 hours before being stripped
and then submerged in water at 24°C ‘for another six days before testing.

ALl the cubes failed in a very brittle manner, with spalling of the surface
concrete occurring at as low as 60% of the ultimate strength. The fractures
of the cubes were very sudden, and this indicates that the failure had
occurred in the aggregate of the concrete. Upon visual examination of the
fracture surfaces, the dark, cement-rich paste matrix could easily be dis-
tinguished from the Light porous mortar and dark natural stone of the ori=-
ginal aggregate. And it was again evident that the failures had occurred
mainly through the mortar (and sometimes brick) particles of the recycled
aggregate, and not through the natural stone present.

The test on Llaboratory hornfels aggregate produced vigorous spalling of the
surface concrete from around 90% of the failure strength. The fracture sur-
faces followed mainly through the weaker, lighter-coloured hornfels par-
ticles, which shows up the strength limitations of this particular Cape
aggregate.

A summary of the data obtained is shown in Table 3.10 overleaf. AlLL values

are for aggregates in the 13.2 to 19.0 mm size fractions. For the purpose of’
comparison the ten percent fines values are also shown:
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SAMPLE REMOULDED PEAK STRENGTH CONCRETE DENSITY | 10% FINES VALUE

(MPa) (kg/HD) (kN)

1 64.9 2332 186

4 58.6 2277 182

5 58.0 - 2325 198

6 55.8 2286 142

8 62.7 2310 238

9 71.4 2333 170

10 62.0 2330 - 189
Stockpile 58.3 2291 165
Hornfels 78.2 2460 _ 310
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The results of this test will be discussed fully in Section 3.3, but for now
~ it may be noted how narrow the range of densities were in the recycled ag-
gregate cubes, namely 2277 - 2333 kg/mg; and also that there is not such a
good correlation between the two aggregate strengths indicators, namely the
remoulded fcu and the 10% fines value.

Most researchers in the field of aggregate recycling have stressed that-that-
any contaminants that may be present are usually concentrated in the fine
particles of a crushed aggregate. The most common contaminants - otherwise
known as deleterious materials - are gypsum, glass, wood, certain types of
brick, and chemical contaminants such as salts, sugars and previously=-used
admixtures.

‘The Portland Cement Institute in Goodwood kindly tested a number of rubble f%w&f
samples for contamination, and found: A

i) No trace of chlorides was found in any of the samples;

(ii) The traces of organic_material found in certain samples were

extremely low and were considered negligible;
(iii1) Except for samples 9 and 10, no other samples had any traces

It is recalled that Sample 9 had been taken from a demolished slab made in
the UCT laboratory in 1983 and sample 10 had been collected from a demo-
Lition site in Sea Point at the end of 1984. These two samples were then
kept in the laboratory until tested at the end of 1986. The other samples
were all collected from a- rubble dump in Milnerton where they had been
exposed to the elements for an unknown period.

It must therefore be assumed that samples 9 and 10 had either been contam-
inated by suphate substances whilst in the laboratory, or by the mix water
in the case of sample 9, and the sulphate-bearing groundwater in the case of
sample 10.
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The harmful effects of the contaminants such as the sulphates and chlorides
were discussed in the introduction under Section 1.5, and further mention of
the matter will be made in the discussion to follow in Section 3.3.8.

3.3: DISCUSSION OF RESULTS

Table 3.11 shows the standard specifications for sand grading of SABS 1083
(x14), BS 882 (*x15) and ASTM C33 (x16). It will be noticed that the grading

envelope for sand with ASTM is very strict, while SABS is the most relaxed.

BS actually permits four sets of envelopes which have been converted into

one of the table below. In so doing, BS attempts to make the best use of the

materials available. SABS has a relaxed outlook on sand grading because it
considers the water demand of particular importance.

SIEVE APERTURE SABS 1083 BS 882 ASTM (33
(mm) % % %
4750 90 - 100 89 - 100 95 - 100
2360 - 60 - 100 80 - 100
1180 - 30 - 100 50 - 85

600 - 15 - 100 25 - 60
300 - 5~ 70 10 - 30
150 0 - 15 0 - 15 2 - 10

The Limits are placed on the sand grading because it affects the workablil-
ity, water demand, bleeding, segregation and shrinkage of the concrete. How-
ever, by proper papeF mix-design procedures, the negative effects of a poor
grading can be overcome and so the ASTM (€33 standard specification may be
considered by certain parties to be overly rigorous. The gradings of the
recycled ''sands" or fines tested are shown in Table 3.12, and it can be seen
that all of them comply with SABS and BS, but often fall short of ASTM.

SIEVE S1 S4 S5 Sé6 S8 S9 s10 STOCKPILE
(micron) (Percentage passing through aperture)
4750 100 100 100 100 100 100 100 100
2360 72 74 71 71 70 65 69 71
1180 51 56 46 47 50 44 51 52
600 36 42 30 31 36 31 37 37
300 20 24 17 15 19 16 18 14
150 10 12 8 8 10 8 9 7
Fineness 3.12 | 2.93 | 3.29 | 3.29 | 3.16 | 3.36 | 3.17 3.18
modulus

TABLE_3.12: The _gradings_of recycled_sands_and_their_fineness_moduli
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ASTM requires that 80% to 100% of the sand should pass the 2360 micron sieve
and it is seen that all eight recycled sands fall below this figure with a
range of 65 - 75%. This implies that the recycled ''sands' or fines are
generally too coarse to comply with the ASTM specifications. This can
further be seen from the fineness modulus.

The Limits placed on the fineness modulus specified by the three codes are:

SABS 1083: 1.6 < FM < 3.5
BS 882: no Limit specified
ASTM C33: 2.3 < FM < 3.1

Again the ASTM Limit is very narrow and many natural .sands commonly used by
South African concrete makers would not comply with it. The fineness modulus
of a sand can be adjusted by the blending of sands. The fineness moduli of
the recycled 'sands'" were found to Llie between 2.93 and 3.36 and they
therefore comply with both SABS and BS - but again do not lie within the
ASTM parameters.

In Section 4.2.1 the water demand of the recycled sand stockpile was found
to be 258 Llitres per m3 for 75 mm slump with 19 mm stone size. This figure
is substantially higher than the 171 Llitres/m3 found for the Klipheuwel sand
that was used as a control comparison. Fulton (*17) has suggested that sands
with a water demand of more than 220 Litres/m3 for 35 mm slump and 19 mm
stone should not be used as it produces bad economy in the concrete. The
figure of 220 Llitres would be equivalent to approximately 230 Litres for the
Portland Cement Institute's standard water demand slump of 75 mm.

The use of recycled "sand" in concrete may also lead to problems with
deleterijous contaminants that concentrate themselves in these fines frac-
tions of a crushed rubble. The problems with such contaminants were discus-
sed in Section 1.5. However, in Section 3.2.6 it was found that only two
recycled fines samples contained such contamination.

For the reasons of coarse grading, high water demand and possible contamin-
ation, the use of recycled "sands" in demanding concrete operations should
be avoided. However, for lower grades of mass concrete the use of these
sands would certainly be acceptable, though caution should be exercised.

The grading of the coarse recycled aggregate is of no consequence as the
concrete producer may specify a required grading and the modern trend is
toward a '"single-size'" or 'gap-graded'" stone. Parameters such as porosity,
shape and surface texture are far more important with coarse aggregates and
these are discussed in the following sections.

The initial moisture contents of recycled aggregate cannot give any infor-
mation about the nature of these materials and so no elaborate discussion
would be necessary. The initial moisture contents depend on where and when
the rubble concrete was collected and for how Long, and under which condit-
ions, it was stored. This moisture content is only really used in the dry
batching of concrete constituents where adjustments are made to the water
content of the mix to account for the absorbed water present in the moist
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sand or porous stone. This could be done to determine the effective
cement/water ratio with greater precision.

The shape of particles in a crushed aggregate would depend largely on the
crushing process that was used. The recycled aggregates tested in this
thesis were all crushed in a jaw-crusher and the consistency of shape can be
seen from the flakiness and elongation indices shown in Table 3.4.

The flakiness and/or elongation of a recycled aggregate will, apart from the
crushing process, depend on:

(i) The shape of the natural aggregate used in the pérent concrete,

and
(ii) the strength of the matrix or mortar of the parent concrete.

It stands to reason that if the stone in the parent concrete was badly
shaped, it would impart its poor shape to the crushed concrete as well,
especially of the mortar matrix is weak. If the mortar matrix is very

strong, as for sample 9, then the crushed particle shape will be more cubic,
as can be seen from Table 3.4.

The particle shape of recycled aggregates can therefore be said to be
satisfactory compared to natural aggregates - It is certainly better than
the poorly-shaped hornfels that is often used in the Cape Town area -,
although it has a much rougher surface texture.

It is important that the absorption capablilty of a recycled aggregate be
known and it may be determined fairly simply by following the procedures
stipulated in Section 3.2.4.

The value of the absorption of an aggregate is called the "absorption
coefficient" and it is expressed as a percentage by mass of the dry aggreg-
ate. It is directly related to the porosity of the aggregate, which is ex-
pressed as a percentage by volume of the aggregate. The realtionship is as
follows:

Absorption coefficient = mass of absorbed water " ... equation 3.7
' mass of dry aggregate

volume of absorbed water ... equation 3.8
absolute volume of porous stone

Porosity coefficient

-

Porous density kg/m3

mass of dry aggregate ... equation 3.9
absolute volume of porous stone

Porosity coefficient = absorption coefficient x porous specific gravity
The overall absorption coefficients and porosities were calculated for each

sample in Appendix A.4 according to equations 3.2 and 3.3, and are shown
below in Table 3.13.
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The overall values are fairly constant for samples 1T to 10 - 6.0 to 7.9% for
absorption and 13.5 to 16.8% for porosity. The values are slightly higher
for the stockpile because the five size fractions were individually tested
as opposed to only three fractions in the others. The overall values may
certainly be used to compare one recycled aggregate to another in terms of
porosity and therefore the absorption potential it will have in the concrete
mix.

SAMPLE OVERALL ABSORPTION OVERALL POROSITY ABSORPTION OF 1%mnﬁa[$2¢nnn
(%) 9] FRACTION (%)
1 7.7 16.8 6.7
4 6.8 14.8 - 6.2
5 7.2 15.6 5.8
6 7.1 15.5 6.4
8 6.9 15.3 5.8
9 7.9 16.8 7.9
10 6.0 13.5 5.0
S/P 9.3 19.0 6.8

It is far more valuable to have these coefficients avaliable for the indiv-
idual size fractions of these aggregates because if a recycled stone size of
13.2 - 19.0 mm is to be used, then the exact absorption coefficient may be
used in the mix design. The values of absorption for the 13.2 to 19.0 mm
fractions are also reflected in Table 3.13.

The results in Table 3.6 indicate that the porosity and absorption coeffic-
ient increases as the size fraction of the recycled aggregate beccmes
smaller. This indicates that the impervious natural stone of the parent
concrete concentrates itself in the large-size fractions. Thus, 13.2 to 19.0
mm particles contain a greater percentage of stone than do 6 to 9 mm part-
icles. The content of the old mortar therefore increases as the particle
size reduces, meaning that a recycled '"sand" is constituted mainly of this
old mortar. This also explains the high water demand of recycled '"sands'".

The absorption coefficient will play a vital role in the mix design proce-
dures with recycled aggregates that are developed in Phase 2.
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The overall weight-densities of_the recycled aggregates fell into a narrow
range of 20.12 - 21.96 kN per m?, as can be seen from Table 3.6. The overall
porous specific gravities of those aggregates were thus 2.05 to 2.24. Again
it is more important to rather concentrate on the densities and specific N
gravities of the individual size fractions.

From Table 3.6 it may also be noticed that the specific gravity of an ag-
gregate increases (in both the solid and the porous state) with increasing
particle size. This again indicates how the natural stone of the parent
concrete concentrates itself in the larger particles.
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Paramerer SAHI‘LE* 1[4 1516819 |10]%
Comvatted drv buk density: kala’] 1290 | 1993 | 1240 | 143 | s% | na. | f365 | 1386
Contacted sabwrated bulk deasity: kald'| 1380 | t440 | 1380 | 1405 | 1490 | na. | 120 | 1458
Absolute torous deastty : ksim® | 2295 | 2453 | 2200 | 2459 | 2465 | wa. | 2300 | a3t
Srecitic Gravity as rocous maturial | 230 | 245 | 223 | 24 | 247 | na | 240 | 233
Srecitic Gowits as soMd momeial. | 268 | 260 | 200 | 274 | 272 | wa. | 205 | 26
Aoslute wcisht deasits : kN Iw? | 2250 | 2400 | 2226 [ 2002 | 2400 | wa. | 231 22-8%

T/—\BLE 3 14 (a) Density-vtelated Prorerties of Recycled
Assresates i the 13—26 mm fraction.

Paramerea | Samecc® [ L |4 | 5| 6|8 |9 | 10|
Coreached drv bulk density : ksim®| 1324 | 1256 | 1393 | 1328 | 1285 | a2 | 1386 | is42
Contected sabwrated bulk deasity: kade| 1413 | 1439 | 14kp | 1413 | 1359 | 1340 | 145§ | 1433
Absolute toroas deastty : ksim® | 2205 | 2205 | 2273 | 2280 | 208 | 2103 | 2342 | 223
Stecific Gravity as tooes matuial | 2.27 | 223 | 227 | 224 | 233 | 20 | 234 | 22
Sm.\ilc Gouits & sold mamcial. | 2.47 2.L3 262 | 264 | 260 | 248 245 | 2.0
Absolute weisht density : kN /w? 2222 | 2222 | 2230 | 200 | 2283 | 2122 | 2248 | 2072
Taee 314 (o) - Density- related  rrorertics of Recrcled

Aaﬁruatcﬁ in the 13—19 mm fraction.
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It may also be observed how the saturated bulk density of the compacted
aggregate becomes far more constant through the size fractions as compared
to the dry bulk density, which follows the trend of reducing as the particle
size reduces.

The density and specific gravity values for the two most commonly used
aggregate sizes, namely 13 to 19 mm and 9 to 13 mm, are tabulated in Tables
3.14 (a) and (b).

These values, especially for the porous specific gravity, will be used
~extensively in Phase 2 in calculating the yield of recycled mixes and
thereby the mix design of a recycled concrete.

It was found in Section 3.2.4 that the recycled particles over 13.2 mm do
not appear to bulk when wetted. In the 4.75 to 13.2 mm fraction the re-
cycled coarse aggregates do however bulk, commonly around 6% with the
highest recorded value being 10% for sample 5.

Recycled sands will certainly be prone to bulking and the engineér who
wishes to work with high precision will certainly incorporate the bulking of
the aggregate in his/her volume batching.

3.3.7:__The_Strength_of Recycled Aggregates fo%
Two destructive tests were performed on the f:;;éigg aggregates to give an
indication of their strengths. They were the ¥ fines crushing test
according to BS 812 (x13), and the '"Remoulded Peak Strength Test' devised by
the author to model the compressive strength behaviour of recycled aggreg-
ates within a concrete. Details of both the tests can be found in Section
3.2.5.

The 10% fines tests was found to produce rather variable results and there-
fore was considered to be unsuitable to reflect on the behaviour of an ag-
gregate when constricted by the concrete mortar.. Sample 9 was visibly the
strongest aggregate and yet the 10% fines test only produced a value of
170kN for it - which was the third largest out of eight samples. The range
of values for this 13.2 - 19.0 mm fraction was 142 - 238 kN.

The code-requirements for the 10% fings crushing values are as follows:
(i) BS 882 and 1201 (%15)
Never less than 5 tons (44 kN);
not Lless than 10 tons (90 kN) for concrete wearing surfaces,
izg Less than 15 tons (133 kN) for ''granolithic'" concrete.

(ii) SABS 1083 (*14):

Not Lless than 70 kN for concrete not subject to abrasion, and
not less than 110 kN for concrete subject to abrasion.
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1

~These values are for the minus 13.2 mm plus 9.5 mm fraction. ALL the samples
tested would therefore be acceptable for both grades of concrete, but again
certain parties may argue that the code reguirements are too rigid, 'and so
some of the best aggregates are often used for low-grade concretes. The 107%
FACT values of the recycled aggregates are shown in Table 3.8.

As expected, the Remoulded Peak Strength Test produced the highest value for
Sample 9, namely 71.4 MPa, which shows up the variability of the 10% FACT
test. The correlation between the two values is very bad - in Section
4.3.2.1 in Phase 2 a method of correlating a bi-variate sample is shown. The
correlation coefficient r has the value here of 0.20, which shows a poor
match. It was encouraging to see that Sample 6, which was visibly the
poorest aggregate, was found to be the weakest in both tests. Its 10 % FACT
value was only 142 kN and its remoulded peak strength 55.8 MPa.

The range of remoulded peak strengths was 55.8 - 71.4 MPa for the eight
recycled aggregates. These values may be found in Table 3.10, which also
shows the value of 78.2 MPa for the natural hornfels stone commonly used in
concretes made at the UCT Civil Engineering laboratory. Experience in this
Laboratory has shown that it is extremely difficult to make concrete of
above 80 MPa in compressive strength by conventional means if this 13 mm
hornfels aggregate is used.

It is only when additional constituents such as water-reducing admixtures
and silica fume are added that a 100 MPa concrete may be made using this
particular aggregate. The remoulded peak strength thus gives a good indic-
ation of how the aggregate strength of the hornfels may be limiting.

The same concept will apply to the recycled aggregates that usually reach
their peak strengths between 55 and 60 MPa. These values represent the
highest possible concrete strengths that could be produced by conventional
means with these recycled aggregates.

It is therefore recommended that, although remoulded strengths of up to 70
MPa may be possible with recycled aggregates, only cube strengths of up to
50 MPa should be used, particularly with these aggregates. The user should
in any case check to see that the recycled stone has this capability by
carrying out the simple test described fully in Section 3.2.5.2.

The main contaminants that may be prasnt in recycled aggregate are:

(i) soluble deleterious impurities (chemicals);
(i) organic impurities;

(i71) sulphates (gypsum), and

(iv) chorides.

If soluble deleterious impurities or organic impurities are present in an
aggregate, then the aggregate may still be used in a concrete, provided that
the strength drop is not more than 15%, as recommended by SA8S 1083 (x14),
The ASTM standard (*16) has a similiar approach, but the permitted reduction
in strength is Lless.

Sulphates such as gypsum interfere with the normal hydration of the cement
and also reacts with the silicates and aluminates to cause expansion that
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could be damaging. Unfortunately no Limit on sulphate content is given by
SABS 1083, but Fookes (x18) has suggested the following limits:

(i) 0.4% by mass of aggregate, or
(ii) 4.0% by mass of cement.

The Llatter figure includes that sulphate (gypsum) included in the cement. A
more relevant limitation comes from the United States Bureau of Reclamation
(*19), which restricts the amount of gypsum to 0.25% by mass of the coarse
aggregate.

Chlorides in concrete are considered to be undesireable because they induce

corrosion of reinforcing steel and also cause unsightly efflorescence on the
concrete surface. SABS 1083 requires that the chloride content by mass per-

centage of the CL ion shall not exceed;

(i) 0.01% in sand for pre-stressed concrete, and
(ii) 0.03 in sand for all other concrete.

Research experience by Young (*7) and Foundistou-Yannas (*5) has shown that
these contaminants usually manifest themselves in the fines of a crushed
aggregate. This means that recycled sands are far more prone to contamin-
ation than the coarse aggregates. These contaminants -~ especially excess
chloride - are often easily removed by washing the aggregate.

No contaminants, other than the sulphate in Samples 9 and 10, were found in
the recycled sands that were tested by the Portland Cement Institute. How-
ever, if deleterious substances were present in a recycled aggregate, then
there are methods by which they can be accounted for and their effects
neutralized.
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As a summary of the properties of recycled aggregates, Table 3.15 shows the
various values obtained for the recycled aggregate stockpile used in Phases
2 and 3. It will be noticed that the tests were done for all five size
fractions that the codes specify for coarse aggregate up to 26.5 mm.

It 'is noticeable how the absorption coefficient and the porosity increases’
as the size fraction becomes smaller. The porous specific gravity also
steadily reduces as the size decreases. These indicate that the stone from
the parent concrete is contained largely in the larger diameter particles.
This fact is also borne out by the similiar trend followed by the compacted
bulk density and the absolute mass density.

Figure 3.4 overleaf shows a plot of the different densities of the recycled
aggregate versus the mean diameter of each size fraction. The trend of
increasing density with increasing stone sjize is again borne out, but it is
noticeable that, by saturating the aggregde, a degree of uniformity is
reached between the different size fractié%s. The compacted saturated bulk
densities of all five fractions are seen to lie in the narrow range of 1433

to 1470 kg/m .

A plot of the porosity and absorption figures for each size fraction of the
recylced aggregate versus the mean particle diameter to a logarithmic scale
produces a reasonably Llinear picture. These two plots are shown in Figure
3.5, which follows.
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p | Size
ARAMETER .

me(m)' 19-26 | 132-19 | 95-132| L¥-1.5 |4715-07
Conracted dry bulk deasity : K3/m*| 1386 1342 1342 1304 1272
Comtacted Saturated bulk deasity - X0’ 1459 1433 1404 1434 14%0
Absolute fomus denstty : Xlm’| 2331 2213 2044 1953 1160
Seecific Grovity as rocous maksial | 2°33 2-21 2:04 1-95 1-18
Seccific Growity as Solid materiol | 2-66 260 2-54 2-44 2-4b
Absocetion Coefftcient : °/o 3-3 b8 11 1o-2 15-6
Porosity of material : °/o 12-3 15:0 18:5 20-0 AT-¥

Iﬁm J.15 Jummary of the rrorerties of the Recscled Assresate of

the

Mix Desiin Stockerle.
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PHASE 2: MIX DESIGN WITH RECYCLED_ AGGREGATE

In developing a suitable mix design method for recycled aggregates, three
factors were taken into account to indicate what experimental work was re-
that "lower strengths' result for recycled concrete compared to equally
proportioned control using natural aggregates’ - this is in contradiction to
what this author has found in his BSc thesis (¥20) where the recycled
concretes were usually 10 - 20 % stronger than the control mixes.

The discrepancy in these findings must be due to the fact that the overseas
researchers have used wet-batched methods in preparing their mixes, and
therefore the absorption of mix water by the porous recycled aggregate is
eliminated. In South Africa dry batching of aggregates is the preferred
method, and so the dry batching of recycled porous recycled aggregate has
caused a reduction in the effective water/cement ratio in the mix due to
absorption of mix water. This causes the concrete to be ''stronger'" than the
control concrete for the same apparent water/cement ratio.
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aggregate sand should be used with caution. The recycled "sand" is more
prone to contamination by deleterious materials such as gypsum and glass,
and should furthermore have a higher water demand than natural sands. This
would be th@ case as recycled sands are similiar to crusher sands, which
have a higher water demand than natural sands from riverbeds, pits and
dunes. The merits and demerits of using fine recycled aggregates should be
investigated and comparison made between its water requirements and that of
natural sand.

wet-batching to establish the most suitable and perhaps the most economical
method.

The aim of this part of this work is therefore to cover a spectrum of mix
design and practical concreting parameters related to recycled aggregates
and to establish a method of mix design for such concretes that is easy to
follow and will produce reliable concrete.

The moisture condition of the aggregates upon batching has always been
a vital factor for consideration in producing concrete. In the Intro-
duction of Phase 1 in Section 3.1 mention was made of how lLightweight
aggregates have become widely accepted and used worldwide as their
technology has developed. The trend in the use of lightweight aggre-
gates is to batch them in a pre-soaked state in order to eliminate the
effects of th@gr porosity upon the effective water/cement ratio and
furthermore to bring the aggregate to some degree of uniformity in
terms of moisture content.

In the case of recycled aggregate, the effects of its porosity upon a

concrete are even more pronounced in terms of effective water/cement
ratio. This is because the pores of recycled aggregates are very small

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE



32

and the water is able to penetrate throughout the entire part of the
aggregate particle that is made up of the mortar - so it can effec-
tively remove a significant amount of water from the mix and retain it
in its pores. On the other hand, the pores of lightweight aggregates
are usually larger than those of recycled aggregates, and these pores
are most often sealed because the water cannot penetrate the impervious
matrix material of the aggregate. Therefore, lightweight aggregates
will not remove so much water from the mix water as to significantly
alter the effective water/cement ratio.

In attempting to bring an aggregate to a uniform moisture content
throughout for a mixing and costing operation, the aggregate can:

(i) be stockpiled in a very sheltered area where it will remain
in an air-dried condition with a uniform water content, or;

(ii) be oven-dried prior to mixing so that it is completely
devoid of moisture, or

(iii) be pre-soaked and handled in a manner that keeps it fully
saturated and uniform.

In a laboratory, oven-drying of aggregate is usually easily done, but on a
construction site the oven drying of large volumes of aggregates will be im-
practical and expensive. Stockpiling of aggregates is the usual way in which
aggregates are kept on site and then '"dry batched" from the stockpile. In
the case of coarse natural aggregate, very little attention need be paid to
the moisture content of the stone upon batching as it is negligible, even
after rain. With the fine aggregate a daily record of moisture content is
kept and the water content of the concrete mix is adjusted accordingly.

If porous recycled aggregate is to be used on site, it would be possible to
handle it in the same way as is done with sands, that is, stockpiled and
daily moisture content checks performed. It could also be '"dry batched" into
the mix, or it may be more convenient to pre-soak the aggregate then wet-
batch it into the mix. A problem Llikely to be encountered is to achieve a
uniform water content in the aggregate upon batching. The water that a
porous aggregate will take with it into the mix from being wet-batched is
firstly the pore water inside the particles, and secondly some degree of
surface water wetting the particle. The problem Lies therefore with the
surface wetness rather than the water within the pores. But all that is
needed is some standard procedure to take the aggregate from the watered
stockpile, shake it, screen it, or which ever, and leave a uniform surface
wetness as it enters the mix.

If no attention is paid to keeping the same surface wetness, a situation may
arise where a strength drop may occur because an additional amount of water
entered the mix via surface water of the aggregate and therefore increased
the water/cement ratio. :

4.1.3:__Water Demand of a_Sand e T

The amount of water required to produce a concrete mix of desired cement/
water ratio and slump is known as the water requirement. Since the coarse
aggregate for conventional concrete is usually impervious and non-porous,
the water requirement is dependent on the type of sand used.
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The South African method of designing a concrete mix follows this concept,
known as Water Demand Theory. The sand to be used is identified, and using
other parameters such as stone content and maximum stone size, desired slump
(workability) and method of compaction, the water requirement of mix is
estimated. Many aids in the form of listed values and adjustments are avail-
able to do this (for example, refer to the Fulton and Crawford handbook:
*21). The cement/water ratio is derived from known strength charts and the-
cement content then calculated. In this way, all the mix quantities for
stone, sand, cement and water may be calculated for 1m3 of concrete.

However, for the sake of comparing different sands, a standard set of para-
meters have been defined for a concrete mix, and this particular mix's water

"The water demand of a sand is that amount of water required to
produce- 1m3 of concrete of slump 75mm using a maximum stone size
of 19mm." :

The cement—content—or desired strength does therefore not contribute to the
water demand.

Fulton (*17) suggests that sands of water demand exceeding 220 litres per
cubic metre should be avoided for concrete manufacture, as they cause an
increase in the cement content required for the desired strength - the
concrete produced is therefore more expensive.

Various terms describe how a concrete mix behaves whilst being mixed,
transported, placed, compacted, and surface finished. Terms such as:
workability, plasticity, consistency and mobility are used to describe these
concrete characteristics, but in fact have been defined for different
attributes of the mix.

crete in the same sense that '"'fluidity" is applied to liquids,
that is, the reciprocal of viscosity.

by virtue of which it may undergo the process of moulding without
losing its continuity, without rupture.

dryness of the mix, but it has been very closely associated with
the standard slump test as the term used to describe the fresh
concrete. - - - . : oo '

The term most applicable to the handling, transportation, placing
for example, by Powers (*23) ag—nEEEE—BFoperty of the plastic con-
crete mixture which determines-the ease with which it can be
placed, and the degree to which it resists segregation'. The Bri-
tish Road Research Laboratory has a more technical definition
(x24) 3
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"Workability being that property of concrete which determines the
amount of useful internal work necessary to produce a full
compaction."

Confusion sometimes arises when attempts are made to define 'workability",
and this is attributed to the fact that "workability'" is not a single, but a
composite, property. According to the Cement and Concrete Association of
Australia (*#25) the property includes:

(i) The effort required to cause the concrete to assume a
required shape;
(ii) the effort reguired to compact the concrete;
(iii1) the degree of resistance to segregation;
(iv) the degree of resistance to bleeding, and
(v) the effort required to produce a satisfactory surface
finish. :
‘
There are various tests for ”workaQ}ity", listed below, which will not be
described in detail here, as they are discussed in various concrete text-
books such as Fulton (*17) and Neville (*26). The tests are:

(i) Flow test.

(ii) Ball penetration test.
(ii13) Slump test.

(iv) Compacting factor test.
(v) Vebe consistometer test.

The slump test is the most commonly used. Indeed, South Africans rarely use
any of the other tests.

Two more factors that may be noted relating to the slump of concrete is
that:

(i) Rapid-hardening cement will reduce the slump of the concrete
mix by 30 - 40 mm if it is substituted for ordinary Portland
cement because of its greater fineness (*17).

(1i) The Llarger the stone size, the lower the water demand of the
sand to be used, or conversely, the smaller the stone size,
the less the slump. This is because of the increase in spec-
ific surface of the aggregate (*17).

It is a known fact that increasing the stone content of mix results in a
greater yield of concrete, and so too much cement and sand in a mix might be
uneconomical. A well-balanced concrete may be considered to be one in which
the amount of mortar exactly fills the packing voids of the coarse aggregate
and also covers the surface with a thin Layer.

In theory, one could calculate exactly what volume of mortar would make that
ideal balance, but in practice the mortar“interferes”with the packing of the
coarse aggregate and a mortar deficiency will result. This means that there
wil not be enough mortar to fill the packing voids and cover the surface.
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For most concreting applications, it is usually desirable that there be an
"excess of mortar' such that all the packing voids are filled and the small
amount of mortar still covers the top surface of the casting. In this way a
smooth finish may be achieved whithout any stones protruding from the
concrete.

4.1.5.1: Theoretical Mortar Excess (TME)

/féana-

For a particular concrete mix of known constituent properties, the
value of mortar excess\may be calculated by considering the volume
of mortar present againgt the expected volume of packing voids ex-
in a compacted state. This value is known
as the "theoretical mortar excess' and is expressed as a percen-
tage of the bulk volume of the compacted stones.

In practice, however, this calculation will greatly overestimate
the amount of excess mortar that would measured, because it as-
sumes that the coarse aggregate particles remain closely packed
during the compaction of the concrete. But in reality, the mortar
squeezes in between the coarse particles, forcing them apart and
thereby increases the volume that the mortar would have to fill in
the concrete matrix, and so the TME will not result, but a Llesser
value instead.

4.1.5.2: Actual Mortar Excess (AME)

For the reasons stated above in Section 4.1.5.1, the "actual
mortar excess' is much less than the theoretical mortar excess.
The AME may be measured by poking a ruler into the fresh concrete
surface and measuring the depth of mortar before reaching the
coarse aggregate. The excess is again expressed as a percentage of
the bulk volume of the coarse aggregate packing.

For most concreting jobs it would be desirable to have an AME of
approximately ten percent, as this will allow adequate surface
finishing of the concrete.

4,2: TESTING PROCEDURES.

Two identical mixes of a. typical concrete will be made using the same
amounts of water and cement, and the same natural impervious stone. Klip-
heuwel sand will be used in the firsf mix, and recycled ''sand" in the
second. When the mixes have been prepared they will be brought to the same
slump value of 75 mm by standard adjustment methods, and the final water
contents will be compared. Cubes will be cast from each mix to test the
compressive strengths of each mix. ¢
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Rapid-hardening cement will be used and both the sand types will be oven-
dried at 105°C for 24 hours before use. The cubes will be water-cured and
tested after seven days.

The concrete should be of medium strength, so a water/cement ratio of 0.70
was used. From the Fulton and Crawford booklet (*21) a suggested stone con-
tent for the vibro-compacted concrete with maximum stone size of 13 mm is
1000kg/m3. The water demand of the Klipheuwel sand of fineness moduLus 2.13
was estimated to be 200 litres/m3.

The mix quantities were calculated to be:

stone = 1000kg/m3; water = 200 Litres/m3; water/cement = 0.70.
cement content = 200/0.70 = 286 kg/m3, rounded off to 280 kg/m3,

. . 3
So, to find the mass of sand required to produce 1m of concrete, the
following formula is used:

mass of stone + mass of sand + mass of cement + mass of water /1000 = 1@1
RD stone o RD sand RD cement ~°  RD water

(equation 4.1)

where the relative densities (RD) or specific gravities of the materials
are:

Natural stone = 2.72; cement 3 4;
natural sand = 2.72, and water = 1.00

The mass of sand required is:

Mass of sand = 2.72 *» 1000 - 1000 -+ 280 -+, 200 .

2.72 73.14 7 1.00

930 kg/m3

The natural hornfels aggregate in the UCT laboratory was found to be very
dirty and badly screened, and thus contained both Large and small particles.
A sufficient quantity of this coarse aggregate was then sieved to get a
"single-size" stone of diameter 13.2 to 19.0 mm. The stone was then washed
to remove the dirt, and oven-dried at 105°C for 24 hours.

When the constituents of the final mix were placed in the mixer, it was
found that the water demand of the sand had been grossly overestimated. Two
successive mix adjustments did not bring the mix slump down to 75 mm. The
mix was then aborted and a second attempt made. This time the water was
added in small amounts until the required 75 mm slump was reached.

The batched quantities of solid constituents for MIX 1 were:

stone = 9000 g (13.2 - 19.0 mm)
sand = 8370 g (Klipheuwel sand; FM = 2.13)
cement = 2520 g (rapid-hardening cement)

After 1000 mlL of water had been added, the slump was still zero. With 1300
ml of water, the slump was only 20 mm. At 1585 ml the slump reached the
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desired value of 75 mm. In casting the four 100 mm cubes it was noticeable
that a large mortar excess existed in this rather sloppy mix.

The second mix was made using the same proportions as for MIX 1, except that
a recycled '"sand" of fineness modulus 3.18 was used. The maximum particle
size of this recycled sand, taken from the stockpile of crushed rubble, was
4.75 mm, whereas the maximum sized particles in the Klipheuwel sand were
only 2.38 mm. The grading of these two sands is detailed in Appendix A1l.

The batched amounts of solid constituents for MIX 2 were:

stone = 9500 g (13.2 -19.0 mm)
sand = 8835 g (recycled sand, FM = 3.18)
cement = 2660 g (rapid-hardening cement)

J’/ocv’r/b
The water was added incrementally: after 2000 ml there was no werkabitity;
at 2610 ml the slump was 55 mm; at 2730 ml the slump was 65 mm, and at 2815
ml the slump had reached the desired value of 75 mm. Again, the mix was
sloppy, with a large mortar excess. This procedure was carried out in a
relatively short time and was done in a draft-free, cool environment, and so
litte, if any, evaporation from the mix would have occurred. Four 100 mm
cubes were then cast.

Results:

If the slump of Mix 2 is plotted against the amount of water added, as in
Figure 4.1 overleaf, a fairly straight line is produced, as expected. The
coarse 'rubble sand" (or recycled sand) reduces the workability of the con-
crete, especially in the lower slump region, but once sufficient free water
is available to lubricate the particles, the slump follows the Llinear path
shown.

From the batched quantities, the "per cubic metre' guantities are now cal-
culated to enable comparison of the two mixes (equation 4.1 from before is
again used). The volume of a mix is calculated for the quantities batched

and these are then scaled up so that one cubic metre of concrete would be

produced. :

For MIX 1 with the Klipheuwel sand:

batched quantities: stone = 9.000 kg
sand = 8.370 kg
cement = 2.520 kg
water = 1.585 kg

I

batched volume 9.000 + 8.370 + 2.520 + 1.585| + 1000 m3

2.72  2.72  3.14 1.00

0.008 744 m®

scale factor 0.008 774 = 113.98
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per 1 m of concrete: stone = 1026 kg
) sand = 954 kg MIX 1
cement = 387 kg Klipheuwel sand
water = 181 kg

for a 75 mm slump with a 13 mm nominal stone.

For MIX 2 with recycled "sand” of relative density 2.65:

batched quantities: stone = 9.500 kg
sand = 8.835 kg
cement = 2.660 kg
water = 2.815 kg

9.500 + 8.835,+ 2.660 + 2.815 |= 1000 m3

SR

2.72 2.65 3.14 7 1.00

batched volume

0.010 489 m°

95.340

scale factor = 0.010 489 =

per 1 m3 of concrete: stone = 906 kg
sand = 842 kg MIX 2
cement = 254 kg Recycled '"sand"
water = 268 kg

for @ 75 mm slump and a 13 mm nominal stone

The water requirements of the two sands for 1 m3 of concrete with 75 mm
slump and 13 mm stone size, using rapid-hardening cement, are:

Klipheuwel sand : 181 Llitres
Recycled "sand" : 268 Llitres

The standard definition used by the Portland Cement Institute of South
Africa for water demand is for 1 m® of concrete with 75 mm slump and a max-
imum stone size of 19 mm. Tables in fFulton (*17) suggest that 10 Litres/m
have to be subtracted from these figures to get them to correspond to the 19
mm stone size. This is because the smaller the stone size in the mix, the
higher the specific surface area of the stone, and therefore the lower the
slump (workability). If ordinary Portland cement had been used instead, the
two figures would be slightly Lower by the same amount, as the slumps of OPC
concrete are generally 30 to 40 mm more than RHC concrete.

The water demands of the two sands, using rapid-hardening cement, are:

Klipheuwel sand : 171 Llitres
Recycled sand : 258 Llitres

The water demand of the recycled '"sand" is therefore 51% more than that of
the natural sand, and in using this sand for concrete, the cement content of
the concrete mixes produced would have to be higher than those concretes
using natural sands to attain similigr strengths (cement/water ratios).
Fulton suggested that sands with water demands exceeding 220 Llitres should
be avoided for this reason. '
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In the post-graduate course CE S5G1 of 1985 ""The Properties of Concrete'
(*27) the costs of concrete materials in the Western Cape were given as:

cement : R6.00 per 50 kg pocket.
stone : R21.00 per tonne,

sand : R10.00 per tonne,

water : negligible.

A cost comparison can now be drawn between the two mixes. It is assumed that
recycled "sands" will be cheaper than natural sands - at say R9.00 per tonne
- otherwise concrete producers would not consider using it.

Cost of MIX 1 with Klipheuwel sand:

(1.026 * 21) + ( 0.954 * 10) + (287 * 6/50)

cost

R65.53 per cubic metre

Cost of MIX 2 with recycled sand:

cost (0.906 * 21) + (0.842 * 9) + (254 » 6/50)

1

R57.08 per cubic metre

The mix with the recycled "sand" is marginally cheaper, but it should be .
noted that as jts cement/water ratio is only 0.95 compared with the 1.59 mix
of the natural sand. Experience in the laboratory indicates that recycled
sand does not withhold any of its absorbed water from the hydration process
and the effective cement/water ratjo is then not altered.

MIX 2 will therefore be much weaker than MIX 1 and a cost comparison should
only be made if they have equal strength potential, that is, equal cement/
water ratios.

A calculation can be made to bring MIX 2 with the recycled sand up to the
same cement/water ratio as MIX 1.

268 Litres/m3
1.59
425 kg/m3

water requirement
desired cement/water ratio
cement content '

Hon

mass of stone and sand 2.72 * 1000 - (268 + 425 )

3.14

1623 kg/m3

]

Use the same stone/sand ratio as before, therefore:

sand content = 782 kg/m3
stone content = 841 kg/m3

The mass of sand may be reduced as it is less dense than the
stone, and for the calculation a common value equal to the rela-
tive density (RD) of stone was used — the RD of the recycled
"sand" was 2.65.

sand content = 782 * 2.65/2.72 = 762 kg/m3
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the volume of the quantities may be checked hy:

volume =| _841 + 762 + _425 + 268 |+1000 = 1.000 m?
2.72  2.65 ~3.14 71.00

It is assumed that the two mixes will now produce approximately equal com-
pressive strengths and the cost comparison is again made. The cost of MIX 1
per cubic metre of concrete with Klipheuwel sand was R65.53. The cost of MIX
2 is now:

cost = (0.841 *21) + (0.762 * 9) * (425 * 6/50) = R75.52/m3

There is therefore R10.00 difference between the two concretes, using a
hypothetical price of R?.00 per tonne of recycled '"sand'". In using the re-
cycled sand to produce this medium~strength concrete, the increase in cost
is therefore 15.2%. It is therefore recommended that recycled 'sand" be used
with caution, or simply avoided, not only because it produces more expensive
concrete, but also because it may contain contaminants that could have harm-
ful effects on the concrete in the long term.

The hypothetical cost of the recycled aggregate given above is pessimistic,
as in the United States recycled aggregate can cost as Llittle as half the
price of natural aggregates (*9).

At seven days age the cubes were weighed and tested. The results are shown
in Table 4.1 below.

SAND TYPE SPECIMEN WEIGHT fcu MEAN VALUES
NUMBER (@) (MPa)
Klipheuwel 1.1 2459 34.4 W = 2465 g
sand 1.2 , 2455 32.8 fecu = 33.2 MPa
FM = 2.13 1.3 2456 32.6
1.4 2490 33.0
Recycled 2.1 2332 15.0 W=2323 g
"sand" 2.2 2310 14.4 fcu = 14.2 MPa
FM = 3.18 2.3 2327 13.5 '
2.4 2324 14.0

Table 4.1: Test results of cubes in the water demand tests

e e S A e e L L e e s A A A Rt s e e R e e e e e 2=

The density of the concrete in MIX 1 was therefore 2465 kg/m3 with a mean
cube strength of 33.2 MPa. The density of the concrete in MIX 2 was 2323
kg/m3, which is about 6% less than MIX 1, and its mean cube strength was
14.2 MPa.

It may be worthwhile to comment on the failures of the two sets of cubes.
Upon inspection of the crushed cubes, both sets seemed fairly crumbly
internally, indicating that they may have been oversanded and it may be
remembered that both mixes had a large mortar excess. The difference in
coarseness of the mortar could also be seen, and some of the larger partic-
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les near 4.75 mm could be seen in the mortar of MIX 2. The cubes of MIX 1
failed at distinct values with no hesitation or recovery occurring as their
fcus were reached. The cubes of MIX 2 with the recyled sand had distinct
hesitation occurring at exactly 13.3 MPa each time (94% of fcu) but then
recovered to fail at a slightly higher value. This is probably due to the
aggregate interlock of the coarse sand particles and the "work hardening"
type of effect it has on the concrete matrix. '

Procedure: (WET BATCH)

From the factors discussed in Section 4.1.1 it was decided that a wet~
batching method would be investigated whereby the coarse recycled aggregate
is pre-soaked in water to allow full absorption to occur, and then batched
into the mixer. Recycled "sand'" was not used, but rather the coarse natural
pit sand available in the Western Cape, namely the Klipheuwel sand with a
fineness modulus of 2.13. The aggregate size used was the most commonly used
‘‘gap-graded" or '"single-sized" aggregate of diameter 13.2 to 19.0 mm. Rapid-
hardening cement was used so that strength results could be obtained at the
seven~day age, and for the sake of comparison, the seven-day RHC strengths
may be assumed to be approximately equivalent to the 28-day strengths for
OPC. The only real difference is that in using RHC the workability of the
concrete is reduced somewhat, and the corresponding water requirements for
OPC are slighty less than for RHC. ‘

Concrete mixes were made in which the stone/sand ratio and the water/cement
ratio were varied:

Stone/sand ratios by weight: ' 2
80:%Q
70:30
60:40
50:50
40:60

Cement/water ratios by weight:
' 1.00 ) 2.25
1.25 2.50
1.50 2.75
1.75 3.00
2.00

For each mix the slump was approximately 60 mm and the mortar excess or
deficiency was measured and compared to the calculated theoretical value.
Cubes were cast from each mix and their compressive strengths determined at
seven days, as rapid-hardening cement was used.

In the water demand test from Section 5.2.1, the water demand of the sand to
be used was 171 Litres per m3 - this was for the same stone size that was
used in these tests. In a trial mix where the coarse recycled aggregate was
wet-batched (filled pores and surface-wet condition), the water requirement
for the same sand and the desired slump of 60 mm was found to be 163 Llitres
per cubic metre. -
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Cement Water | Water (ement A sacesate
Ratio (keim*) | (ksim®) | Cks/m?)
1.00 163 163 | 2057
L.25 163 204 2023
{.590 163 245 - 1989
175 163 285 1955
200 s | 32 1921
2.25 163 | 367 1887
2.50 163 408 1853
2.75 143 448 | 1819

3.0 163 489 1785

-TABLE ‘]’Z Culmlation o‘f Mmix quantities {or the mixes
fo be tested in  [HASE 2.
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The cement contents of each variation in cement/water ratio was calculated
by multiplying the cement/water ratio applicable by 163 kg/m3.

The calculation of the recycled stone and natural sand contents was then
done:

The specific gravities, or relative densities, of the two materials were:

Coarse recycled aggregate : 2.60 (from Phase 1 tests)
Klipheuwel sand : 2.64 (from Davis, *28)

for calculation purposes the average value of 2.62 was used.
Equation 4.1 was used again for this calculation:
let the combined mass/m3 of stone and sand be A

A = 2.62 x (1000 - cement - water)

if cement is denoted by C, water by W and the cement/water ratio by f,
then:

A= 2.62 * (1000 - fW - W) . . . equation 4.2
314 .

The quantities of mix materials required can be seen in Table 4.2 overleaf.
The variation of the stone/sand ratio was then calculated from the total
fine and coarse aggregate figure A that was calculated using equation 4.2.

The final set of mixes that were to be done with their mix quantities
specified were then established by splitting the aggregate into the approp-
riate ratio. Allowance was made for the absorption of the recycled stone,
this was done by dry-batching the aggregate and then adding the appropriate
quantity of water that the mass of stone would have absorbed, but wet-
batching of the aggregate had been decided on previously. This meant that
the figure calculated for the dry stone was adjusted by some factor so that
the wet-batched stone would include the absorption figure.

In other words, the aggregate could have been oven-dried, and then the
figure of 6.77% in additional water (found for this particular recycled
aggregate) added to the mix to cancel out the absorption effect of the
porous stone. But this is a rather laborious process, and not practical for
site conditions and so it would be much easier to soak the aggregate in
water overnight and then simply batch 106.77% of the dry mass of stone
calculated. The adjustment factor mentioned was therefore 1.0677.

The possible absorption of water by the fine aggregate had been fully
accounted for in the water requirement figure of 163 litres/m3. It was, how-
ever, required that daily checks be made and the total water content of the
mixes then adjusted accordingly. These moisture checks are reflected in Ap-
pendix A6, and the correction to each mix is shown on the respective result
sheet shown in Appendix Aé6.
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Mix | Mix | ComentWakr | Watez Cement Sanp Dr Stone. | Wer Srone.
Numsex | Cope. Ratio (L1m) | Cxsin®) | (xa/n®) | (3ln’) (kg /a*)
1 100-20 i.00 163 163 411 1b46 1757
2 100 - 30 1.00 163 163 6i7 140 1537
3 100- 40 100 %3 163 823 1234 1318
4 10-50 1-00 163 w3 1028 1028 1018
5 {00 -L0 1-00 163 163 1234 823 878
L 125-2 1-25 163 304 405 iL1e 1728
7 125-% 1-25 i3 204 607 1446 1512
8 125-40 1-25 163 204 801 1244 12%
9 125- 50 125 13 204 {011 1014 1ogo
o 125-60 1-25 i3 204 1214 809 BL4
1 150-2 1-50 13 245 38 151 1611
2 1% 15 163 245 s\¢ 1312 1487
13 15040 1-5% 163 245 il 1113 1274
4 | 10-% 1-5% 13 245 944 194 o2
15 150- 6o {-% (8. 245 113 Tib 844
1 1¥5-2 1-75 163 285 3 1564 .%o
17 1¥5-% {15 13 285 586 1368 1461
18 1¥5-40 1% 163 285 782 1173 1252
b 115-%0 175 w3 285 "7 977 1044
20 135-& 135 %3 285 K E] 8 835
2 20-20 2-00 163 3% 384 153% 1641
22 23t 200 163 32¢ 5% 1345 1436
23 200-40 2.0 163 326 8 1153 1234
24 | 2mw-%0 2-00 163 326 fe0 160 1025
25 200-60 2-00 163 326 1153 8 820
% 225-20 2-25 18, 37 317 1510 1612
b2 225-3 2-15 163 7 566 1321 140
2 225-40 2-15 163 X7 ¥55 1132 1209
VAl 225-50 2-25 163 37 143 1“3 1007
30 225-60 2-25 163 %7 132 ¥55 806
3 25- 20 2-50 163 408 3H 1482 1583
32 25030 2-50 13 408 55¢ 1297 1385
33 250~ 40 2-% 163 408 141 112 1187
34 25-50 2-50 163 408 126 926 989
35 250-60 2-% 13 408 112 41 ba’l
3% 275-20 2% 163 448 364 1455 1554
37 215-3 275 163 448 546 1273 1359 .
38 215-40 21 103 448 ¥28 Joll 11L5
A 275-5% 2-15 163 448 ™9 109 971
40 275-60 275 163 448 1014 728 377
41 300-20 3-0 163 423 357 1428 1525
4 | 30-3% 300 163 489 535 1244 1334 -
43 300-40 3-0 163 489 714 1071t 1134
44 3o0-50 3-00 163 489 832 812 153
45 30-60 3.0 163 489 1071 114 R2

-’;\BLE 4’\77 ; Mix Quontib:es

calculated for the Test Mixes.
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The final test mix quantities are shown in Table 4.3 overleaf. There arée
nine different cement/water ratios and five different stone/sand ratios,
therefore, 45 mixes in total. Each mix has a number from 1 to 45, as well as
a mix code based on its cement/water ratio and sand percentage. For example:

a mix of ¢/w = 1.75 and stone/sand = 60240 will have the code 175-40.

e e e R R e e e e e e e ar ws o ot o e - - -——

1. Batch the quantities of materials into the mixer once the
specified masses have been weighed out.

SST = saturated natural aggregate = dry mass (DST) * 1.0677;

S = air-dried Klipheuwel sand (moisture content to be checked);
€ ' = rapid-hardening cement;

W = water;

2. Once the water has been added to the mix, the mixer -must be left
to run for two minutes to allow thorough mixing.

3. Perform a slump test, a Vebe test, and measure the mortar excess,
in the Vebe container. The aim is to get the slump to between 50
and 70 mm. If the slump is more than 70 mm, then add more sand and
stone in the correct proportions to reduce the slump. If the slump
is Lless than 50 mm, then cement powder and water in the correct
ratio should be added and the slump test redone. It is best that
only one attempt be made to correct the slump, otherwise the mix

. will stiffen as time elapses and subsequent slump values will be
inaccurate. AlLL observations made should be recorded on the result
sheet for each mix. These sheets are shown in Appendix A6.

4. At least four 100 mm cubes should be made and as much‘EZQEZ?éﬁf
possible should be fitted into each cube whilst it is vibro-
compacted for 60 seconds. The cubes should then be weighed and
tested in compression at the age of seven days.
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The actual mortar excess may be measured by poking a ruler into
the surface of the concrete in the Vebe test container once the
container has been vibrated for at least 75 seconds more than the
vibration time required for the Vebe test itself. The value of the
AME percentage is determined as follows:

The height of container H is known: H = 199 mm. The clear height
h and the depth to the aggregate d must be measured for each
sample. The value d is taken as the mean of several measurements.
The AME is then:

AME % = d x 100% . . . equation 4.3
H-n

Therefore, for a 100 mm cube mould, the AME is merely the depth d
in millimetres, as the mould should be completely filled.
2. Theoretical Mortar Excess (TME)

A formula to give the theoretical mortar excess of a concrete mix
will be derived below and will be used in these tests.

From the discussion on TME in Section 4.1.5.1, its value as a per-
centage will be given by:

volume of mortar - volume of voids of compacted stone | x 100%
bulk volume of compacted stone

In Phase 1 testing it was found that the voids volume was equal to
39% of the compacted bulk volume for the 13.2 to 19.0 mm fraction
of the recycled aggregate stockpile.

The volume of the packing voids therefore equals 0.39 * mass of
the dry stone divided by the dry bulk density of the stone. In
this particular case, the stone is wet-batched and so the the
volume of voids equals 0.39 * mass of saturated stone divided by
the saturated bulk density, which is known to be 1433 kg/m3.

voids volume = 0.39 * SST / 1433 ﬁg
whiere SST is the mass of the saturated recycled aggregate.

The volume of mortar (sand, cement and water) is then:

mortar volume = [ W o+ c +
1 1

<+ 1000 m*
.00 3.

S
2.64

where the masses of ¥, Q,'aﬂd S are in kilogrammes.

The bulk volume of the compacted saturated recycled stone is equal
to the mass of saturated stone (kg) divided by the saturated bulk
~votume (kg/m3). Therefore equation 4.4 becomes:

q@rﬁ?f>’

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE



TMEZ =

45

S + C + W)Z1000 - 0.39 % ssT x 100%
2.64 3.74 1433

N

£~

I
3

3
143

A calculator programme was written to produce the value of the TME
upon entering the masses of each mix cogz%tituent.

Results:

(i)

Gii1)

(iv)

(v)

(vi)

The test mixes were started off with the 1.50 water/cement ratio
after a trial mix had shown that the 170 Litres/m3 initially used had
produced a 100 mm slump rather than 60 mm. The water requirement was
then reduced to 163 Litres/m and the mix quantities recalculated as
has been shown previously in this section. Details of this trial mix
are under "MIX 13" in Appendix A6.

The mixes with the stone/sand ratio of 80:20 were found to be defici-
ent in mortar and the casting of the cubes from such concrete was
very difficult. Eventually, the mixes were no longer made with
cement/water ratios greater than 2.25.

The mixes with lLow cement/water ratios (below c/w = 1.75) showed
signs of segregation, especially when the sand content was low and
the slumps higher than 50 mm. In the process of segregation, the
coarser sand particles sink down through the mortar and collect at
the bottom of the concrete mix, wnhereas the cement and water paste
tends to gather at the top of the concrete. This is an undesirable
situation as the cement/water ratio now varies across the depth of
the concrete section to be cast. The richer cement/water ratios of
over 2.00 did not segregate as the mortar was sufficiently sticky to
prevent the sand particles from sinking.

The slumps measured in the mixes with a low sand content (20% and 30%
of total aggregate) were found to be erratic as the stone particles
lock against each other as there is not enough mortar Llubrication
between them. The situation sometimes arose where the slump would
either be zero, or else the slump cone would simply collapse giving a
high and unrealistic slump - this was for the same mix. In such
cases, the '"true'" slump was estimated based on the manual handling of
the mix and personal experience. :

The mixes with the 50% and 60% natural sand fractions produced very
workable concrete in the broader sense of the term, that is, even if
the slump was as low as 30 mm, it was still easy and pleasant to work
with, did not segregate, and was of good consistency. This was
especially so for the cement/water ratios of 1.75 and above. These
concretes would be ideal for hand-placing and were very responsive to
vibration. They were certainly somewhat oversanded - especially the
60% sand mixes - as their AME values show.

After a number of mixes had been made and their slumps adjusted to
near 60 mm, it was found that the 163 litres/m3 water requirement was
somewhat off the mark for stone/sand ratios other than 50:50 and
60:40. When the batched quantities of the finally acceptable mix were
brought to 'per cubic metre' guantities by the method to be shown
below, the more accurate water reqguirements were-seen to be:

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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recycled stone/natural sand = 80:20 : between 120 and 130 litres/m3

70:30 : between 130 and 160 Llitres/m3

recycled stone/natural sand

recycled stone/natural sand = 60:40 : between 150 and 170 Llitres/m3

50:50 : between 160 and 170 Litres/m3

n

recycled stone/natural sand

40:60 : between 170 and 190 Llitres/m3

recycled stone/natural sand

The Lower value would apply to the lowest cement/water ratio and the
higher value to the highest cement/water ratio of 3.00. The values
shown in Table 4.3 were then recalculated and the adjusted quantities
were entered on the test sheet for each of the mixes made - these
results are in Appendix A6. Mixes 44 and 45 with a cement/water ratio
of 3.00 were omitted as such oversanded and rich recycled concrete
would seldom, if ever, be made.

Once a mix had been adjusted to the required range of slump, the per
m3 quantities were recalculated. The calculation is somewhat tricky
this time though and it is because of the fact that the absorbed
water inside the recycled stone pores does not contribute to the
volume or yield of the mix.

The idea is to bring the saturated mass of stone to an equivalent
mass of dry recycled stone by reversing the adjustment factor of
1.0677 that was used to establish the mass of wet stone that was
batched. The bulk volume of the dry stone would then be the same as
the bulk volume of the saturated stone and this is the volume in the
mix that the stone fills.

Let the mass of saturated stone be $ST, the mass of the sand be §,
the mass of cement be C, the mass of water be W, the mass of dry
stone be DST and the volume batched be V.

Then: DST = S$S87/1.0677 . . . equation 4.5

Vo= PDST+ S + C + W |+1000 m3 . . . equation 4.1
2.62 1

The "per cubic metre'" quantities are then: (kg/m3)

recycled stone : SST, = [Q§I]* 1.0677
v _

sand : 8, =8/Y

cement ¢ &, =¢C/y

wéfer | ‘: »y, % W/V

where the subscript of 1 refers to the quantity for one cubic
metre of concrete.

A calculator programme was again written that produced these amounts

per cubic metre (after the correction for the moisture content had
been done - see the test sheets of the mixes.)

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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i j | i [l A N

MIX E)mcum Quariries | Quantiris 1 M € T S < o] & 5 Q:g' § S
HEGIICTION N K TR O s

CODE ( grammes ) (kg /m?) = iwl e SH &8 = 83
- T . - £ ¥ 2 =/ § % g g

Noo [5t181C W[ S |CIW|E & #<]|E 8 35 Fi8

100-20 |8S00| 1188 | 541 543 | 1884 | 44t | 120 | 120 | 1 {150 | Lo -MF I-443|5202[ NIT [ 100 [ 00 | T
100- 30 |io4t0! 4210} 812 ; 816 | 1631 655 | 126 | 12% | 2 S0 | 18 100 :-25 51032337 f-00 | L-00 ! 1L6
100-40 [8480 | 5211|951 1 a6 {1344 834 | 153|452 | 3 | 6p | 2.0 {84 162 [S0T0{2354 | Le1 | 091 120
160-50 {7000 | 6541 |fo14 1021 | 11081032 | teo [ 162 { 4 ¢ So | 2.0 {#4T {393 [4e3ti2358 ! g08 1099134
fo-60 . {4500) 2t | 1321 1327 | Bed [1208 ! 475 196 | S | So | 2.3 1124 |57 485802330 [ 100 {Lloo !i2L
125-20 [BSwo | 1989 | Fob | Sob {1852 [ 433 (154 [123 [T |50 | L0 [-240 -0 (15| sir {080 | 125 | Wi
125-30 [to492]4200 ({075 B4 {1599 [ 642 | L4 |43 [ F |40 | 25 28 |-0-8|54-882358 0-B0 | 475|188
125-40 943 [S77 [1237 1945 [1338 1835 | 181 |46 (B S0 |28 | 75 16T |5415(235F 0-80 { 124 (154
125-50 | 7860 7370 | 141F ;137 (091 [1072 | 196 | {SB | 9 |60 [ 2-2 {fo1|408]53-38|23k0 ;080 | 125|167
125-40 )478519539 11485 1353 [ 853 11499} 212 1170 | 40 S0 i 18 liz1 772 |52.¥8:2347 [0-80 | £-25 |17
150-20 |35+ | 2187 |1226 819 |1736 | 406 | 228 | 152 | 41 150 | 40 |-F6 -8 | 624712348 {047 | 4-S0 | 157
150-30 [4235 13831 | 1484 992 1483 | LS [23B {459 | 12 30 | B2 ! 36 | b2 |6140/23%4 [ 0-67 | 150 | 214
150-40 [0 |Sble § 173411158 (1293 394 | 245 ) 264 | 13 52 | 47 |93 |22 60252373 067 | 1491147
150-50 |9o00 |8421 (2076 (392 {1061 | 193 | 245 | fet | 14 | GO | 26 [103 [445 | 58432359 ,0-bF | 44 1207

150- 60 {8500 |1i%06 12540 (1714 | B4L | 1478 250 | 130 { 15 45 | 2.4 {150 | F¢ {SF 0412355, 067 (1481233

135-20 {11060{258% [1451 . 835 (1734 415 | 233 [ 13% { 16 (130 i 14 |-1¢0 -B-4 {64 04{233710-59 [ 1-%4 {434
175-30 | 813 3508 |£e57 | %62 |14711 5% [279 [ 460 | 17 | %o |20 |51 | 70 6586|2372 {0-57 | 134|267
135-40 |Booo 4992 {1848 | 109¢ | 1238 ¥33 1294 | 169 | 18 |35 | 2:6 | 139 {25°3 |65:29(2364 |0-57 | 14 268
135-50 | 8500 | 7954 [ 2320 | 1336 ] 1043[ 976 | 285 | 14 | 19 | So | 2-8 | 145|468 |6273!235 057 (1M 1288

135-60 | 7500 110525 2861 1647 810 | 1137 [ 309 | 438 | 20 | Fo | 48 {15-7(8 1 6303 23“10-51 1-#4 305

200-20 {9000 | 204 | 136 | 660 |4%S | 413 | 258 | 128 | 21 [ 150 | 1.0 |12 92 6686 [2339 [0-50 199 [218
200-30 |8748 3505 1816 | U2 | (46T | 589 | 305 | 153 | 22 | S0 | 2.0 |44 | 72 |4B493|2310 050 108 1322
200-40 |00 (4986 (2109 | 1065 {1230 ToF | 326 | 264 | 23 | 65 (43 | T3 |21 |6843]2385 0-50 | 149 |34
200-50 |00 | Foig 238311197 {1025 | 959 326 | 164 | 34 155 | 3'5 | 10-2|49-2 | 63-Lu|2405 {0501 199 | 366

2o0- 60 | Fooo - 9833 3133 : 15761 M3 11114 355 {138 125 ' bS 120 [ 152{898]6B-01i12332/0-50: 191 540

25-20 [—  — — I e e e P e e e e e e e
225-30 (8500 3411 20201 M3 (426 §%2 3% |18 | 27 (65 | 1S |29 {100 |PAst|2363 {045 | 224 |324
225-40 |Booo 441 12430 1083 [1208! ¥54 | 367 |14 | 28 | 60 |32 |12 |282 | 7332|2402 {045 [2.24 356
225-50 |¥50 709 :27311 1218 | 1007 | 942 [ 363 [ 164 | 29 | 55 | 2F 128 |50F |F159)2591 {0.45 | 2:24 (408
225-bo | Fooo, 81 * 3513 4507 | 84 14018 [ 393 | 175 | 30 |55 |2.8 (150|909 |7225{23% 045 224 (454

25020 | — | = = = = | e | = —
250-30 [BS00 |3406 23341 3% | 1412 | 5tk 388 | 156 |32 | 60 | 3-0 | 2.0 | U | FL4 |23 040 | 249 (415
250-40 |Booo |418® 2723 109 | 1189} V42 | 405 | 165 | 33 | bo | 29 |84 [30-L 7741 2406 040 248 |48:L |
250-50 | %50 ; Folf (3004 | 1247 98B : 924 408 | {4 | 34 | b0 | 2F | 141544175981 23% | 040|248 503
250-60 | 6500 22 139211597 | 750 i 1053|457 | 184 {35 ' 60 (2.0 | 1561002} 7587,2392 | 040! 248 528

|| = | — === ——[—

520 |— — === === - === — e e | =]
2¥5-30 |Booo | 3210 | 2527| 921 |13FF | 552 (435 | 158 | 3F 6o | LF |22 1136 [82:51|2403]0-36 1 2:¥4|525
275-40 | 7500 ‘4bBL 5048 (1114 | 11451 714 | 465 | {70 | 3B |55 [ 3.0 | &3 |34 (83552413 {0-37 [ 2- 74 | 594
275-5 [7ceo |455013322 1214 | 962 900 [457 | 1LT [ 39 |45 |35 |89 |S83 {BL1b 2415 |O-3F{2-H|6LF
275-10 {6000 842542201530 72811022 512 [ 187 | 40 | 55 | 20 [13-1 [106-1|84 %2380 /036 2-74 618

— | e | cn — ] e | ceme | e—— | c—

300-20 |[— | — | — —_ JE B
300-30 | ¥500 | 3006 | 2800 | 136 [1326] 531 | 495 | 165 [42 | 60 | 19 | 2.3 |{F-b |85 2402 | 033 | 2499 | 570
goo--}o ?wo}ﬁ(ﬁ 3329|1114 | 1104 | 688 | 525 | 176 345 45 | 41 | F1 {304 81152414 [0-33 | 299 | b1
-3 | — | — —_—] e} — —_ —_— | —-— = f— = -] =~

30060 |— | == |—[—=|—|={=]45 ||| —=|—=| —|—1—]—|—]

‘TABLE 44 0 Oummary of the Parameters measured in the

test mixes of Fhase 2.
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(viii) Table 4.4 appears overleaf and is the summary of all the parameters

(ix)

(x)

(x1)

(xi1)

(xii1)

(xiv)

(xv)

measured for each mix made. The batched quantities appear in grammes
and these values are converted to per cubic metre amounts using the
equations formulated above. :

ALl the cubes cast were left to set for 24 hours under plastic sheet-
ing before they were placed in water at 23%C for a further six days.
At seven days, they were dried for two hours before being weighed and
then tested at the SABS-specified rate of 15 MPa per minute for 100
mm cubes. The results may be found in the test sheets in Appendix A6.

Strength charts of cement/water ratio versus compressive strength are
drawn for each of the five stone/sand ratios used and these follow in
Figures 4.3 to 4.7.

A cost comparison of all the mixes made is done in Table 4.4 as well.
These costs are based on the figures obtained from the course CE5G1:
"Properties of Concrete” of 1985, and were used earlier in Section
4.2.1. - according to the Portland Cement Iggtitute these prices were
still valid for 1986. Natural coarséﬁZZﬁ@V?éfﬁﬁced at R25 per metric
tonne, Klipheuwel sand at R10 a tonne and rapid-hardening cement at
R6 per 50 kg pocket. The cost of the water is negligible.

An American researcher, Frondistou-Yannas (*8 and *9) believes that
recycled aggregates will only be economically feasible if they are at
least 15 percent cheaper than natural aggregates. She has shown, in a
feasiblity study on the matter, that this is indeed possible. The
major factor contributing to the Lower cost is that the recyled ag-
gregate seldom needs to be transported over as great a distance as
the natural aggregates. Stone quarries are usually in rural areas,
whereas rubble dumps are usually in, or near, urban areas. For this
reason the cost of recycled aggregate is set hypothetically at the
lower rate of R18 per tonne. Whether this price can be matched in
South Africa is not known =~ as no commercial rubble-recycling plants
exist -and is unfortunately beyond the scope of this thesis.

It was subsequently noted that the yields of the mixes were usually
higher than the volume calculated for the batched quantities. This
feature can be explained by the fact that the Relative Density or
Specific Gravity used for all the recycled aggregates was 2.62,
whereas the actual RD or SG was found in Phase 1 testing to be 2.21.
The difference exists because the SG of 2.62 would hold perfectly had
the recycled aggregate been crushed to powder or had it been non-
porous, whereas the porosity of the material causes the SG to drop to
2.21.

By definition the absolute density is the mass of a particle divided
by its absolute volume, whereas the relative density of a particle
would be its mass divided by the outer or bulk volume divided by the
density of water.

The mortar is not able to penetrate into the pores of the recycled
aggregate, which means that these voids are either left filled with
air or else with water. So, to calculate the yield of a concrete mix
when the aggregate has been wet-batched, this fact must be taken into
account, and it may be done in two ways:

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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FI'GuKE 47 Stresth Chart for Recycled Concrete.
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1. The mass of the saturated recycled stone has to be converted to an

(xvi)

(xvii)

equivalent mass of dry stone by using the factor mentioned
previously.

eg. if saturated stone = SST, dry stone = DST and the absorption
coefficient of the aggregate is (Ca%Z ;

then SST = (100% + Ca%) * DST . . . equation 4.6(a)
so DST = 100 SST/(100 + Ca) . « - equation 4.6(b)

These equations are more general than equation 4.5, which is speci-
fically for the aggregate used in Phase 2 testing.

The volume of the mix and the ''per cubic metre' quantities are then
calculated using the dry stone mass as calculated from equation
4.6(b) ignoring the volume of the water which is absorbed. The
relevant eguation to use is equation 4.1 using RD = 2.21 for this
particular recycled stone.

An equivalent RD for the saturated stone could be calculated and so
the mass of saturated recycled stone that was batched may be used
directly in the yield equation.

From the Phase 1 tests, the porosity of the stone is known as well as
the porous specific gravity - for this stockpiled aggregate in the
13.2 to 19.0 mm fraction these two figures are 15% and 2.21. This
means that if one cubic metre of this stone was saturated it would
contain 15% of water by volume - that is 0.150m3 or 150 kg of water.
In the dry state, the RD of 2.21 implies that the one cubic metre of
dry stone would have a mass of 1000 x 2.21 = 2210 kg. The total mass
of a cubic metre of saturated stone would therefore be 2210 kg plus
150 kg, which equals 2360 kg - meaning that the effective RD is 2.36.

The general formula to perform this calculation is therefore:

RD saturated = RD dry + porosity « « . equation 4.7
100

The volume of the mix and the '"per cubic metre' quantities are then
calculated using the mass of the wet-batched recycled stone in equat-
ion 4.1 using the RD for the stone as calculated in equation 4.7.

ALl the values shown in Table 4.4 were then recalculated using the
second method shown above - the ratio of materials by mass does not
change though, and so the stone/sand ratios are still valid. The data
is shown in Table 4.5.

It will be noted that the compressive strength for any particular
cement/water ratio generally increases with increased sand percent-
ages by mass in the mix. It then also happens that a particular com-
pressive strength (fcu) may be reached using two different cement/
water ratios - for example compare Mix 35 with Mix 37. '

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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MIX | Baroeo Quanrinis | Quantivies ree M? T T Y o2 e 5 5 Qg’ °~:_¢, £
3 X - :J ;9 -~ T X e

CoDE ( 3rarmmes ) (ks /m?) Z=‘ s ;fu g E,,{Z.B§ £3
¥ * B © S = 5 2z & -3

No. [St7[S |CIWI{t|S|C|W|E A # <=8 35 5|8

100-20 |8Sc0| 1188 ) 541 | 543 {1677 | 392 | f07 |10 | 1 | 1S0 . 1.0 -M4F  -143|45.03| NiT [ 100 | 1-00 | NIT
joo-30 jio4%| 4210 812 | d16 1475 [ 542 § 14 [ f15 | 2 So | 18 |00 ;-25 |44-43]233% 100 [ 100|116
100-40 }8480)5291) 951 |56 J1237 ) FI2 | (39 430 | D i ko | 2.0 iB4 [1b-2 [45-25/2354 1101 | 099 12:0
100-50 | %00 | 6544 | 1014 1021 {1030 | %4 | 149 {150 | 4 | So { 2.0 |37 {303 |44-10[2338 101 |O19| 131
{o- 0 6500 [ Qizl | 1321 {1327 | BIF 1146 | b | 167 | S S50 | 25 {129 1357 [45-15{2334 i -0 | 100 | 124
125-20 18500 {1989 | Tok | Seb JLbS2{38F | 137 (M0 |G | 150 | L0 [0 !-13-0|48-1h| Mt [O-80 125 | wiT
125-30 10492 {4210 {1075 | 842 {1448 | 581 | 148 [ (4% | T |40 |25 (28 |-0-8 (715 {2358 080 | 1-25 |18-8
125-40 [ 9143 {SToT [1037 1995 J1231] Tey | LleF 134 (B {So |28 |35 {16F [48-48]|335F |0-%0 | 1-24 | 154
125-50 | 848 1370 [ 1407 I H37 |1020) 455 | JB4 [ 147 ] 9 | 40 |22 |03 [40-8]48-83]2360 )0-80 | 125 | 16F
125-40 1678519539 116851353 | 810 | 131 | 201 [ L6t | 10 | S0 | 1-8 |12-4 | ¥7-2 [99- 17 |2347 . 0-80 i 1-25 | 13§
150-20 1354|2167 122 . 819 1559 364 | 204 | 136 i1 {150 i 10 |{-T6,-7-8 |54-40|2448 067 | 1-50 | 457
150-30 9235|3831 i 1484 M2 1352|564 | 1T (145 | 12 | 30 (62 |36 [ b2 [5444]|23%4 067 150|214
150-40 {100 |Svlb [ 1734050 {11% | V¥ | 226 | 15L | 13 [ 52 |47 |93 122.4 5420 {2373 |0-6F | 149|117
150-50 |qto0 [8421 (20761312 | 194 | 930 | 229 | 154 | 14 | b0 | 2:6 {103 {44:553-54 12359 {0-6F {449 |20-F
150- 60 18500 [1%0b 1540 (574 | 719 | 1520 1239 | 1l | 15 1 45 | 2.4 150 | FA-6 |53-35]2355 | 06T [ 1481233
13520 14060, 2587 | 1451 1 853 {1568 | 372 | 208 | 420 [ 16 | 130 | §4 |-140 -B-4|S5.4¥[2337 |0-5F | 1-¥4 | 199
175-30 | 8349 | 3509 | £65F | 952 |13 | 539 | 254 [ 146 | 1F |0 |20 |51 | ¥0|58-50{2372i0-57 {174 |36 F
135-40 |00 14992 {1898 | L1 [ 14T | M6 [ 272 | 156 | 18 [ 35 |26 {139 (253{54-14]2381|0-5T {14 268
135-50 {8500 | 745412320 ! 13361 178 S | 267 | 154 | 19 |50 |28 | 145|468 |57-68|2%5|0-5F7 |11 {288
1318-60 | TSeo [10525 2861 | 1647 | 774 | 2083 [ 294 1169 | 20 [ Jo | 4.8 | 457|864 [59-40 {236k [O-57 | {-34 | 305
200-20 |%o0 {2104 1316 660 |1582 | 370 | 231 | 116 | 21 |1S0 | 1.0 |-12:6) -2 |58.04 {2331 |0-S0 |19 218
200-30 {8748 '3905 1816 | N2 }1341] 53F | 298 {140 | 22 | So {20 |44 | ¥2 |e1-34|23%0 |0 50 +19 [322
200-40 |80 iﬁ&b 2119 | 1065 {1140 T1o | 302 152 § 23 165 |43 |93 264 [62-56]2385 |0 50 ! 149 {334
200-50 | ¥50 ' F0I8 23831197 {162 | %L | 306 {154 [ A4 |55 |35 | 10-2{4%-2 [6L95|2405 [0-SO| 1-91 )36
200-60 | Tooo 1833 3433 | 157] 75k {toet | 338 | 1F0 {25 | 65 [ 2.0 | 15-2]R9B{e3-12]|2372{0-50[1- Y9 [H D
225-20-i—.-————-—-——_-ZL-—-—--—--———-—-——-
225-30 |8500. 3411 2421 43 }1305 | 524 [ 320 | 145 | 2F 165 | IS |29 |10-0 J6b-36]2305]0-45) 2.24 {324
225-40 |Booo 4196 2430/ 1083 {1121 | Fe0 | 340 | 152 | 28 [ 60 |32 [1-2 (282 lub-To|2402|0-45 |2.24 (356
225-50 [¥500 7009 <2931/ 128 | 146 | 886 | 345 | 154 | 29 | 5§ | 27 | 128 |S1F [bb-21)2391 |0-45 | 2:24 |40-D
225-b0 | Fooo 9814 3513 4507 MF | 104¥ | 3¥5 | L6F {30 [ 55 [ 28 1150 1919 {(6-06|2379 [0.45 224 {454
2% |— | — == ]—=|—|—=|—{} | —| - === ———
250-30 {BSco 3400 2334137 11293 | S18 1 355 [ 143 |32 | o {30 | 20 {141 {43-586]2377 {040 2-49 [415
250-40 8000 [4180 2713 0% |1t05| 6B [ 3% | 151 | 33 | bo | 29 |84 [30-1 704|240k | O4D | 24B 48-L
250-50 | ¥500 | P01 ;3094 [ 1247 ] 129 | B0 | 383 | 155 | 34 | 6o | 2F |{4L|544|D-32(Z56 | D40|248!50-3
250-60 | 6500 1122 13962 [ 1599 | 717 | 1ooe | 437 | 136 { 35 | 60 {20 | 156 100-2}74-59[2392 {040 2-48{52-8
B |- — = —— |~ -] |- — =~ == |~ ]
295-30 |Booo 3210 |2527| 921 | 14| 507 | 399 [145 |37 | 6o |1F |22 [13.6 |Hu [2403 {03 | 274 (525
275-40" | 500 {4b81 {3048 (1114 | 1066 | 605 {433 [ 1586 | 3B |55 |30 | 63 (347 |%-50{24310-37 /214|594
275-5 | Vooo |£550 (3322|1214 | 107 | 649 | 4% 157 |39 |45 |35 (B9 [S83]3538(|2415|0-3F | 2-H 6L}
2¥5-0L0 6000 (8425422011539 | 4% [ 978 |40 {139 [ 40 | S5 |20 |13-f {106-1{80-31 (2580(0-3b(2-74|6L 8B
30-20 |~ | —|—|—|—|—|~—}|— | |~ —|— =] —~— = || —
300-30 | ¥500 | 3006 {2800 | 136 | 1221 (489 [456 | 452 | 42 | 60 | 194 | 2% [1F-6{B0-19{2402| 033 | 249 | 590
300-40 | Tooo {4365 |3329 [ 1114 [1030 | 643 |490 | 164 {43 | 45 | 41 | FL )94 |82-59]24i4 {0-33 | 299 | 615
-5 |~ | — = |~| =]~ =] — M |~ - == | | = | | —
300-60 | — —_—_ ]| |- -] == || —] —

TABLE 4’.5.: Re_co.lcu\atcd values  of

the parameters

of the test riixes

in Phase 2.




49

3
Mix 35: Code 250-60; the mix constituents in kg/m were:

saturated stone = 717; dry sand = 1006
cement = 437; water = 176

the cement/water ratio was thus 2.48
the fcu at 7 days with RHC was 52.8 MPa

S
Mix 37: Code 275-30; the mix constituents in kg/m were:

saturated stone = 1264; dry sand = 507;
cement = 399; water = 507

the cement/water ratio was thus 2.74
the fcu at 7 days with RHC was 52.5 MPa

(xviii) Both the above mixes had slumps of 60 mm although Mix 35 had the
better workability because of all the sand - its measured mortar
excess was 15.6% compared with the 2.2% of Mix 37.

(ixx) Looking at the cement factor, it is seen that Mix 35, code 250-60,
had a cement content of 437 kg/m3, whereas Mix 37, code 275-30, had
a lower cement content of 399 kg/m3. The lower cement content of Mix
37 may therefore appear to be the more economical altenative to
produce recycled concrete of 52 MPa.

(xx) When comparing the cost of these two mixes, they oddly enough have
almost the same cost/ds - Mix 35 @& R74.59 and Mix 37 @ R74.26. The
common belief that Lower cement contents produce cheaper concretes
is then not valid in this case, and it should therfore be borne in
mind that the aggregate cost is significant as well.

é;gzéi__éﬂ_ELEEEDQEl!E_Ml5_Q§§199_U§£b99_ (DRY BATCH)
The South African mix design method is based on the Water Demand Theory,
where the water demands of various sands have been established and well
documented, and the water demand of an impervious natural stone is
negligible. The following relation holds:

water demand of a mix = water demand of sand + water demand of
stone + water demand of cement

In general terms, the ''water requirement' would be a better way to express
this relationship, as "water demand" is a unique case mentioned before in
Section 4.1.3.

Because of the porosity - and therefore significant absorption - of recycled
coarse aggregate, the water requirement of the stone cannot be ignored. If
it is overlooked, the concrete produced will be expensive because of the
high cement content required. Th1s is demonstrated below:

If a recycled aggregate mix is designed based on the water demand
of the sand to be used, then the mix will become very dry and
unsuitable, resulting in a slump significantly lower than the
designed value. This is due to the fairly large amount of water
that the aggregate has absorbed into its pores from the mix water.
To obtain the desired slump, the standard procedure would be to
add more water and cement in the correct ratio. So the cement

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE



content and cost of the mix increases quite significantly as a
fairly lLarge amount of water may be required to give equivalent
slumps between recycled and natural coarse aggregates.

When the same recycled concrete is tested later for compressive

strength, it will be found to be considerably stronger than what
was expected and the concrete producer will realise that all the
extra cement powder was not really needed.

The reason for this is that the absorbed water in the pores of re-
cycled stone does not contribute towards the cement/water ratio of
the mix = this was discovered by experimentation by this author in
his BSc thesis (x 20).

The aim of this section is to establish a dry-batching mix design method
where the absorption of the recycled aggregate is accounted for.

In the BSc thesis, the "additional absorption coefficient" was
defined by this author as the percentage of water over and above
the water requirement of the mix needed to produce equivalence in
strength and workability. This is then a measure of the amount of
water absorbed by the porous recycled stone compared to the total
mass of water in the mix.

The "absorption coefficient' on the other hand, is the percentage
of water absorbed by the aggregate compared to its own mass.

The "Slump Adjustment Method" was developed in which the addi-
tional absorption coefficient could be measured. It was found that
the additional absorption coefficients differed between equiva-
Lence in strength and equivalence in slump compared to a mix of
control concrete made with natural coarse aggregate. :

The procedure to measure these figures is as follows:

Two mixes - a control mix and a recycled mix - are made with
identical amounts of material. The slumps of both mixes are
measured and noted - the slump of the control mix will be the
"design slump'" and the slump of the recycled mix will always be
much less than this design value. Cubes are cast from these two
mixes. A third mix - identical to the recycled mix -~ is then made
and its slump is adjusted until it reaches the design value. This
cement is added. Again cubes are cast from this mix. The concrete
is tested afer seven days. The additional absorption coefficients
are then determined graphically from the plots of. compressive
strength or slump versus the additional percentage of water added.

The actual values in the test for the three mixes were:

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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MIX 1: Control mix:
Slump = 65 mm; fcu = 29.8 MPa
Constituents = C(hornfels) stone: 1130 kg/m3;
Cape Flats sand: 827 kg/m3;
rapid-hardening cement: 294 kg/m3;
water: 187 kg/m3

MIX 2: Recycled Mix:
Slump = 10 mm; fcu = 35.8 MPa 3
Constituents - recycled stone: 1130 kg/m ;
Cape Flats sand: 827 kg/m3;
rapid-hardening cement: 294 kg/m3;
water: 187 kg/m3.

The batched quantity of water in both mixes was 1400 ml.

MIX 3: Recycled mix:
Constituents identical to MIX 2.
Initial slump again 10 mm; another 100 mlL of water increased the
slump to 20 mm; a further 100 mlL of water increased the slump to
25 mm, and a final 100 mlL of water brought the slump to 40 mm.
Since the original water content of the mix was 1400 ml, these
values represent percentages of 7.1, 14.3 and 21.4 respectively.
The seven day fcu for this mix was found to be 26.64 MPa and the
final "per cubic metre'" quantities were:

recycled stone : 1130 kg/m3
Cape Flats sand : 827 kg/m?3
rapid-hardening cement : 294 kg/m?
water v : 227 kg/m3

The 21.4% increase in water in Mix 3 had actually caused the strength to
drop below the control strength, but the correct amount that would have
given strehgth equivalence is found graphically in Figure 4.8. The extra
amount to give strength equivalence was determined as 14% and this is then
means that 187 * 1.14 = 213 kg/m3 of water should have been used for the
recycled mix to have the same strength as the control mix. The cement con-
tent would still have been calculated from the 187 Litres/i® using the
desired cement/water ratio - not from the 213 kg/m3.

Figure 4.9 was constructed from the following information concerning MIX 3.

original slump with 1400 mlL water was 10 mm (0% extra water);

<?Z;4%é;f€) added 100 mlL water to give a slump of 20 mm (7.1% extra water);

added 200 ml water to give a slump pf 25 mm (14.3% extra water);
added 300 mlL water to give a slump of 40 mm (21.47% extra water).

The amount of additional water to give equivalence in slump (65
mm) was extrapolated and found to be 39.47% - and it is known as

The Large difference between the two additional absorption coef-
ficients is due to the difference in surface texture and shape of
the coarse aggregates - the recycled aggregates are rough-textured
but more cubic than the smooth flaky hornfels stones. The slump
test is also highly variable, especially with elapsed time (as was

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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the case here) and so it is recommended that use of the "slump-
related additional absorption coefficient'" be avoided and that it
should remain of academic interest only.

However, the strength-related additional absorption coefficient is
measured with far more accuracy, and its use may be of value to a
concrete producer when recycled concretes are to be produced based
on the technology of conventional concretes. This method may be
considered unsatisfactory by certain parties (the author included)
who will argue that dry-batched mix designs with recycled aggreg-
ates should be developed independently of control aggregates, that
is, treating the recycled concrete as a material in its own right.
This fact is essentially the difference between the BSc thesis and
this thesis.

The design of a dry-batched recycled concrete then essentially follows the
process of design for a conventional concrete with imperviocus natural stone.
The additional absorption coefficient (AAC) is then used to adjust the
cement content of the mix according to the effective amount of mix water.

Conventional strength charts of cement/water ratio versus fcu for any
variety of cement type, stone type or sand type may be used. The value of
the AAC will then be determined via the Slump Adjustment Test and be applied
to the mix design. The strength charts found for control mixes with 19 mm
hornfels stone, Cape Flats sand and rapid-hardening cement at seven days are
shown in Figure 4.10.

An example of mix design using the AAC is then as follows:

A strength of 30 MPa is required and from Figure 4.10 a cement/
water ratio of of 1.63 is then needed. A trial mix shows that the
water requirement for the desired slump with this particular sand
and porous recycled stone is 225 Lites/m3. Notice that this is the
water requirement of both the sand and the porous stone.

The Slump Adjustment Test produced the value of 15% for the
strength-related AAC. So in calculating the cement content, it
will not be necessary to use the full water requirement of the
mix. The following relation will hold:

effective mix water =rgross mix water . . . equation 4.8
[T + AAC/100

196 Htres/rﬂ3

225/¢1 + 0.15)

cement content 196 x 1.63 320 kg/m3

stone and water volume = 1000 - (196 + 320/3.17) 702 Llitres.
The porous SG of the stone is 2.30 and for the natural sand 2.60,
say. The desired stone/sand ratio is 60:40 by volume.

stone content 60 x 702 x 2.30

= 0. 969 kg/m?
sand content = 0.40 x 702 x 2.60

730 kg/m3

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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The quantities to be batched are then:

dry recycled stone : 969 kg/m3
dry sand : 730 kg/m®
rapid-hardening cement : 320 kg/m3
water : 225 kg/m?

gross cement/water ratio : 1.42

But it is then assumed that only the following will partake in the
volume and strength determination of the concrete:

dry recycled stone : 969 kg/m3
dry sand : 730 kg/m?3
rapid-hardening cement : 320 kg/m3
water : 196 kg/m3
effective c¢/w ratio : 1.63

The 15% of water above the 196 Litres (i.e. 29 litres) 1is assumed
to be absorbed into the dry recycled stone and not to alter the
effective cement/water ratio of 1.63 that was required. '

Just as the additional absorption coefficient (AAC) was used to design dry-
batched recycled aggregate concrete in relation to control concrete with
natural stone, so too is the absorption coefficient used. The value of the
absorption coefficient (Ca) for a particular recycled aggregate should be
determined by tests as in Phase 1 work.

This dry-batched mix design method is again based on the water demand of the
sand to be used. The water requirement of the porous recycled stone is seen
as its absorption potential. Strength charts for control concretes may again
be used to determine required cement/water ratios for design strengths. It
was found that in a trial mix that the strength chart in the Fulton and
Crawford booklet (* 21), as shown in Figure 4.11 and drawn for ordinary
Portland cement at 28 days, works well for an OPC mix. Ideally a strength
chart based on this design method should be constructed from a series of
test mixes, so that greater accuracy may result. As this wet-batching method
is suggested as an afterthought, experimental work was thus not possible.

The standard mix design procedure is again followed to the point where the
constituents have been mixed and the resulting slump is very low because of
the absorption that occurs. An amount of water equal to the absorption of
the recycled stone may now be added to the mix without the addition of any
cement powder. This water then accounts for the 'water requirement' of the
porous stone. If, by some chance, the slump is still too low, then water, as
well as the corresponding quantity of cement powder, must be added to main-
tain the designed cement/water ratio.

It was found by experimentation (x 20) that the mix water absorbed into the
pores of the recycled stone is lost to the setting and hardening of the cem-
ent paste, thereby causing an increase in the effective cement/water ratio
and consequently the strength. It is therefore assumed that the extra water
added is equivalent to the water lost into the pores. However, the water
demand test in Section 4.2.1 showed that the water consumed by the sand
(natural or recycled) is not Llost to the cement/water ratio, but in fact
determines this ratio in the mortar paste.

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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The following example will demonstrate this mix design method:

A recycled aggregate concrete with a 28-day strength of 20 MPa is
required and the desired slump in the freshly-mixed state is 75
mm. The 19 mm nominal stone to be used has an absorption coeffi-
cient of 6.7% and the Klipheuwel sand used has a water demand of
165 Litres/m . (This is for 75 mm slump, 19 mm stone and ordinary
Portland cement.) A stone /sand ratio of 70:30 by volume is
reguired.

From Figure 4.11, the cement/water ratio needed for the 20 MPa
strength at 28 days with OPC is found to be 1.47. The water
requirement of the mix is taken as 165 litres/m and the cement
content is therefore 165 * 1.47 = 243 kg/m>.

3
volume of sand and stone = 1000 -[ 243 + 165] = 758 kg/m

3.14
mass of dry stone = 0.70 x 758 = 2.21 = 1173 kg/m3
mass of dry sand = 0.30 x 758 * 2.64 = 600 kg/m3

Equation 4.7 may be used to check that 1 m of concrete will be
yielded.

1173 + 600 + 243 |+ 165 / 1000 = 1.000m3
2. 21 2.66 3.14

Upon mixing these constituents, a very low slump is certain to
result, but now the crux of the method - 1173 % 0.067 (that s, 78
litres, or 6.7% of the stone content by mass) of water may be
added freely to the mix to attain the desired 75 mm slump. No
cement powder is needed, but if the mix requires any further ad-
dition of water, then cement would be added in the cement/water
ratio of 1.47.

The extra water added behaves in a manner similiar to an admixture
to improve workadli;ﬁty. The use of admixtures with recycled con-
cretes will be mentioned in Phase 3.

The previous two methods of dry-batched mix designs using: firstly, the
additional absorption coefficient, and secondly, the absorption coefficient
of the recycled aggregate, depend on the strength charts and data available
for conventional concretes with impervious stone. The additional absorption
coefficient (AAC) and the absorption coefficient (Ca) are then used to
adjust the recycled aggregate concrete to become Like the control concrete.

In the method about to be presented, no reference to conventional concrete
is required and so the method is independent of control mixes.

This method is also based on the Water Demand Theory and is identical to the
design of conventional concretes - except that a different strength chart,
based on the gross cement/water ratio of the mix, will be used. In this
strength chart the strengths are generally 15 to 20% higher than the control

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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strengths for the same cement/water ratio. This is because mix water is ab-
sorbed into the aggregate pores, thereby increasing the strength, since the
effective cement/water ratio has been increased. The strength chart found
for this design method is shown in Figure 4.12 (from BSc thesis: * 20).

It should be noted, however, that the slumps of these mixes were all rather
Llow = from 15 to 30 mm - and so adjustments with water and cement powder
would be required for increased slump values.

Water requirements for these mixes may be found by trial mixes and are bound
to be over 200 Litres/m3 since it will include the requirement for both the
sand and the stone. This means that a high cement content will consequently ' -
result, but this method uses a lower cement/water ratio for a particular
strength than any of the other design methods. This can be seen by comparing
the control Lline to the design line of strengths in Figure 4.12.

As an example, an attempt will be made to design the same concrete that was
designed in the previous example in Section 4.2.3.2.

A recycled concrete with a seven-day strength of 20 MPa and a slump of 75 mm
was required. The recycled stone was of 19 mm nominal size and had an absor-
ption coefficient of 6.7% and a porous SG of 2.21. The Klipheuwel sand to be
used had a water demand of 171 Llitres/m3 (for 75 mm slump, 19 mm stone size
and rapid-hardening cement) and a stone/sand ratio of 70:30 by volume was
reguired. : -

The 171 Litre/m3 of water is certain to produce a slump below 20 mm and the
water requirement of the mix is then estimated to be 190 Litres/m to in-
crease the slump. From Figure 4.12, the cement/water ratio needed for 20 MPa
strength at seven days with RHC is found to be a mere 1.13 and the cement
content required is then 190 * 1.13 = 215 kg/m°.

volume of sand and stone

1000 —[ 215  + 190 ] = 742 litres

3.14
mass of dry stone = 0.70 * 742 * 2.21 = 1147 kg/m3
mass of dry sand = 0.30 * 742 x 2.64 = 587 kg/m?

Since a certain percentage of mix water will be absorbed into the pores of
the recycled stone (assume that it is equal to 6.7% by mass of stone), the
yield or volume of the mix will be lLower than the 1.0 m3 calculated. The
gquantities may then be readjusted to 1m3 as follows:

The 1147 kg/m of stone will absorb 1147 * 0.067 = 77 litres of water. The
yield of the above mix will therefore be only 1000-77 = 923 litres, that is
0.923 m3, and so all the calculated amounts should be multiplied by the
inverse of 0.923, that is, 1.0834. The "per cubic metre' amounts are then:

636 kg/m3;
206 kg/m3.

dry recycled stone = 1243 kg/m ; dry sand
rapid-hardening cement = 233 kg/m ; water

I1f the slump is still below the required value, then adjustment with both
cement powder and water would be required in the design ratio of 1.13.

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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Briefly, the two methods that were proposed in Sections 4.2.2 and 4.2.3.
are: :

1. WET-BATCHING of the recycled coarse aggregate.

The advantage of this method is that it can be executed easily
under site conditions as no moisture checks are needed on the
stockpiled recycled stone. It produces mixes of good workability
and the mixes generally do not stiffen or lose slump prior to
placing.

The disadvantage of this method is that it is essential to achieve
a constant surface wetness throughout a series of batches other-
wise there will be variation in concrete strength as can be seen
in figures 4.3 to 4.7. Some standard procedure should be estab-
lished so that this uniformity may be achieved - and it may be
advantageous to actually dry the aggregate surface - as long as
the workablity does not suffer.

2. DRY-BATCHING of the recycled coarse aggregate.
Three different methods of dry-batched mix designs were presented.

The advantages of these methods are that high early workablities

result and then the effective cement/water ratio increases as the

water is absorbed. Furthermore, there is no problem in keeping the

moisture condition constant, and so the resulting strengths will
~be very close to those in the appropriate strength charts.

The disadvantages of these methods are that, although it is also
suited to site conditions, daily checks on moisture condition of
both the sand and the recycled stone would be required and adjust-
ments made to the amounts of mix water. The other problem is that
the mixes lose workability rather quickly as they stiffen up due
to mix water being lost into the aggregate pores.

For all of these methods, it is essential that the properties of the re-
cycled coarse aggregate be known - for example, the porosity percentage by
volume, the absorption coefficient by mass, and the rélative density of the
material. Also note that the use of recycled fine aggregate is not recom—
mended.

Two mixes of identical constituents were made to demonstrate these two
methods. The recycled stone that was used came from the stockpile and from
the 9.5 to 13.2 mm size fraction. The SG of the stone was 2.04, its
absorption coefficient was 9.1% and its porosity was 18.5% (These values
were found in the Phase 1 tests). A cement/water ratio of 1.25 was selected,
Klipheuwel sand and ordinary Portland cement were be used (as no RHC was
available at the time), 60 mm of slump was required and a 2:1 stone/sand
ratio by volume.

The water requirements for wet batching was found by a trial mix to be 160
litres/m3 for the stone/sand ratio of approximately 66:34.
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water requirement = 160 Litres/m3
cement content = 200 kg/m3

volume of stone

———

1000 -[ 200 + 160] = 776.3 litres

t Sand - 3.4
mass of dry stone = 0.66 x 776.3 x 2.04 = 1045 kg/m3
mass of dry sand = 0.34 x 776.3 x 2.64 = 697 kg/m3
mass of wet stone = 1045 * 1,091 = 1140 kg/m3

The following quantities were batched and 60 mm slump tested:

saturated stone : 7000 g
Klipheuwel sand : 4278 g
ordinary Portland cement : 1225 g
water : 981 g

Four 100 mm cubes were cast and tested at 28 days to produce results of
17.3, 17.5, 17.7 and 17.5 MPa - the mean fcu was thus 17.5 MPa. The expected
strength from Figure 4.3 was 18.0 MPa, but this was for rapid-hardening
cement.

The following calculation is to show how the quantities would be converted
to '"per cubic metre' amounts.

Firstly, the effective SG of the saturated stone must be found
from equation 4.7: '

RD wet =RD dry +(§orosity%ﬁy 10@]"
= 2.06 + 18.5/ 100
= 2.225
Secondly, calculate the volume of the batch made: _ N

v

[7.000 + 4.278 + 1.225 '+ 0.981 | = 1000m>
[Z.225  Z.éa 3.7

0.006138m3

The conversion factor is therefore V!, i.e. 162.93 per kg.

The '"per cubic metre' quantities are then:

saturated stoné : 1140 kg/m3

Klipheuwel sand : 697 kg/m3 slump = 60 mm
OP cement : 200 kg/m3 fcu = 17.5 MPa
water : 160 Litres/m3
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The water demand of Klipheuwel sand for a 75 mm slump and 9.5 to
13.2 mm stone was found in Section &4.2.1 to be 181 Litres/m3. This
time ordinary Portland cement will be used, which means that the
slump wilt increase, and since only 60 mm of slump is now requir-
ed, the water requirement of the sand is now taken as 171 Litre/m3

The mix will be designed via the third DRY-batch method described
earlier and an attempt made to equal the expected strength of the
WET-batched mix. The previous cement/wcter ratio was 1.25 and the
strength expected was 18 MPa. From Figure 4.12, the cement/water
ratio required for this strengths 1.07. Remember that 1.25 is an
effective ratio and the 1.07 a gross cement/water ratio.

3
.The cement content is then 171 x 1,07 = 183 kg/m

volume of sand and stone =|1000 - 183 + 171 |= 771 litres
mass of dry stone = 0.66 * 771 = 2.04 = 1038 kg/m3
mass of dry sand = 0.34 * 771 * 2.64 = 692 kg/m3

The following quantities were batched and the initial slump was a
lowly 15 mm as no allowance had been made for the 'water demand"
of the stone.

INITIAL FINAL
dry recycled stone 7000 g ' 7000 ¢
Klipheuwel sand 4667 g 4667 g
0 P cement _ 1234 g 1469 g
water 1150 g 1370 g

Cement and water were then added in the ratio of 1.07 until a
slump of near 60 mm was reached - 220 mlL of water and 235 g of
cement powder was added.

Four 100 mm cubes were cast and tested at 28 days. The four
strength results were: 18.7; 19.3; 19.0 and 18.9 Mpa - the mean
fcu was thus 19.0 Mpa, against the expected strength of 18 Mpa.

The final batched quantities may be converted back to 'per cubic
metre' amounts as follows:

The 7000 g of recycled stone will absorb 9.1% of its own mass in
mix water, i.e. 7000 * 0,091 = 637 ml. This amount of water then
does not participate in the volume yield of the mix.

The resulting volume using the final batched quantities is then:

v

7.000 + 4.867 + 1.496 .+ (1.370 -p637) | = 6.40 litres
204 U T2.ek TEL - L2

0.0064 o

The conversion factor is therefore V-ﬁ i.e. 156.25 per kg
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The '"per cubic metre' quantities are:

dry recycled stone : 1094 kg/m3

lipheuwel sand : 729 kg/m3 slump
0 P cement : 230 kg/m® fcu
water 214 litres/m®

60 mm
19.0 MPa

inu

Comments:

Both the design methods produced satisfactory results in terms of expected
strengths and concrete workability. The disadvantages of the two methods =~
namely the problem with the surface wetness of the wet-batch method and the
problem of mix adjustment and moisture control of the dry-batch method,
should be traded off against each other and the concrete producer should
make his/her own decision on which to employ. The author, however, recom-
mends the wet-batch method as he has had good results with it.
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4.3: DISCUSSION OF RESULTS.

— e, Ll L L e m e —— -

To summarize the results obtained in the Section 4.2.%1 test, the water
demands of a Klipheuwel sand and a recycled sand were determined by making
two concrete mixes of medium strength to the standard slump of 75 mm.

Details of each sand were then as follows:

2.13
2.64
171 litres/m3

1. Klipheuwel sand: fineness modulus
specific gravity
water demand

3.18
2.65
258 litres/m°

2. Recycled sand: fineness modulus
specific gravity
water demand

inonn

These water demands are for 75 mm of slump in conjunction with a 13.2 to
19.0 mm stone and rapid-hardening cement. If ordinary Portland cement was to
be used then each of the water demand figures may be reduced by approxim-
ately 6 litres/m>. This is because ordinary Portland cement generally re-
guires less water than rapid-hardening cement and consequently produces
slumps between 30 and 40 mm higher than would rapid-hardening cement.

Fulton (%17) has suggested that sands with a water demand in excess of 220
litres/m® be avoided as they push up the cement content required to maintain
the desired cement/water ratio. Recycled sand should therefore be avoided if
structural concrete is to be made because of its high water demand, but also
since it may have contaminants that could cause ‘degradation of the concrete
at a later stage. It may be noted that none of the recycled sands tested in
Phase 1 contained any deleterious substances and therefore the use of these
sands in low-strength plain concretes, and especially mass concretes, is
acceptable.

The testing done in Section 4.2.2 was as follows: Forty-five recycled
aggregate mixes were made whereby the coarse recycled aggregate was pre-
soaked in water and then wet-batched into the mixes. The mixes were made
with variations in the stone/sand ratio by volume and also the cement/water
ratio. The slump aimed for was 60 mm and all the mixes, with the exception
of the 80:20 stone/sand mixes, were brought to slumps of 50 to 70 mm. The
mortar excess or deficiency was measured and the Vebe test performed for
each mix. Cubes were cast from these concretes and they were tested in
compression at seven days of age, as rapid-hardening cement had been used.

4.3.2.1: Mortar Excess

The actual mortar excess (AME) was measured for each mix and the theoretical
mortar excess (TME) was calculated according to the mix constituents and
equation 4.4. Both the AME and TME results are listed in Tables 4.4 and 4.5.
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For each cement/water ratio used the TME and AME is plotted against the
stone/sand ratio in Figures 4.13(a) to 4.73(h). Note how the AME values are
almost always less than the TME values and that the two curves seldom inter-
sect. The values of TME rise rapidly with increasing $and content, whereas
the AME curve flattens out with increasing sand content. This is because the
Llarge proportion of sand has disrupted the packing of the coarse aggregate
in the mortar - the stones do not sink or pack as tightly, especially in
richer mixes, and so the trend is more pronounced. Even in the lean mixes
where segregation usually occurs, the coarser particles of sand sink down in
the mortar and upset the tight packing of the coarse aggregates, and so the
AME values are then always much less than the TME values.

An attempt was then made to correlate the AME against the TME by performing
a linear regression analysis on all of the mortar excess values in Tables
4.4 and 4.5.

The Llinear regression equation has the form Y = a + bx

where a = y - bx . « . equation 4.9
b =[sxy . . . equation 4.10
Sxx '

where y = mean value of samples y

x = mean value of samples x

Sxx = x = C x) . . . equation 4.11(a)
n

Syy =y = ( y) . . . equation 4.11(b)
n

Sxy = xy - X * y . . . eguation 4.711(c)

n
where n = the number of sets of variables.

The correlation coefficient r will indicate how good the "linearity" or
"correlation'" of the data sets are. The nearer r is to +1 or =1, the better
the correlation, and if r is near zero, there is no correlation.
r = Sxy / SQRT (Sxx * Syy) . « . eguation 4.12

The Llinear regression is performed in Appendix A6. The calculation was per-
formed on a calculator with statistics capabilities by entering the sets of
values as shown. .
The values of the parameters were found to be:

a =21.615; b = 2.278; r = 0.7350

The equation of the Line that was fitted is then:

TMEZ = 2.278 AMEZ + 21.615

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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or more practically, it may be reduced to:

TMEY% = 2.3 AME% + 21.615 . . . equation 4.13
AME% = 0.44 TME% - 9.5 . . . equation 4.14

The correlation coefficient r equals 0.735, which indicates that some cor-
relation certainly exists even though it is not markedly so. !

Figure 4.74 is then drawn and it shows how the practical limits of actual
mortar excess may be comapared by means of the regression equation . to
corresponding values of TME. This figure also shows the regress1on equation
on a plot of TME versus AME.

In Section 4.1.5 the practical limits of AME were established as 6% to 10%,
but Figure 4.714 shows these limits as 5 to 12% and the corresponding TME
values were then 33 to 49%.

The implication of this envelope in Figure 4.14 is that a mix designer may
calculate the TME of a mix by equation 4.4 and then, if need be, adjust the
mix constituents so that a convenient AME will result.

The concretes that were made demonstrated a targe range of workability =
from the harsh 80:20 stone/sand mixes that were difficult to work with,
through to the richer 40:60 mixes of stone/sand that were a pleasure to work
with. Again it is stressed that '"workabliity'" is a more complex term than
would be imagined, and although it is '"measured" by the slump test, this
test cannot fully account for workability.

The mixes with lLower cement/water ratios - that is, from 1:00 to 1:50 =~
allowed the fresh concrete to segregate. The coarser sand particles would
sink to the bottom, leaving the sloppy cement-water mortar to accumulate at
the top of the mix. The cement/water ratio would then vary across the depth
of a cast section, causing a variation in strength. The mixes with cement/
water ratio of 1.75 and above did not permit this segregation to occur as
the mortar becomes more sticky and prevents the particles from sinking or
floating in the mix.

The 40:60 stone/sand mixes were very pleasant to work with, but were visibly
oversanded - this could be seen from the mortar excess as well. Such mixes
would not really be made in practice - especially if the sand was expensive
(not in Cape Town), or the high sand content was Llikely to induce excessive
shrinkage in the concrete.

The 50:50 stone/sand mixes were also very good in terms of workability,
consistency and placeability - and although slightly oversanded, use of such
concretes would be recommended.

The best mixes in terms of mortar excess, higher stone content, and Lower
sand content are the 60% stone and 40% sand mixes. The workability of these
mixes was also pleasing. Actual mortar excess values measured were between
2.8 and 11.2%, so this concrete could be used widely and good surface
finishes also obtained.

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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The 70:30 stone/sand mixes were prone to segregation and because of the low
sand content were not all that responsive to slump adjustments, as the
stones could not slide or roll over each other easily due to their rough
surface texture. Once the higher cement/water ratios above 2.00 were
reached, these mixes become much more workable.

The 80:20 stone/sand mixes were distinctly lacking in workablility and suf-
fered from severe mortar deficiency. It was very difficult to make cubes
from these concretes and their slumps could not be measured wi¢h any great
accuracy at all, because the stump cone would either topple or remain
unmoved even though the mortar (very Little of it) would be watery. These
mixes also suffered in strength compared to the other sand/stone ratios and
are to be avoided.

- —— s = - e - O e - e - - g = G - - e - = e - — - —— — — - - - -

From Tables 4.4 and 4.5 and the strength charts in Figures 4.3 to 4.7 it
will be noticed that the compressive strength for the same cement/water
ratio increases as the sand content increases. As the sand content in-
creases, so does the water content of the mixes, and therefore the cement
content too, jn order to maintain the cement/water ratio.

The increase in fcu with increasing sand percentage is probably due to the
higher cement content that results, and which produces better adhesion bet-
ween the particles in the mix.

The higher strength potential of the oversanded concretes must be traded off
against their high mortar excesses and shrinkage potential, and so the 50:50
stone/sand and 60:40 stone/sand mixes would again be the most feasible for
practical use. ’

- o — -~ e e v e T = e - - —— > - - - —— -~

The slump and Vebe seconds measured for the mixes were found to have very
little correlation - this was actually expected since the same was found by
Fulton (*¥29) in his work. Fulton's ptot of Vebe seconds versus slump is
shown in Figure 5.16 below.
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The problem was that for the range of slumps produced (>50 mm), the Vebe
times are so short that it becomes an insensitive test - the shorter the
Vebe time, the higher the percentage of human error. For stiff concretes of
between 10 and 50 mm, say, the Vebe correspondence would probably be better
~ although the slump test again becomes insensitive for slumps below 25 mm
and over 100 mm. ' :

It would probably be better for a concrete manufacturer to use the tests
independently as both tests would still be of great assistance in attempting
to produce concrete of consistent workabildity.

4.3.2.2:_ _Mix_Calculations.

A problem was encountered with the process of converting batched mix
constituents to '"per cubic metre' amounts - this was due to a misinter-
pretation of the coarse aggregate properties as found in Phase 1.

The specific gravity (SG) of these recycled stones were .given as one value
for the material in its porous state, and as a second value for the material
had it been completely solid. For example, the recycled stone used in Phase
2 in the 13.2 to 19.0 mm fraction had the following:

SG as porous material
SG as solid material

nou
N
L]
N
-

To calculate the yield of a concrete mix, the porous SG should be used, and
Table 4.4 had to be recalculated into Table 4.5.

A further problem is whether to take the absorbed water in the pores of the
recycled stone into account - this water contributes to the mass of the mix,
but not the volume, as the SG of the stone has already accounted for its
volume. An effective SG for saturated porous stone was then found, whereby
the porosity fraction of the stone is simply added to the SG (porous). The
calculation was derived in Paragraph (xvii) of the results in Section 4.2.2.

An example is as follows:

The recycled stone has a porous SG of 2.21 and a
porosity of 15% - the effective SG is then 2.36.

A conversion to 'per cubic metre' calculation can be seen in Section 4.2.4 -
this calculation is for wet-batching of recycled aggregate.

Three different methods of designing dry-batched recycled concrete were
proposed:

1 By using the strength-related additional absorption
coefficient.

2. By using the absorption coefficient of the recycled aggregate.

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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3. By using a strength chart of gross cement/water ratio which
ignores the water absorption by the porous aggregate.

stone and an attempt was then made to match the recycled concrete to the
control concrete in terms of strength. This is done by using the additional
absorption coefficient, which is determined by the Slump Adjustment Test.
Additional water and cement powder would in all Likelihood be required to
increase the slump of the recycled concrete to that of the control. The
method is based on the Water Demand Theory and the strength chart applicable
would be for known conventional concretes such as that shown in Figure 4.10.

The second _method is also dependent on control concrete and an attempt is
then made to account for the "water demand" of the recycled stone. It is
assumed that the porous stone requires an amount of water equal to its ab-
sorption; that is, an amount of water equal to its mass multiplied by its
absorption coefficient. No extra cement is added when this additional amount
of water is added for the stones' absorption. It will be found that the full
absorption figure contributes too much extra water to the mix and that

strengths lower than those plotted in Figure 4.10 will result.

This method is likely to procduce equivalence in slump between the control
and recycled concrete, with the control strengths somewhat higher. Ideally a
series of mixes with different cement/water ratios should be made and a
complete strength chart prepared from these results, but it was however
found that the strength chart in Figure 4.11 gave satisfactory results using
ordinary Portland cement. The calculation of mix quantities again follows
the water demand theory.

based on the water demand theory, but a strength chart of total water/cement
ratio versus strength is drawn up. In this way the absorption of the stone
is turned into a strength gain rather than attempting to account for it with
additional water. The effective cement/water ratio is not of consequence
here. The total water demand of the mix should be used - it is the demand of
the sand as well as the porous stone - otherwise slumps of less than 20 mm
or less will result. For 19 mm stone, about 20 Litres/m’ may be added to the
sand's water requirement to account for the stone. For 13 mm nominal stone a
figure of 30 Litres/m may be used, because the absorption potential in-
creases as the stone size decreases, as found in Phase 1. A strength chart
such as that shown in Figure 4.12 would be used to determine the required
cement/water ratios.

If all three strength charts are drawn on one diagram, as in Figure 4.15,
then the difference in the required cement/water ratio for a particular
strength can be seen. The cement contents and water reqguirements are the
highest for Method 3 and lowest for Method 2. Thus, the economy of the three
methods is fairly similiar.

Four methods of mix design/batching have been presented; a WET-batch and
three=DRY batch methods. In Section 4.2.4 the two methods for which the most
data was available were compared. These were the WET-batched methods from
Section 4.2.2 and the third DRY-batched method from Section 4.2.3.3. These
are the two methods that would then be recommended for practical use -
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although the concrete producer would be free to select the method which
he/she finds the most suitable.

The other two DRY-batch methods would also be viable once further testing is
done and more reliable strength charts developed for selection of required
cement/water ratios.

PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE
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The earliest findings concerning the properties of recycled concrete come
from Gluzhge (*1) in 1946. He concluded that:

i) A recycled concrete will be no better than the waste concrete
that was used as the aggregate;

ii) the use of concrete fines or sand requires an undue increase
in the cement content of the mix;

ii1i) the compressive strengths of recycled concretes are lower
than their control mixes of normal concrete;

iv) the specific gravity of crushed concrete aggregates is lower
than that of natural aggregates; :

v) for equal compressive strengths, the recycled concretes have
higher flexural strengths, and

vi) prior to curing, the recycled concrete mixes stiffen rapidly,
but consolidate well with vibration.

Gluzghe's work is still valid, though Buck (*30) has shown tihat a recycled
concrete can be made to have & higher strength than the parent concrete that
was crushed to yield the aggregate.

In the subsections that follow, the mechanical properties of recycled
concrete are compared to control concretes. The information was obtained
from various Lliterature sources dating up to 1977, which are appropriately
referenced.

It should be borne in mind that the recycled concretes were all made using a
similiar method as described in Phase 2, namely the wet-batched method in
which the recycled coarse aggregate is pre-soaked before use. In the case of
compressive strength, the researchers find that the recycled concrete pro-
duces lower strengths than the control mixes. It is important to remember
that this does not imply that the recycled concrete js necessarily inferior
to the control concrete, but rather that the effective cement/water ratios
were not the same, thereby inducing the difference in strength.

Buck (*30) has found that for identical mix quantities, but with a correc-
tion made for the water absorbed by the control and recycled aggregates, the
strength of the recycled concrete was up to 8 MPa weaker. The strength of
the recycled concrete could be between 64 and 100 percent that of the
control.

Frick (x20), however, found that if no correction was made for the water
absorption of the porous recycled stone, then the recyled concrete would be
15 to 25 % stronger than the control. The workability of the recycled mixes
would unfortunately be very law, and large additions of water and cement
powder would be required to improve it.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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ALL the researchers into the subject (» 1, 5, 7, 20, 30, 31) agree that bet-
ter strengths result when only the recycled coarse aggregate is used. The
recycled fines are not used because of their high water demands, which Llead
to expensive concretes, and also since they may contain deleterious mate-
rials such as gypsum.

Frondistou-Yannas (*5) studied the bond strength between the concrete mortar
and the coarse aggregate particles by making mortar briquettes according to
ASTM C190. The test specimen, containing a single 19 mm aggregate particle,
was designed to ensure that the applied tensile lLoad would be transmitted
through the aggregate only. : '

The results showed that this bond strength would be at lLeast 88% that of the
control, if the recycled particle contained primarily natural stone from the
parent concrete. If the recycled particle consisted mainly of the old mor-
tar, then the bond strength would be at Least 55% that of the control. By
"control' it meant that a clean natural 19 mm stone (granite) was used in a
briquette.

Hester (*32) 4is of the opinion that the bond strength - that is, the 'grip".
that the cement paste forms on the aggregate particle - may be improved by
using rather ligquid mixes with slumps typically between 120 and 150 mm. Such
runny mixes are prone to segregation and bleeding, but he advocates the
Liberal use of admixtures to remedy these problems. Hester is not a re-
searcher into recycled concrete, but is a specialist in the design of high-
. strength concretes for use in slender prestressed applications. He is,
however, of the belief that the same principle would apply to recycled
concrete (*32).

The tensile strength of a concrete is usually determined in one of two ways:

i} the flexural tensile strength may be obtained by the loading
to fracture of '"prisms'" or "beamlets', or

~11) the flexural splitting strength may be obtained by the
"splitting'" of cylinders in a compressive testing machine.

These two tests will be described in greater detail in Section 5.2.

Attempts have been made to relate the tensile and flexural strengths of
a concrete to its compressive strength, but the relationship is neither
specific nor simple. This is because factors such as cement/water
ratio, curing conditions, age, mix proportions and properties of the
aggregate do not affect the two strengths to the same degree. Kaplan
(*46) also found that the rate of gain in strengths (tensile and
compressive) are not the same. Also, the ratio of tensile/compressive
strength is higher at an early age than a later ages. Kaplan (*x46) also
found that incomplete consolidation has a greater negative effect on
compressive strength than on tensile strength.
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The following formulae have been proposed: The CEB-FIP Committee (*38)
recommended, for the direct tensile splitting strength, that:

fts = 0.24 * CUBROOT( fcu ) . . . equation 5.1
where fts = tensile splitting strength in MPa at 28 days
fcu = cube strength of concrete in MPa at 28 days.

For the range of compressive strengths of 15 to 20 MPa, a good approximation
to equation 5.1 is:

fts = 0.78 + 0.05 *» fcu - . - equation 5.2

Packard (*47) of the Portland Cement Association uses the following formula
- developed from the design of concrete road and airport pavements - which
is based on the flexural strength of the concrete (also at the age of 28
days): ‘

ftf = 0.68 * SQRT( fcu ) . . . eqguation 5.3
where ftf = flexural tensile strength of concrete in MPa.

Research into high early~strength Llightweight concretes by Swamy (%42),
using ultra-fine cement and expanded slate aggregates with a 67% sand re-
placement, (i.e.the fine, artificially-produced expanded slate ''sand” is
replaced by a natural sand) yielded the following two formulae for wet-
curing of the concrete:

—+

+

-+
H

0.75 * SQRTC( fcu ) .« « » equation 5.4

0.56 * SQRT( fcu ) . .« . equation 5.5

-+

~+

w
i

Since the recycled aggregates are porous and less dense than natural aggreg-
ates, the relationships for Lightweight concretes may prove more relevant to
recycled concretes.

Malhotra (*31) found that the flexural strength of the recycled concrete was
between 80 and 100% that of the control. His findings are based on the frac-
ture of concrete beamlets to give the flexural tensile strength. Gluzghe
(*1) had previously shown that for equal compressive strengths, the recycled
concretes had higher flexural strengths than the control - this result was
established in 1946 and has not been disputed since.

5.7.4: Elastic Modulus.

The elastic modulus of a concrete depends primarily on the modulus of elas-
ticity of the aggregate present and its volume fraction, and so too on the
the elastic modulus of the concrete matrix and its volume fraction. Numerous
investigators such as Pomeroy (*33), Kaplan (*34), Hansen (*35), Powers
(*36) and Hobbs (*37) have found this to be the case, and attempts have been
made to formulate expressions whereby the theoretical E-modulus of a con-
crete may be calculated.

Furthermore, it was found by Hansen (*35) and Powers (*36), amcngst others,

that the elastic modulus, as well as the compressive strength, is highly
dependent on the air content or porosity of the concrete.
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Hansen (*35) derived a formula to relate the modulus of the concrete to the
moduli of the component materials and their respective volume concentrat-
ions. The following expression was found to produce sufficiently accurate
results for normal concretes:

jL€E = Vm/Em + Va/Ea . . « . equation 5.6

where Ec, Em and Ea = modulus of elasticity of the concrete,
mortar and coarse aggregate respectively, and

Vvm and Va = fractional volume of the mortar and the coarse
aggregate respectively.

- This equation is from the Reuss Model, whereby the paste and the aggregate
are subjected to equal compressive stresses when a compressive load is
applied.

Another model, known as the Voigt Model, exists whereby both the paste and
. the aggregate are subjected to equal strain when a compressive load is
applied. The formula (*33) for this model is:

Ec = Va.Ea + Vm.Em . =« . equation 5.7

The Voigt Model is the upper bound value for the elastic modulus of a two-
phase material, whereas the Reuss Model gives the lLower bound value.

Hobbs (%*37) derived a relationship from considerations of the bulk modulus
of a composite in which the aggregate and the concrete matrix retain con-
tiguity. The equation is as follows:

Ec = [ (Ea - Ep)Va + (Ea + Ep) ] * Ep . . . equation 5.8
(Ea + Ep) + (Ep - Eal)Va v

This egquation has been found to represent experimental observations very
satisfactorily for both high- and Low-modulus aggregates. From these equat-
ions it will be seen that, the greater the modulus of the concrete aggreg-
ate, the greater will be the elasticity modulus of the resulting concrete.
Similiarly, the greater the volume concentration of the coarse aggregate,
the greater the elastic modulus of the concrete. '

If the concrete is porous, then the equations should be adapted to account
for the negative effect of such porosity. Hansen's (*35) semi-empirical
equation is as follows:

Ep=Es *x (1 -p) / (1+ 2p)° . . . equation 5.9
where Ep modulus of the porous material, and

Es = modulus of the pore-free solid material.
P = oroS<e¢

Powers (*36) had also fitted the following equation to his observed
measurements:

Ep = Es * (1 - p)3 v . . . equation 5.10
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A similar equation is attributed to Hansen (*35) in Chapter 8 of Fulton's
"Concrete Technology' (*17) and is: '

Ep = Es * (1 - p)* . . . equation 5.11

Pomeroy (*33) has found that normal dense aggregates have elastic moduli
that exceed the moduli of the hardened cement paste (HCP) by a factor of
five or more. The modulus of the.HCP is typically 10 to 20 GPa, whereas the
modulus for natural stone is usually in the region of 80 GPa. It follows,
therefore, that the stiffness of most dense aggregate concretes will be
greater than that of the matrix.

In practice, it is difficult to apply the equations that have been presented
because of moduli of the aggregates are seldom known. Consequently, attempts
are then made to relate the modulus of elasticity of a concrete to its com-
pressive strength, which is more readily determined. The predictive equat-
jons that will be given are empirical and there is still debate regarding
the most acceptable ones.

The CEB~FIP recommendations of 1970 and 1978 (*38) proposed the following
formula:

*

E = 6.6 * SQRT( fcy ) « «» . equation 5.12

where E = elastic modulus in GPa, and
fcy = cylinder strength of the concrete in MPa.

For Lightweight concrete, the CEB-FIP equation is:

E = 0.0018 * SQRT( W3fcy ) . . . equation 5.13
where E = elastic modulus in GPa;
W = weight density of the concrete in kN/m , and
fcy = cylinder strength in kPa.

Another set of formulae, proposed by the CEB in 1976, is:

E = 9.5 * CUBROOT( fcy + 8 ) . . . equation 5.74

1}

E = 9.5 * CUBROOT( fcy + 8 ) * (m/2400)° . . . equation 5.15
where equation 5.14 would apply to dense aggregate concrete and
equation 5.15 to lightweight aggregate concretes with m = the mass
density of the concrete in kg/m3.

Teychenne, Pomeroy and Parrott (*39) used test results of concretes with
widely=varying mix proportions and concluded that the E-modulus of concretes
at any age t could be estimated by the equation:

Et = Co + 0.2 * fcy, . . . equation 5.16
cube strength at time t in Mpa;

modulus of elasticity in GPa at time t, and
a linearly-related constant (approximately 20).

where feu,
E
Co

the constant Co depends very much on the aggregate used and a test
mix should be made to determine its value. '
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Using various South African aggregates and covering a wide range of stren-
gths, Davis (%28) developed the following equation for the E-modulus of a
concrete:

E = 4.9 » SQRT( fcu ) . . . eguation 5.17

Up to this point it is seen that the equations shown use both the cylinder

strength fcy and cube strength fcu of the concretes. The cube strength of a
concrete is always slightly more than the corresponding cylinder strength.

In general, the following relation holds:

fl

fcy = 0.80 * fcu . « . equation 5.18a

or fcu = 1.25 » fcy . . . equation 5.18b
Furthermore, all the E-modulus values used up to now have all been the.
"static" modulus of elasticity which differs from the ''dynamic' elastic mod-
ulus. The dynamic E-modulus is found by electro-dynamic methods which may be
found in BS 1881; 1970 (*40) or ASTM €215-60 (*x41). The dynamic modulus is
usually higher than the static modulus and various relationships between the
two have been presented, but are not relevant to this work.

The ever-growing technology of Llightweight concrete has produced several
formulae which produce satisfactory results. Due to the similiarity between
Lightweight and recycled aggregates, namely that both are porous, it might
be found that these formulae could be applied to recycled concretes. The
equations and their proponents are as follows:

Swamy (%42): E = 0.97 * m3* SQRT( fcu ) . . . equation 5.19

Pauw (*43): E

0.0043 » SQRTC w fcu ) . . . equation 5.20

Schaffler (x44): E = 0.00006 * SQRT(m fcu ) . . . equation 5.21
where w = the weight density in kN/m3, and
m = the mass density in kg/m?3

. The Poisson's Ratio of lightweight concretes was found by Swamy (*42) to be: .
VP a#¥=00.16 * E+ 20 * fcu ) / E . . . equation 5.22

where £ = static modulus of elasticity of the concrete in MPA, and
fcu = compressive cube strength in MPa.

The Elastic_Modulus_of Recycled Concrete. ~

The recycled aggregates cobtained from crushed concrete will obviously have a
Lower modulus of elasticity than will a natural coarse aggregate, and there-
fore the E-modulus of a recycled concrete will also be lLower than that of a
control concrete. This has been verified by various researchers: Fondistou-
Yannas (*5) has shown that recycled concretes have elastic moduli between 60
and 100% that of the control concretes. Hansen and Boegh (*45) found the E-
moduli of recycled concretes to be 15 to 30% lower than those of conven-
tional concretes.
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ALl the researchers have shown that recycled concrete is less dense than
conventional concrete. This is due to the porosity of the recycled aggreg-
ates, which are in turn less dense than conventional aggregates. Figure 5.1
shows the densities of conventional and recycled concretes as found by Frick
(x20). This figure also shows that the percentage difference in concrete
density decreases as the cement content, the cement/water ratio or the
compressive strength increase.

The water absorption of recycled concretes is higher than that of convent-
ional concretes. This is again attributable to the porosity of the recycled
coarse aggregate. Kreijger (*48) has quoted figures of 4 to 8% for coarse
recycled aggregates and 8 to 127% for recycled fine aggregates. The absor-
ption of natural stone is very low - between 0 and 2% by mass.

Workability - a property of the fresh concrete mix - is a very important
aspect of concreting. This was discussed in detail in Phase 2 of this work,
but a brief mention of it is again made here in Phase 3 to widen the scope
of this section on the properties of recycled concretes. ‘

Researchers have found that the workablitiy of recycled concrete is fully
comparable with conventional concrete, provided that the water absorption of
the porous recycled coarse aggregate is accounted for. Gluzghe (*1) has
stated that recycled concrete mixes lLose their workability more rapidly with
time. If the recycled aggregate is not fully saturated before use, it will
continue to absorb water from the mix and thereby cause the concrete to
stiffen. Frick (¥20) found that recycled and conventional concretes of
““seemingly identical workability' would not produce the same slump values
because of the difference in shape and surface texture of the coarse
aggregate.

e = . - ——

To an American, it would appear that durability means primarily the resis-
tance of the concrete to cycles of freezing and thawing; secondly, its
resistance to sulphate attack, and resistance to the expansive reactions
between siliceous and carbonaceous aggregate with the alkalis in the con=
crete. South Africans would also consider a property such as abrasion re-
sistance to be part of a concrete's durability.

The process of freezing and thawing of water contained in the pores of a
concrete is a very strenuous one to the concrete. The water expands as it
freezes and creates severe internal stresses in the concrete, which can
cause cracking. For Lightweight concrete it has been said that the pores in
the coarse aggregate act as minute cushions which allow some of the freeze-
thaw stresses to dissipate, and it therefore has a better durability than
normal concrete in this respect. The aggregates used in lightweight concrete
may be very porous, but their matrix material is usually impervious to
water, such that the inner pores contain air, which is compressible and
allows the "cushioning effect'. The inner pores of a recycled aggregate may
well contain water since its matrix is not impervious, and this water also
freezes and thaws to place stresses in the concrete.

\ PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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Several researchers (x5,30) have found the freeze-thaw resistance of
recycled concrete to be comparable to that of standard concrete, although
Buck (*30) found a substantial improvement against frost attack in the re=-
cycled concrete that contained chert gravel in the aggregate.

The presence of an excess amount of sulphate in a concrete instigates two
harmful chemical reactions in the concrete matrix. Firstly, the calcium
hydroxide is converted to calcium sulphate, and secondly, the calcium alum-
inate is converted to calcium sulphoaluminate. Both these reactions produce
more than double the solid volume, and so the large expansion causes great
disruption in the concrete, which leads to serious cracking. An effective
defence mechanism against sulphate attack is the imperviousness of a con-
crete, which means that recycled concrete, by its porous nature, may be more
vulnerable to it. Young (*7) has found that the chemical durability of
recycled concretes is Lower than for normal concretes if no attempt is made
to remove contaminants from the rubble. This means durability against frost-
attack and the interaction of alkalis with siliceous and carbonaceous
aggregates.

The wear or abrasion resistance of a recycled concrete may well be lower
than that of normal concrete because of the more friable and weaker stone,’
but sufficient wear resistance is possible by selecting a recycled aggregate
that complies with code restrictions. In Phase 1 tests were done to deter-
mine the 10% fines crushing value of various recycled aggregates and it was
found that these aggregates have sufficient strength to pass the 110 kN 10%
FACT value specified in SABS 1083 (*14) for concrete subject to abrasion.

The shrinkage and creep of concrete is too extensive a subject to be
discussed in full detail here and will be dealt with in a brief manner.

Different types of shrinkage occur in a concrete. Firstly, there is a plas=-
crete. It is therefore a mode of settlement which may be considered to be
beneficial to the concrete, but it may be countered by revibration of the
occurs in zones of the concrete where there is insufficient water. It is
also called self-dessication and would occur, for example, at the centre of
mass concrete. Thirdly, there is the most common and problematic drying

This water would be required to give the concrete workabilility and for
curing purposes, but when the curing stops, this water starts to evaporate,
and induces the shrinkage in the concrete. The fourth type of shrinkage that
where €0, EEE_EEEEEFEEE—?BES-the concrete. This is a process of chemical
decomposition which takes place over a Long period of time, arid”in magnitude
may be equal to about half the drying_shrinkage, and may be alleviated by
precarbonation. '

The stiffness of the aggregate provides resistance to the shrinkage, which
occurs as the hydrating cement paste Loses water - but it is the proportion
of the aggregate in the concrete that is of the greater importance. So, the
higher the percentage of coarse aggregate that is attained in the concrete
mix, the less will be the shrinkage. Recycled aggregates have less stiffness
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than natural stone aggregates and so the shrinkage potential of a recycled
concrete is greater than that of a normal concrete.

The total deformation of concrete subjected to sustained stress may be re-
garded as composed of two principal components.

i) instantaneous elastic deformation, and
ii) time-dependent deformation - creep and shrinkage.’
, .

Creep is defined as stress-induced, time-dependent strain. Usually it will
be observed as a steadily-increasing loading. On the other hand, it may be
seen as a reduction in the stress in concrete that has been restrained
against deformation in some way; this is often called "stress relaxation"
and is an important aspect in the design of prestressed concrete members.
Generally, creep is an important consideration in the behaviour assessment
and serviceability assessment of concrete structures.

Several theories have been advanced to explain the physical processes invol-
ved in the creep of concrete. Mallows (*49) summarized these proposed theo-
ries into three broad groups, based on the work of Mindness and Young (*50):

The basic premise of this theory is that the time-dependent
strains in concrete - namely, shrinkage and creep - result from
thermally-activated processes which can be described by process
rate theory. Creep strains originate through deformations of a
micro-volume of paste when energy is added to the system by exter-
nal sources. The rate of the deformations are dependent on temper-
ature, applied stress and change in moisture content within the
concrete system. It should be noted that creep recovery is ex-
plained by regarding the removal of load as the application of a
negative stress.

S e e e e e o e o . e o e —— " " -

This approach considers the presence of absorbed water lLayers to
be the underlying factor in the creep of concrete. Absorbed water
is assumed to diffuse under stress, causing microstrains within
the concrete system. The amount of absorbed water is assumed to be
a function of the ambient relative humidity with which the system
is in equilibrium.

When an external stress is applied, the stress exerted on the
water in the micropores is increased. To maintain equilibrijum, the
thickness of the absorbed water layer must be decreased to compen-
sate for the effective increase in the adjoining pressure. Thus
water diffuses from the micropores to- the larger capillary pores
where no stresses exist.

This theory proposes that external stress tends to densify the
chemical assembly of the particles in concrete. It is suggested
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that under load, water is redistributed and the particles (which
are like Laminae) are densified and ordered. Hence the external
stress modifies the existing interlayer spacings.

Further reading of the following publications is recommended: ''Creep and
Shrinkage in Concrete Structures" by Bazant and Wittman (*51) and "Creep of
Concrete'; Neville (%52).

There are many factors that affect the creep and shrinkage of concrete;
these will not be discussed as they are well covered by authors such as
Wolhuter (*53), Neville (*52), Mallows (*49) and Bozant (*51). The one fac-
tor which should be mentioned is the influence of the aggregate used as it
is essentially the only difference between recycled and normal concrete.

The coarse aggregate in a concrete is assumed to be volumetrically stable
and thus toc have a restraining effect on the strains caused by shrinkage and
creep. Increasing the aggregate content by volume fraction of a concrete mix
will therefore reduce the creep and shrinkage potential of the hardened
concrete. This restraining effect of the aggregate is further affected by
the stiffness or elastic modulus of the coarse aggregate - the higher the E-
modulus, the Llower the creep,g* shrinkage rate.

r

If a concrete aggregate itself is prone to creep or shrinkage, then the
creep and shrinkage potential of the resulting concrete will be greatly in-
creased. Certain natural stone aggregates are renowned for their shrinkage
potential - for example dolerite from Scotland and fine-grained sandstone
from South Africa. Very few natural aggregates used for concrete manufacture
have been found to exhibit any creep potential, but recycled concrete ag~
gregates that are still relatively young may certainly be Liable to creep.
By "relatively young" it is meant a few years, as about 90% of the total
creep in a concrete will occur in the first five years, by 10 years of age
95% of the creep will have occurred, and possibly after 25 to 30 years, no
further creep will occur. ' '

The porosity of a recycled aggregate will tend to decrease the shrinkage and
creep potential of a concrete because water is removed from the cement paste
by the aggregate's absorption. At the same time, this porosity of the ag-
gregate reduces the E-modulus of the resulting concrete as discussed in
Section 5.71.4, thereby offsetting the effect of the absorption. Thus the
creep and shrinkage potential of a recycled aggregate remains higher than
that of a normal concrete.

Methods of predicting the magnitudes of creep and shrinkage according to the
CEB-FIP will be presented in Section 5.3.4 when the values found for the two
different recycled concrete mixes will be compared to the predicted values.

e e Lo 2P Qe SN N L e S B e e 2 R i

The following properties of the recycled concretes were investigated in this
series of tests: '

i) Compressive strength gain with time;

ii) tensile strength: flexural and splitting tests;
iii) elastic modulus, and

iv) creep and shrinkage.

CONCLUSION
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Two different recycled concrete mixes were made, from which a sufficient
number of the various specimens required for the tests were cast. Consid-
eration of various factors was required to design the two appropriate mixes
- the design of the two mixes is shown below in Section 5.2.1.

Different factors were considered in the design of the two mixes to inves-
tigate typical properties of recycled concrete. The fact that the creep
behaviour was to be tested was perhaps the most important of these factors.
The considerations were:

R o - — e - . s e ——— - —— s o e - — ——— —

Pomeroy and Illston (*54), in their recommendations for a standard
creep test for the United Kingdom, suggest that applied stress
should be 25% of the mean cube strength at age of loading. The
American standard for creep testing, ASTM (512~76 (*55), requires
that the applied stress should not be more than 40% of compressive
strength of the concrete.

Two mixes, one weak and one strong, were made since the UCT creep
rig is only capable of applying a common pressure value = even
though it has 12 load rigs that can take two c¢ylinders each. The
Lload pressure that was to be applied was therefore equal to 40% of
the weaker compressive strength and also equal to 25% of the
stronger compressive strength.

If the applied Load pressure is P, the weaker compressive strength
is fggr and the stronger fggz, then:

P =0.40 feu, =0.25 fcu, . . . equation 5.23

ii)_Sand _Content.

The Cape sands often dominate the creep and shrinkage behaviour of
concretes produced in this region. It was therefore desireable
that the concrete mixes had lLow sand contents to permit the coarse
aggregates to have a greater effect on the shrinkage and creep.
The aim was then to have a sand content of 40% by mass of the
total aggregate mass.

Due to an insufficient number of moulds, the two mixes had to be
cast on successive days. The weaker mix was cast first and then
Lloaded at eight days age. The stronger mix was cast the day after
the weaker and loaded at seven days. It should be remembered that
rapid-hardening cement was to be used.

From Table 4.5 in Phase 2, it was seen that Mix 200-40, or Mix
Number 23, had the seven-day comparative strength of 33 MPa - this
was for a cement/water ratio of 2.0 and a sand fraction of 40% by
mass of total aggregate. This mix was used as the stronger mix.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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f 33 MPa
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f 0.25/0.40 * 33 = 20.6 MPa
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From Table 4.5 it is again seen that Mix 150-40 (Number 13) may be
used for the weaker mix. It has a 40% sand fraction, a cement/
water ratio of 1.50 and a seven-day strength of about 20 MPa.

The stone size to be used was 9.0 to 13.2 mm and the absorption
coefficient for this fraction was found from Phase 1 testing to be
9.1%. The porous specific gravity of this size fraction was simil-
arily found to be 2.04.

The constituents in kg/m3 of the two mixes 150-40 and 200-40,
based on the absorption coefficient of 7.66% and the porous
specific gravity of 2.21 for the 13.2 - 19.0 mm stone size, were
as follows:

MIX 150-40 MIX 200-40
Saturated stone 1176 1140
" Dry Klipheuwel sand 734 710
Rapid~hardening cement 226 302
Water 151 152

The mix quantities shown above need to be adjusted to account for
the higher absorption of the smaller stone size and the Llower
specific gravity. The calculation to give the "per cubic metre”
quantities was discussed in Phase 2 and is as follows:

The mass of the dry stone, DST = SST/(1 + Ca) kg/m3, where SST is
the mass of the saturated stone and Ca is the absorption coef-
ficient - which is 0,091 for this particular aggregate.

The batched volume 1is then:

Vb =[DST + S + C + W _}fe1ooo m® . . . equation 5.24
2.04 2.64- 3,14 T

The "per cubic metre' amounts are then:

SST, = SST/Vb
S = S/Vb
(op] = C/Vb
w] =

W/ Vb
The mix quantities for Mixes 200-40 and 150-40 were then used as

input values for the above calculation and the adjusted amounts of
constituents in kg/m3 are then as follows:
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WEAK MIX STRONG MIX
Saturated stone 1142 1107
Dry Klipheuwel sand © 713 690
Rapid-hardening cement 220 293
Water 147 _ 148

The weaker mix was known as MIX 1 and the stronger mix as MIX 2, and the
constituent amounts calculated were to be used in the making of the mixes.

Based on the mix quantities calculated in Section 5.2.1, the following
amounts of materials were batched into the mixer:

Saturated stone 109.5 kg
Dry Klipheuwel sand 68.3 kg + 9.0 kg
Rapid-hardening cement 21.0 kg
Water ' 14.1 kg

The slump was very high, approximately 150 mm, and the mix also appeared to
be deficient of mortar. Sand only was added gradually until the slump had
been reduced to 80 mm - 9.0 kg of extra sand was added.

Sixteen 100 mm cubes, twelve 105 mm diameter cylinders and six 100 x 100 «x
S00 mm beamlets were cast from this concrete mix. The moulds were stripped
after 24 hours of curing beneath waterproof sheeting and the concrete
specimens were then placed under water at 24°C until they were required for

testing.

o cwdrc o
Because of the additional sand, the ''per -sguare metre' guantities had to be
recalculated. The same calculation as before is done:

MIX 1 - "weaker mix"

saturated stone = 1103 kg/m?3

dry Klipheuwel sand = 779 "

rapid-hardening cement = 212 "

water = 142 U/m3
saturated stone/sand = 1.416
mass fraction of sand of total dry aggregate = 43.5%
effective cement/water ratio = 1.493
expected strength at eight days = approx. 22 MPa
volume fraction of sand of total aggregate = 37.3%

5.2.3:. Production of MIX 2.

The mix quantities calculated previously for MIX 2 in Section 5.2.1 were
revised because the sand/stone ratio had changed.
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The quantities were:

PREVIOUS A ADJUSTED
saturated stone 1107 kg/m3 1107 kg/m3
dry Klipheuwel sand 690 782 "
rapid-hardening cement 293 v 293 ¢
water 148 " 148 "

The stone/sand ratio was thus 1107/690 = 1.6043, whereas the final
stone/sand ratio for MIX 1 was 1103/779 = 1.4159. Using the same stone
content for MIX 2 of 1107 kg/m as before, the required sand content to
maintain the new ratio of 1.4159 was therefore 1107/1.4159 = 782 kg/m3. The
adjusted quantities are then shown in the second column above, but these
produced more than one cubic metre of concrete, and the batch volume
calculation was again performed to bring these amounts to '"per cubic metre”
quantities. The final quantities of mix constituents can be seen in the
highlighted table of data for MIX 2 overleaf.

The following amounts of materials were then batched into the mixer:

saturated stone = 100.0 kg
dry Klipheuwel sand = 70.6 kg
rapid-hardening cement = 26.5 kg
water = 13.35 kg

The slump that resulted was exactly 60 mm and the concrete mix was very
pleasant to work with - it 'did not segregate, was easy to compact and
handle, and required no adjustment.

Again sixteen 100 mm cubes, twelve 105 mm diameter cylinders and six 100 x
100 x 500 mm beamlets were cast. After 24 hours of curing under a waterproof
sheeting, the moulds were stripped and the concrete specimens placed under
water at 24°C until they were required for testing.

The final data for concrete of MIX 2 was then:

MIX 2 - '"stronger mix"
saturated stone = 1070 kg/md
dry Klipheuwel sand = 755 "
rapid-hardening cement = 284 "
water = 143 U/m?

saturated stone/sand ratio = 1.4617
mass fraction of sand to total dry aggregate = 43.5%
volume fraction of sand of total aggregates = 37.3%
effective cement/water ratio = 1.986

expected strength at seven days approx. 34 MPa
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Firstly, the aim was to test the strength versus time of the comp-ressive
strength of recycled concrete. Cubes were therefore to be crushed in the
testing machine at one day, three days, seven days, eight days, 14 days and
28 days.

Secondly, the tensile strength of the recycled concrete was to be tested.
The flexural tensile strength was to be found at seven and 28 days by the
centre-point loading to fracture of the 100 x 100 x 500 mm beamlets. The
splitting strength was to be found at seven and 28 days as well. The
specimens to be used for this test were the 105 mm diameter cylinders that
were cut into two lengths of approximately 150 mm each.

Thirdly, the elastic modulus of the recycled concrete was to be determined
at seven and 28 days as well. Two cylinders from each mix were capped in the
appropriate manner with a high-strength paste made from rapid-hardening
cement and fine-grained sand.

The fourth series of tests on these recycled concretes were to determine
their creep and shrinkage behaviour. Four cylinders from each mix were
capped and loaded into the creep rig at eight days for MIX 1 and seven days
for MIX 2. Two cylincders from each mix were to be used as the shrinkage
control specimens, and the ends of these cylinders were covered with a
sanding sealer to give them the same degree of surface exposure as the creep
specimens. ' '

Each specimen was weighed prior to testing so that the concrete density
would be available for use in the empirical formulae used to estimate the
elasticity modulus and flexural strengths of concretes.

Two hours before their testing, the concrete cubes were taken from the water
and left out to dry. Their masses were determined and they were then crushed
in the Ams@er testing machine at a rate of 15 MPa per minute.

The results of the cube fractures and their densities are given in Table
5.1.

Two methods were used to determine the tensile strength of the recycled
concrete, namely the Brazilian cylinder-splitting test and the tensile-
flexural test done on small concrete beams.

The 300 x 105 mm diameter cylinders were each sawn in half so that
more results would be available. The diameter and length of each
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Concrete | Number of | Dimensions | Averuse Meon Mun

Ase cubes of ™Mass Density feu.

(days) - tested cubes (3am ) (k3 [m*) (Mfa)
MIX 1

1 2 Bl - ] 13

3 3 - - - | 3

ki 4 3 233 2314 213

B 2 2 - = 21b

14 2 _ - ~ | 235

2% 3 ) 2365 2342 2b.0
MIX2

1 2 X - - | 122

3 3 3 - - 23.8

1 3 s | 2% | 2344 | 314

8 2 = - - 329

4 | 3 - - -] 312

2% 3 T 2m | 2352 | 407

TABLE 5]. chsults of the Comrmessive Streasth

Tcstmj of ‘the Rccwclcd Concretes.




Cinder

leasth

| selrtting force

Details of Mix ase diameler | mass Stlitliny Streasth}  dieasity
fumber | Cdays) ( Mm) {mm) ( 3ram) (N) ( Mfa) (kalrd)
1 7 144.0 {05 - 50 ono -2.03 -
MIX 1: 2 7 148.0 105 - 53 000 2.7 -
| 3 r 1405 105 - | 4Booo 1.9 -~
mean )Lu Jdavs = 2.04 W 4 ¥ 1410 105 - 48 000 1.98 -
§, news c 30| 0§ 28 149.0 105 3003 78 000 3.47 2328
. b 28 145.0 105 294 71000 2.97 2315
mean density = 2342 9| ¥ 28 1990 105 2987 81 o00 3.30 23b4
8 29 14b.0 105 2987 T8 600 3.24 2343
i ¥ 148-0 105 - 14 o00 3-85 —
MIX2: 2 7 1480 | 105 -~ 94 000 3-85 ~
3 T 147.0 105 - 94 000 388 -~
mean fi, Tas - 3ESHO | 4 7 410 | fo5 - 94 000 3-83 -
fts 28aes < 432Ma | 5 28 140 | 105 2992 ithovo | 4.82 2367
b 28 148.0 105 3010 lo4o00 | 426 2349
mean density = 2354 %/’ L 28 144.0 105 3o10 102 c00 4.15 2333
| B8 28 1440 105 2949 9% 000 4.04 2365

TABLE 9.2, ¢ Results of the

Tensile Selitting Tcst\'nj of the Pu:c)clcd Concretes,

qis
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specimen was measured, as well as its mass to permit deter-
mination of its density.

The cylinders were carefully aligned in the Amsler compression
testing machine between two pieces of hardboard and the force then
applied until a splitting fracture occurred. The compressive force
was applied along two diametrically~opposed Lines in the '"Braz-
ilian" method as proposed by Carneiro and Barcellos (*56).

The tensile strength is then calculated from the following
equation:

fts = 2P/ mrdl . . . equation 5.25
applied force to cause failure

diameter of cyglinder
Length of cylinder

where P
d
L

The density of the concrete is calculated as follows:
flp = 4m/Trd2L . . . equation 5.26
where m = mass of the cylinder.

The results of the Brazilian splitting tests are shown in Table
5.2. _

2:2.6.2:__Flexural Tensile Test.

The concrete beamlets, which are approximately 500 mm long, were
placed symmetrically on two supports (one fixed and one roller)
450 mm apart. A knife-edge load was applied at the centre point of
the beamlet's span and its magnitude increased until the concrete
specimen failed.

The tensile strength of the concrete is considered to be the
stress at failure in the bottom fibre of the beamlet. The tensile
flexural strength of each specimen may be calculated from equation
5.27 below, which was derived in Figure 5.2:

ftf = 6P.L/4.b.d? ' . . . equation 5.27

force applied to cause failure
span of beamlet 450 mm
depth of section = 100 mm
breadth of section (variable)

where P

L
d
b

The results of these tests are tabulated in Table 5.3.

Two cylinders from each mix were prepared for testing according to the
method described in BS 1881, Part Five of 1970 (*40). The method is
described fully in Appendix A7. Each cylinder was capped with a strong mor-
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;arvh'cd force P
e

tor face of beamlet I e
AN\ ZASSZaN
sfan = L
_1 ﬂ““
Pla

EEEREN \ ‘ Shear force diasram

Pla

BCnde moment diadram

= Plasby = PL/4

ft{ = 4 dt oo . ._ equation 5.27

F\GURE 52 . Dcrivation of the Tensile Strcnﬂth jn

Fltxuft of o Concrete seecimen.




Dct'o.il 5 of Mix Beamlet Ase Lenath Deeth Breadih Mass Sean  |Factuee Force | Teasile Streasth Dcnsft’T
Number | (davs) (mm) (mn) (mm) ( $ram) (mm) (N) CMfa) ke/m’)
MIX 1: 1 7 500 foo | foi | 11837 450 5100 341 2344
2 7 418 100 104 11745 450 5000 3.34 2335
Mean jq T =330 | 3 f 498 loo {03 12038 | 450 5200 3.44 2347
Jeg say 42t | 4 28 | S0 | foo | 202 | U | 450 | T 4.7 2338
Mean deasity = 233780’ | 5 28 500 {oo fo1 11770 450 6000 4.01 23314
b | 28 | 45 | 100 | fo4 | 1993 | 450 | bwo | 4e2 | 232
MIX2: 1 1 S0 | 100 103 12042 450 00 5.18 2338
2 1 417 100 104 11984 450 1400 4.80 2319
mean fye v = SooMa | 3 7 497 100 101 11821 | 450 1500 5-01 235b
fog paor < SLMa | 4 2% | 50 foo | 102 | 11878 | 45 | 8ooo 5.29 2324
mean deasity < 2345 MIn' | 5 28 | 48 100 1o+ 12145 450 8100 5.2b 2345
| b 28 415 loo 12160 | 450 7500 7385

1 103

ubLE h.3 : Results of the Tc'nsilc Flexural Testing of the Recvcled Concretes.
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tar and targets for the demountable mechanical (DEMEC) strain gauge were
affixed to the concrete specimens with an epoxy glue. This was done in
accordance with BS 1881 specifications.

The mean cube strength of the recycled concrete from MIX 1 was found to
be 21.3 MPa. Therefore the code value of C, which is one third of the
cube strength, was then 7 MPa.

The diameter of the cylinder was found to be 104 mm, which means that
the cross-sectional area was 8495 mm2. This meant that 8495 newtons or
8.50 kN of force needed to be applied per megapascal of stress. The
stress increments were then marked off on the force gauge of the test-
ing machine. The convention was adopted that the capped surface of a
cylinder would be placed on the bottom plate of the Amsl=r testing
machine.

Cyinder 1.7 required no adjustment when the preliminary loading was
performed and the E-modulus could then be taken from the first attempt
~ which apparently is a fairly rare occurence. Cylinder 1.2 required
five attempts before the cylinder was centred properly and the readings
for the E-modulus determination could be taken. The eccentricity of the
second cylinder was measured and noted for use when the 28-day testing
was to be done.

The results of these readings and the plots of the stress versus strain
may be found in Appendix A7. BS 1881 requires that the best straight
Line be drawn through the points and the elasticity modulus then found
from the mean slopes yielded by the front and back gauges on the
cylinder. It was felt that a numerical fit of a Line by a regression
analysis would be more accurate. This same Llinear regression analysis,
which is a preset programme on several pocket calculators, was
discussed in Section 4.3.2.71 under equations 4.9 to 4.,12.

For Cylinder 1.7:

0.994
0.997

E (front)
E (back)

24.558 GPa;
20.803 GPa;

]

i
Hon

where r is the correlation coefficient, which indicates how Llinear
the data was - the closer it is to unity, the better the fit of
the Lline.

The mean value of E-modulus = 24.561 GPa.
The difference in elastic modulus of the two cylinders was fairly high and
it can only be assumed that the second cylinder might have had some internal

flaws such as air bubbles.

However, the mean elastic modulus for MIX 1 at seven days age with rapid-
hardening cement was then 22.8 GPa.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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The mean cube strength at age 28 days for MIX 1 was found to be approx-
imately 24 MPa and the value of C was therefore 8 MPa. Again the load
required per megapascal of stress was 8.50 kN.

Cylinder 1.1 required seven attempts at centring the cylinder before the
elastic modulus loading could be performed. Cylinder 1.2 was placed in the
testing machine at the same eccentricity that had been measured at seven
days and no adjustments were required before the final loading was done.

For Cylinder 1.1

0.998

E.(front) = 24,763 GPa;
= 0.999

E (back) 25.128 Gpa;

i}
N

23.422 GPa.

mean value of E-modulus
For Cylinder 1.2:

0.998
0.999

E (front)
E (back)

22.971 GPa;
23.872 GPa;

Hon

i Nie!

1!

mean value of E-modulus 23.422 GPa.

It will be noticed that the previous disparity in elastic modulus that ex-
isted between the two cylinders at seven days had now diminished, and the
28-day modulus of elasticity of recycled MIX 1 was then 24.2 GPa.

The mean cube strength of MIX 2 at age seven days was found to be approx-
imately 31 MPa and the value of C could have been taken as 10 MPa, but a
value of 8 MPa was used instead which is within the requirements of B8S 1881.
The diameter of the cylinders was again 104 mm and so a load of 8.5 kN was
required for one megapascal of stress.

Cylinder 2.1 was centred succesfully on the first attempt, but Cylinder 2.2

required eight attempts before it was centred and the final loading and
measurement could be done. The results are shown in Appendix A7.

For Cylinder 2.1:

0.994
0.999

g (front)
E (back)

26.616 GPa;
29.493 GPa;

" n
H

31

mean value of E=-modulus 28.040 GPa.
For Cylinder 2.2
E (front)
£ (back)

0.991
0.996

28.305 GPa;
27.819 GPa;

[}

mean value of E-modulus 28.062 GPa.
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These two cylinders produced exceptionally similiar results for their
modulus of elasticity, although there was a 10% difference from front to
back in the first cylinder, which is within the 15% Llimit permitted by the
code.

The mean modulus of elasticity for MIX 2 at seven days with rapid-hardening
cement was therefore 28.05 GPa.

The mean cube strength of the concrete at age 28 days was found to be about
41 MPa, and so the value of C was taken at 13 MPa. Again the load required
per megapascal of stress was 8.5 kN.

Cylinder 2.1 was again centred sucessfully on the first attempt. The eccen-
tricity of cylinder 2.2 at seven days had been measured and here at 28 days
it was again applied, but two further attempts were required to centre the
cylinder before the test could be performed. The results are shown in
Appendix A7.

For Cylinder 2.7:

E (front) = 28.742 GPa; r = 0.999

E (back) = 27.945 GPa; r = 0.999

mean value of E-modulus = 28;344 GPa
For Cylinder 2.2:

E (front) = 28.551 GPa; r = 0.999

E (back) = 30.297 GPa; r = 0.999

mean value of E-modulus 29.424 GPa.
The mean value of the elastic modulus of MIX 2 at age 28 days was
therefore 28.9 GPa.

The results of the modulus of elasticity tests will be discussed in Section
5.3.3 and they will be compared to the values produced by the formulae given
in Section 5.1.4.

Note: When a cylinder is placed in the testing machine and the pre-
liminary loading performed, the specimen will be considered as
"centred'" if the deflections of the front and..rear are within 10%.
of each other. It is very often the case that the one side of the
cylinder will deflect more than the other, and it is required
that the specimen be recentred to try and produce the same de-
flection between both sets of targets. The side that deflects the
most is then assumed to take too much of the stress and should be
moved away from the centre of the bearing plates of the testing
machine.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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Lically-controlled UCT creep rig. Two further cylinders from each mix were

also
contr

105 mm diameter cylinders from each mix were placed in the hydrau-

placed in the controlled-humidity creep room to serve as shrinkage
ol specimens. '

The creep frame that was to be used was the CEB hydraulic type
which is shown in Figure 5.3. The UCT creep rig holds twelve of
these frames, which in turn can accomodate two 105 mm diameter
cylinders each. The axial load to each frame is applied by means
of a hydraulic ram which has its pressure regulated by the central
hydraulic system.

Firstly, it was réquired that the desired stress to be applied to

the recycled concrete specimens be determined. At the intended
time of loading, the compressive strengths of the two concretes -
a weaker and a stronger - were estimated as:

f,, the weaker, was 22 MPa
f,, the stronger, was 33 MPa
The required stress was therefore (from previous discussion in

Section 5.2.1) 40% of the weaker strength and also 25% of the
stronger strength.

P reqd = 0.40 » 22 = 8.8 MPa

0.25 » 33 = 8.2 MPa

or
An average stress value of 8.50 MPa was therefore to be applied.

The average diameter of the cylinders was measured to be 104.5 mm
and the cross-sectional area therefore 8577 mm2.

The required force on .the cylinders was therefore found to be:
F reqd = 8577 mm? * 8.50 N/mm2 72 900 newtons.

The Philips load cell that had previously been used to calibrate
the creep apparatus had a capacity of 10 tonnes, which is 10 000
kilogramme-force (kgf). The 72.9 kN of applied force is therefore
equivalent to 72 900/9.81 = 7432 kgf. This meant that the creep
rig would have to be loaded to 74.37% of the capacity of the
Philips 10T cell.

In 1982, the creep frame was calibrated using the abovementioned
load cell, whereby the "pounds-per-square-inch" pressure values
from the dial gauges (positioned in the hydraulic system of the
frame) were compared to the "kilogramme-force' readings from the
load cell. The layout of the creep frames in the UCT creep room is
shown in Figure 5.4.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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For each creep frame (1 to 12), the gauge pressure in pounds per
square inch was found from the available calibration charts that
corresponded to 74.37% of the Philips load cell's capacity. These
calibration charts are included in Appendix A8. The gauge pressure
values for the twelve creep frames were then as follows:

CREEP FRAME No GAUGE PRESSURE (Lb/inz)

*

16 540 =
16 650
16 450 *
17 000
16 450
16 500 =*
16 720
16 940

not available
16 240

not available
16 105

*
*

*

OO0~V N>

_
N =0

Since only four creep frames were needed to test the eight speci-
mens of recycled concrete, it was decided that the frames marked
with an asterisk (%) above would be used. The average pressure to
supply 74.3% of the 10 tonnes force using frames 1, 2, 3 and 6 was
therefore 16 535 (b/inZ2.

The intention had been to load the concrete specimens when MIX 1
was eight days old and MIX 2 seven days old, but the compressor
controlling the hydraulic system of the creep rig broke down on
the target day. When it had been fixed, the specimens were then
loaded into the creep frames -~ but two days had elapsed - and MIX
1 was therefore loaded at 10 days and MIX 2 at nine days.

Two sets of targets for the strain gauge were glued to each
cylinder parallel to its axis, and diametrically opposed. The
strain gauge used was a demountable mechanical device (DEMEC)
which had been set to a é~inch gauge length. Each division on the
strain gauge, when set to its usual & inch-gauge length, was equal
to a strain of 1.02 x 1073 - and for the 6-inch gauge length, the
strain would then be 1.36 x 1073 per division.

The strain gauge was calibrated throughout the test using an inert
metal bar, known as an INVAR bar, and the DEMEC gauge was found to
be consistent.

The Creep Room has a controlled temperature and humidity .which
needs to be mentioned to allow accurate comparison of creep and
shrinkage results. The temperature was 23°C + 1°C and the
relative humidity 507% + 47%. This was monitored each time readings
were taken.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE



The creep and shrinkage strains were measured at regular intervals
throughout the duration of the test (60 days), as can be seen from
the charts in Appendix A8. After the load had been activated init-
ially, the readings were taken at short intervals for the creep
specimens only.

The readings taken from all the concrete cylinders may be found in
Appendix A8. The results from each pair of cylinders lLoaded by a
particular creep frame are processed together to give the total
creep plus shrinkage strains, as well as the elastic shortening
strain on application of the load.

On a seperate sheet, the mean shrinkage strains and the mean total
deferred strains (creep plus shrinkage) of the two creep frames
per mix were then combined to give the overall mean creep and
shrinkage strains for each of the two recycled concretes. The
creep strain of the concrete was taken to be the total deferred
strain measured less the shrinkage strain measured from the
control specimens.

Finally, for each of the two mixes, the specific creep strain (to
be defined below in Section 5.2.8.4) was calculated up to the age
of 60 days.

The simplest way in which the creep of concrete could be measured
would be by relating the actual creep strain measured against time
under lLoad. This is known as ''creep strain' and is denoted by the
symbol C. :

A second fairly simple way to represent creep is by using the con-
cept of ''specific creep'” - denoted by Csp. It is defined as the
creep strain divided by the applied stress, and it therefore per-
mits the comparison of creep results obtained from different
stress Levels in the concrete. The stress level, on the other
hand, is the applied stress divided by the compressive strength of
the concrete. :

So far the following symbols have been defined:

creep strain in the concrete;
the applied stress causing creep;

Honowonu

no+H1ToO

cu = the compressive strength of the concrete;
sp the specific creep (strain per unit stress), and
L the stress level in the concrete. .

Therefore, the following equations hold:
Csp = C/P strain per MPa . . « equation 5.28

SL = P/fcu x 100% - . . equation 5.29

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE



Concrete researchers and engineers favour the use of the specific
creep approach, but the more recent international design codes
such as the CEB=-FIP 1978 model code, the CEB code of 1970 and the
Australian code prefer to use either a ''creep coefficient' denoted
by)j, or else a "creep function" denoted by 0. '

Creep_coefficient : @ = C/€el . . . equation 5.30
Qgggg_fggggjgg : ¢ =)J>Ec . . . equation 5.31
where Eel = the elastic strain due to the load.

Ec = the elastic modulus of the concrete.

Equations 5.29 and 5.30 may be combined to yield the following ex-

pression recognising that Ec = "stress over strain" or P/ééﬂ'

Creep_coefficient : @ = Csp.Ec . .« . equation 5.32

Debate exists, however, on which value of the Young's modulus Ec
should be used on the above equation. Both the CEB code of 1970
and the CEB-FIP code of 1978 require the use of the 28-day elastic
modulus, irrespective of the concrete's age upon loading. The Aus-
tralian code AS*14881, (*57) suggests that it should be the value
at the time of loading. In his work, Mallows (*49), followed the
CEB-FIP recommendations and used the 28-day E-modulus, and so too,
the creep factors in this thesis will be found using the 28-day
modulus of elasticity.

If the 28~day E-modulus is not known, then it may be calculated as
follows using the equation given in the CEB code of 1970 (*58):

Eg = fog . « . equation 5.33
Eo
where E,g elastic modulus at 28 days;

Eo elastic modulus at Lloading;
fa8 compressive strength at 28 days, and
fo compressive strength at loading.

Mallows (*49) then derived the following formula for converting
from specific creep to a8 creep factor which he called the "un-

2 = Csp.g, [f, /1, ' . . . equation 5.34

In this work, the compressive strength and elastic moduli were
known for both the age at loading and at 28 days. They were:

MIX_ 1: fo = 22 Mpa
fag = 26 MPa (loaded at 28 days)
E, = 23 GPa
E,p = 24 GPa

Mix 2: fo = 33 MPa
fag = 42 MPa (loaded at 28 days)
Eo = 28 GPa
E.g = 29 GPa

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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Mallows then also attempted to convert his experimental data, by

" means of the CEB-FIP creep factors, to a standard set of condi-
tions from which he determined his "normalized 200-day creep
factor' for various South African aggregates. (By ''mnormalizing"
the creep factors, an attempt is made to bring these concretes to
a common, standard composition. This was then his basis of compar-
ison for these different aggregates.)

The CEB-FIP code of 1970 (x58) has the following theoretical for-
mulation for the creep factor:

#y = Kc . Kd . Kb . Kc . Kt .- . - equation 5.35

where Kc depends on the environmental conditions; :

Kd depends on the hardening of the concrete at the age
of Lloading;

Kb depends on the composition of the concrete;

Ke depends on the theoretical thickness of the member,
and

Kt depends on the development of the deferred
deformation with time.

The full method of estimating the CEB creep factor is included in
Appendix A9. The standard set of conditions for the creep factor
as defined by Mallows (*x49) from this creep formulation shown
above was then as follows:

(i) the concrete is loaded at 28 days of age (Kd = 1);
(ii) the cement/water ratio is 2.50; Kb = 1
" (iii) the cement content is 500 kg/m3;
(iv) the relative humidity is 50%, and
(v) the effective specimen thickness is 52.5 mm.

ALL creep tests conducted in the UCT Creep Room using the hydrau-
Lically-controlled creep rig would require 104-105 mm diameter
cylinders with an effective specimen thickness of 52.5mm. ‘
Secondly, the relative humidity in the Creep Room is kept constant
at 507%, and so only the factors Kd and Kb would need to be applied
to UCT creep results to "normalize'" them.

as follows:

fn = C(sp . E;. fza/Kd . Kb . . . equation 5.36
T

Since the 28-day elastic moduli are known for the two recycled
concretes, equation 5.36 simplifies to the following for this
thesis:

fn = Csp . Ec _ . . . equation 5.37
Kd . Kb

This equation will permit the comparison of the creep of the re-

cycled concrete to the creep of concretes made from varicus other
natural aggregates. The values of Kd and Kb are found from the
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figures in the CEB creep estimation method of 1970, which is shown

in Appendix A8.

5.2.8.5: Results of the Creep_and _Shrinkage Tests.

As much data as possible for the two recycled concretes will be
presented in this section and the final 60-day '‘unbiased" and
"normalized" creep factors will be found.

MIX 1: Loaded
fcu at

E-modulus at loading
E-modulus at 28 days

Initial elastic strain

at 10 days of age;
loading 22 MPa;

22.8 GPa, and
24.2 GPa.

upon load = 39.0 x 107

(this is the mean of eight strain-gauge readings)

Applied stress = £.Ec
el

Stress
60~day
60-day
60-day

60-day

the creep correction factors are:

22.8 x 10% * 39.0 x 1073

8.892 MPa
level = applied stress/fcu = 40.4%
shrinkage strain = 29.2 x 1073
creep strain = 76.0 x 10=6 per MPa
specific creep = 85.5 x 1073

“unbiased" creep factor

60-day ''normalized" creep factor

85.5 x 16 * 24.2 x 10°
2.09

Kd
Kb

= 2.09

The fact that rapid-hardening cement was used and that the con-
crete was loaded at 10 days produces the correction factor of 1.0
for Kd. The water/cement ratio of 0.67 and the cement content of

212 kg/m3 gives the value of 1.0 for Kb.

MIX 2: Loaded

fcu at Lloading. = 33 MPa
E-modulus at loading = 28.05 GPa
E-modulus at 28~-days = 28.90 GPa

at nine days of age

Initial elastic strain upon loading = 29.8 x 107%"

Applied stress = £ .Ec
el

Stress
60~-day
60-day
60-day

60~-day

level = applied stress/fcu

shrinkage strain = 28.6
creep strain = 51.1
specific creep = 61.1

""unbiased” creep factor

28.05 x 103 » 29.8 x 10
8.359 MPa

25.3%

x 107°
10-3 per MPa
x 10-¢

bed

61.1 x 10°¢ x 28.90 x 10°
1.77 '
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The creep correction factors are: Kd =
- Kb = 0.84

60-day "normalized'" creep factor = 1.77/(1.05 * 0.84)
= 2.01

The use of rapid-hardening cement and the loading of the concrete
at nine days produces the value of .1.05 for Kd, whereas the value
of 0.84 for Kb was found using the water/cement ratio of 0.50 and
the cement content of 284 kg/m3.

ders to a stress of 8.50 MPa - this was translated into a gauge
pressure of 16 535 pounds per square inch - but the pressure
gauges attached to the creep rig do not have divisions fine
enough to permit accurate loading. It was felt that by using the
concrete strains measured upon load application, and the known
moduli of elasticity, a more accurate applied stress vatue would
be found. In so doing, the average stress applied to the concrete
on MIX 1 was 8.892 MPa, and to MIX 2 was 8.359 MPa.
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5.3:_ DISCUSSION OF THE TEST RESULTS

The work in Phase 2 has shown that fairly high strengths of up to 60 MPa may
be attained in recycled aggregate concretes, although it is recommended that
50 MPa should be considerec &as the '"ceiling strength" of these concretes.

In Phase 3 the strength-development with time of the recycled concretes was
investigated. Table 5.4 below shows the compressive strengths of the two
recycled concretes at different ages. The effective cement/water ratio of
MIX 1 was 1.49, and for MIX 2 it was 1.99. For rapid-hardening cement the
standard-age-strength is assumed to occur at seven days, and each of the
strengths in Table 5.4 is therefore expressed as a percentage of the 7-day
strength.

MIX NUMBER 1 MIX NUMBER 2
CONCRETE AGE Mean fcu 7% of 7-day Mean fcu % of 7-day

(days) (MPa)  strength (MPA) strength

1 9.3 43.7 12.2 38.9

3 16.3 76.5 23.8 75.8

7 21.3 100.0 31.4 100.0

8 21.6 101.4 32.9 104.8

14 23.5 110.3 37.2 118.5

28 26.0 122.1 41.7 - 132.8

A plot of these values may be seen in Figure 5.5. Figure 5.6 was taken from
Fulton (*¥17) and shows the compressive strength/age relationship for normal
concretes made with rapid-hardening cements. The two curves on this diagram
in Figure 5.6 that corresponded most closely with the 7-day strengths of the
two recycled mixes were used to determine the strength percentages that
follow:

Fulton's mix, AGE IN DAYS fcu IN MPa % OF 7-DAY fcu
similiar to MIX 1:

3 21 - 68

7 31 100

14 38 123

28 43 139
Fulton's mix, 3 13 62
similiar to MIX 2 . 7 21 100

14 26 124

28 31 148

Taking the average values of the '"percentage of 7-day strength' figures,
that is, 66% at three days, 100% at seven days, 123% at 14 days and 143% at
28 days, the estimated strength gain of conventional concretes made with
rapid-hardening cement is drawn in on Figure 5.5.
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From Figure 5.5 it 'is then seen that the recycled concrete appears to mature
slightly faster than its normal concrete counterpart, that is, the 7-day
strength is closer to the long-term strength for recycled concrete.

Flexural tensile strength: ftf

The flexural tensile strength of the two recycled concretes was found by the
centre-point loading of the small concrete beams, or "beamlets" as they were

.called previously. The resulting data, also shown in Table 5.3, was as
follows:

- MIX 1 MIX 2
effective cement/water ratio 1.49 1.99
flexural tensile strength at 7 days (MPa) 3.39 .5.00
Tlexural tensile strength at 28 days (MPa) | 4.26 5.16

For MIX 1, the gain in strength from day 7 to day 28 was 26%, whereas for
MIX 2 it was only 3% - this should not be seen as significant because it is
felt that this test is prone to error and will produce results that vary.

Packard's equation (x49) relating the flexural strength of a concrete to its
compressive strength was presented in Section 5.1.3 as equation 5.3. Packard
found this strength to be approximately equal to 68% of the square-root of
the compressive strength for ordinary Portland cement at the age of 28 days.
Applying this equation to the avaliable data for the recycled concretes, the
following figures are obtained:

MIX 1: fcu at 7 days : 21.3 MPa
ftf at 7 days (estimate) : 3.14 MPa « e (D
ftf at 7 days (actual) : 3.39 MPa
fcu at 28 days : 26.0 MPa
ftf at 28 days (estimate) : 3.47 MPa ... (D)
ftf at 28 days (actual) : 4.26 MPa

MIX 2: fcu at 7 days : 31.4 MPa
ftf at 7 days (estimate) : 3.87 MPa « . (3
ftf at 7 days (actual) : 5.00 MPa
fcu at 28 days : 41.7 MPa
ftf .at 28 days (estimate) : 4.39 MPa - .. (&)

ftf at 28 days (actual) 5.16 MPa

The actual flexural tensile strengths of the two recycled concretes were
therefore consistently higher than Packard's equation would suggest. The -
general form of Packard's equation is:

ftf = K * SQRT( fcu ) . . . equation 5.38

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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equation 5.38 would then be:

1) K = 0.73
(2) K = 0.84
(3 K = 0.89
(4) K = 0.80

There is therefore no unique value for this coefficient K, although it may
then be stated that the flexural tensile strength of recycled concrete will
be between 73% and 89% of the square-root of its compressive strength at any
age. The average value for K was, however, 0.82.

The values for K at 28 days with rapid-hardening cement were 0.84 and 0.80,
which is a much narrower range than the above one, and the mean value of K
was again 0.82 for 28-day results only.

For the flexural tensile strength of lightweight concrete, Swamy (x42) dev-
eloped an equation of the same form as equation 5.38 - where the value of
the coefficient K in his formulation was 0.75 - which is somewhat closer to
the value of 0.82 that was found above for recycled concrete. .

The tensile strength of the two recycled conretes was found by the splitting
of cylinders under compressive loading - known as the '"Brazilian" splitting
test. The resulting data, also shown in Table 5.2, was as follows:

MIX 1 MIX 2
effective cement/water ratio 1.49 1.99
splitting strength at 7 days (MPa) 2.04 3.85
splitting strength at 28 days (MPa) 3.17 4.32

For MIX 1, the gain in strength from seven to 28 days was 55%, whereas for
MIX 2 it was again Lower at only 12%. The splitting test produced a much
narrower range of results, as will be seen from the comparison of Table 5.2
and Table 5.3, than did the flexural test. The stronger mix, namely MIX 2,
therefore definitely matures quicker than the weaker mix with respect to
flexural or tensile strength. The opposite of this applied with compressive
strength.

The CEB-FIP formula (*38) relating the tensile splitting strength of a con-
crete to its compressive strength was presented in Section 5.1.3 and is:

fts = C * CUBRT( fcu 2) . . . equation 5.1
the value used for estimates of the coefficient C is 0.24.

The application of this formula to the data found for the two recycled
concretes is as follows:

MIX 1 - at 7 days: - fcu = 21.3 MPa
: fts (estimate) = 2.11 MPa
fts (actual) = 2.04 MPa

corrected value of C = 0.27

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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- at 28 days: feu = 26.0 MPa
il fts (estimate) = 1.84 MPa
fts (actual) = 3.17 MPa
corrected value of C = 0.36
MIX 2 - at 7 days: feu = 31.4 MPa s
) - fts (estimate) = 2.39 MPa
fts (actual) = 3.85 MPa
- - corrected value of C = 0.39 MPa
v at 28 days: fcu = 41.7 MPa
fts (estimate) = 2.89 MPa
fts (actual) = 4.32 MPa
corrected value of C = 0.36

The actual splitting strengths of the recycled concretes are again consis-
tently higher than the CEB-FIP equation would suggest - in fact they are
significantly greater, at between 11 and 61% above the estimated strengths.
Using the general ferm of equation 5.1, the values of the coefficient C were
between 0.27 and 0.39 for recycled concrete with rapid-hardening cement at
any age.

From the two 28-day values, the value of the coefficient C was $.36 in both
instances. This fact indicates that, although rapid-hardening cement may be
used to achieve high early compressive strengths, the maturity of the
concrete in tension or flexure is maintained at a later age, namely 28 cays.
In his work with lightweight concretes, Swamy (x42) again used an eguation
of the same form as eguation 5.38, namely:

a

fts = K * SQRT( fcu ) .« .. equation.5.38

this time his value of the coefficient K was 0.56.

then te:

(1) K = 0.44

(2) K = 0.62

(3) K = 0.69 o _
(4) K = 0.67

Again there is no unique value for the coefficient K as it has a range of
0.44 to 0.69 and a mean value of 0.61 for rapid-hardening cement at any age.
As expected, the range narrows considerably when only the 28-day values are
used, namely 0.62 to 0.67, and the mean value for K at 28 days is then 0.66.
Swamy's formulation for Lightweight concrete is again more accurate than the
other methods proposed to estimate the flexural or tensile strength of
recycled concrete.

In general, it may therefore be stated that no shortfall of flexural or

tensile strength will occur in recycled concrete - a fact that has been
echoed by other researchers such as Gluzghe (*1) and Malhotra (*31).

PHASE 3: THE MECHANICAL PROPERTIES OFf RECYCLED AGGREGATE
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Young's modulus of elasticity of each of the two recycled concretes was de-
termined at the ages of seven and 28 days following the standard method of
BS 1881, Part Five of 1970 (*x40Q0).

The data obtained for the two recycled concretes was then as follows:

MIX 1 MIX 2
effective cement/water ratio 1.49 - 1.99
E-modulus at 7 days 22.80 GPa 28.05 GPa
E-modulus at 28 days 24.20 GPa 28.90 GPa

For the weaker concrete of MIX 1, the gain in stiffness from days seven to
28 was 6.1% and for MIX 2, the stronger concrete, the gain was again lower
at only 3.0%. So, just as was the case with the flexural or tensile stren-
gths, the recycled concrete with the higher cement/water ratio, or for that
matter, cement content, matures further with respect to elastic modulus than
does the concrete with the lLower cement/water ratio.
- In Section 5.1.4 numerous equations were presented which express the elastic
modulus of a concrete as a function of its cube strength, cylinder strength
and sometimes density. The following ones will be used as a comparison with
the results found for the two recycled concretes:
(i) the CEB-FIP recommendation (*38):
E = 6.6 * SQRT (cylinder strength) . . . eqguation 5.12
(ii1) Davis' equation for South African aggregates (*28):
E = 4.9 * SQRT (cube strength) « « . equation 5.17
(iii) the CEB formula of 1976 (*58):

3
E = 9.5 ~ CUBRT (cylinder strength + 8) * [mass density]
2400

« « « equation 5.15

The "cylinder strength’” and ''cube strength' of a concrete.is not the same,
but researchers have found that the cylinder strength (fcy) is approximately
equivalent to 80% of the cube strength (fcu) - as was shown in equations
5.18 (a) and (b) of Section 5.1.4.
The CEB-FIP equation, number (ii above, therefore becomes:

E = 6.6 * SQRT( 0.8 fcu ) = 5.9 * SQRT (cube strength)

which produces a somewhat larger value for E than does Davis' equation.

The general form of the first two equations is therefore:

E = Ke * SQRT( fcu ) ' . . . equation 5.39

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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Another set of eguations estimating the E-modulus are found from the tech-
nology of lLightweight concrete - which appears to be similiar to that of
recycled concrete in many respects. They are:

(iv) CEB-FIP (*38):

0.0018 * SQRT( w .fcy ) . . . eguation 5.13

E

0.0016 * SQRT( w .fcu ) . . . equation 5.13 (a)

SOE
(v) Pauw (*¥43) (ACI equation):
E = 0.043 » SQRT( w .fcu ) . « . equation S.ZO
(vi) Schaffler (x44):
E = 0.000 06 * SARTC m3.fcu ) . . . equation 5.21
(vii) Swamy (*42): ,
E=0.97m * SQRTC fcu ) / 10° . . . equation 5.19

where m is the “mass density" of the concrete in kg/m® and w is
the "weight density" in kN/m3. The fcu in these equations is ex=
pressed in megapascal, but for equation (iv) it is in kPa.

The general form of these equations for Lightweight concrete is then:
E = Ce * SQRT( m3.fcu ) | . . . equation 5.40

Table 5.5 overleaf shows the comparison of the actual elastic moduli with
those calculated by methods (i) to (vii) presented above. It will be seen
that these equations generally overestimate the stiffness of the two
recycled concretes, although Davis' equation 5.17 for natural South African
aggregates, and Pauw's ACI eguation 5.20 for Llightweight concretes produce
the closest results to the actual E-modulus values.

Using the two ''general-form" formulae in equations 5.39 and 5.40, the values
of the coefficients Ke and Ce were calculated corresponding to the actual
values of the E-moduli of the recycled concretes. This was also done in
Table 5.5.

Equation 5.39 depends only on the compressive cube strength of the concrete
and a MPa value for fcu results in a GPa value for E. In equation 5.40, both
the fcu and density of the concrete is considered and the units to be used
are kg/m?® for the density (m) and MPa for both the fcu and elastic modulus.

The range found for the coefficient Ke in equation 5.39 at any age was 4.48
to 5.01 with an average value of 4.80. The.ranges become narrower if Ke is
considered only at one particular age of the concrete, that is, at seven
days with rapid-hardening cement it is between 4.94 and 5.07 with a mean
value of 4.97. For a 28-day determination the range of Ke is 4.48 to 4.75,
with a mean value of 4.61.

The same trend applies to the coefficient Ce in equation 5.40: at any stage
the range is 0.039 to 0.044 with a mean of 0.042; at seven days with rapid-
hardening cement the values are almost identical at 0.043, and at 28 days
the range is very narrow, namely 0.039 with a mean value of 0.040.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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PARTicuLARS oF MIX 1 MIX 2
EACH CONCRETE .at T dovs at 28doys | at 7 days at 28 davs
Actual cube streasth (MPa)| 21.3 26.0 31.4 417
Actual mass density (ksim')| 2337 2365 2367 23
Acfual weitht density (kIR 22.93 23.20 23.22 23.31
Actual K -modulus (ala) | 228 | 242 28.0 289
Estimates of F-moduli
(vy E (Gh) a1.2 30.1 33.4 38.4
@y E (6 (pavis) 22.b 25.0 21.5 31.b
wio B () 213 9.8 31.3 34.2
W B (Gh) 25.6 28.3 317 368
lw B (G (Pauw) 21.8 245 k0 | 312
wviy £ (Gh) 313 35.2 387 | 444
viv B (6h) 245 7.7 30.5 5.4
Recalculated HCchf\'cicnt values
for  Ke 4.94 4.5 5.01 4.48
for Ce 0.044 0.041 0.043 0.03

T;\BLE' 55 : ComraﬁSon of the actual E -moduli of the

Tecycled concrete with various eshimated values.




The use of the following two equations is then recommended for the deter=-
mination of the modulus of elasticity in recycled concretes:

1. If only the compressive strength of the concrete is known:
E = Ke * SQRT (fcu) .« « . equation 5.39

where Ke = 4.97 for rapid-hardening cement at 7 days, and
Ke = 4.61 for rapid-hardening cement at 28 days.

2. If the mass density of the concrete is also known, then the
following formula would be preferred:

E = Ce * SQRT ( M3.fcu ) . . . equation 5.40

where Ce = 0.043 for rapid-hardening cement at 7 days, and
Ce = 0.040 for rapid-hardening cement at 28 days.

In general, it does however appear that for equal compressive strengths, the
recycled aggregate has a lower modulus of elasticity than does the normal
concretes, which is evident from the stiffness comparisons in Table 5.5.
This is in accordance with the findings of other concrete researchers such
as Fondistou-Yannas (*5) and Hansen (*45). But again it is evident that no
shortfall in stiffness results with the recycled concretes, and using the
'ceiling strength" of 50 MPa mentioned before, the maximum E-modulus that
may be used in a recycled concrete from equation 5.39 is 35 GPa, and from
equation 5.40 is 36 GPa.

From each of the two recycled concretes that were made, four cylinders were
tested in the hydraulic creep rig and two cylinders were placed unloaded
with those loaded for a duration of 60 days. The unloaded specimens served
to monitor the drying shrinkage that would have occurred over those 60 days.

Thg shrinkage strains of the two recycled concretes that resulted after the
60 days in an atmosphere of temperature 23° ¢ + 1°¢ and relative humidity of
50% + 4% were very similiar in magnitude - the weaker mix, MIX 1, showed a
strain of 29.2 x 107 and the stronger mix, MIX 2, a shrinkage of 28.6 x 107>

The full details of each of these concretes with regard to their compressive
strengths, age of loading, elastic moduli, applied stress and stress levels
may be found in Section 5.2.8.5. To enable comparison with conventional
concretes, the 60-day ''unbiased" and also "normalized" creep factors, as
defined in Section 5.2.8.4, were calculated.

The unbiased 60-day creep factor for MIX 1 was found to be 2.09, whereas for
MIX 2 it was found to be 1.77 - which would be expected as the concrete from
MIX 2 was subject to a lower stress level of 25%, as opposed to the stress
Level of 40% for MIX 1. The higher cement content of MIX 2 would also aid in
reducing its creep potential compared to MIX 1. On the other hand, MIX 2
was, however, loaded one day earlier than was MIX 1, which would increase
its creep potential slightly.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE



100

The normalized 60-day creep factors for the two recycled concretes are:

MIX 1, the weaker concrete, 2.09; and MIX 2, the stronger concrete, 2.01. As
expected, the process of "normalizing" the results to a standard set of
parameters, as discussed in Section 5.2.8.4, has brought the creep factors
fer the two recycled concretes quite close together. The mean 60-day normal-
ized creep factor for the recycled aggregate concrete is then 2.05. It is
assumed that the process of "normalizing'" has taken account of the different
cement/water ratios, ages of Lloading, and especially the different stress
Levels applied to the two concretes. The fact that the 60-day factor for MIX
2 is slightly Llower than for MIX 1 is attributable to the lLower stress level
this concrete has received.

(i) In his MSc thesis of 1981, Hoppe (*59) investigated the creep and
shrinkage of concrete made with Windhoek quartzite aggregate. The
concrete which he made had a cement content of 445 kg/m3, 515
kg/m3 of sand, and 1280 kg/m3 of a two-sized coarse stone. When
200 Llitres of water per cubic metre was added, the cement/water
ratio was 2.23 and the fcu at 14 days was 43.1 MPa.

Hoppe's shrinkage specimens were stored in the same creep room as
were the ones belonging to this author, and the 60-day shrinkage
strain was found to be 40.5 x 1073.

(ii) Ballim and Alexander (*60) of the University of the Witwatersrand
conducted shrinkage and creep tests on concretes made with ande-
site and quartzite aggregates found in the Transvaal. For each
aggregate type, cement/water ratios of 1.20 to 2.40 were investi-
gated - the cement contents were between 246 and 492 kg/m? for
the andesiﬁgaggg between 258 and 516 kg/m® for the quartzite. The
water and -samré contents of the mixes were kept constant, that is,
205 L/m3 of water and 1005 kg/m® of stone for the andesite con-
crete, and 215 L/m? of water and 1036 kg/m3 of stone for the
guartzite concrete. For the sand contents, the andesite mixes had
between 844 and 1073 kg/m?> and the quartzite concretes between
640 and 861 kg/m3.

The shrinkage specimens were stored at a temperature of 21°%¢ and
on average relative humidity of 43%. This means that these con-
cretes were Likely to shrink slightly more than the ones in the
UCT Creep Room. The 60-day shrinkage strains of the quartzite
concrete were between 36 and 44 x 107S. For the andesite con-
cretes the 60-day shrinkage strains were marginally lower at
between 32 and 38 x 107°.

(iii) If the CEB-FIP method (*38) of estimating the shrinkage of a
concrete is used, as is shown in Appendix A9, another value may
also be obtained for comparison purposes. The formula for the
shrinkage is:

Shrinkage strain =S . K, . K, . K; . K . « . equation 5.41

where S = the basic ultimate shrinkage strain of an unreinforced
concrete and its volume is found in the figure prov-
ided;

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE



(i)

101

Ky = a factor that depends on the thickness of the section;

K, = a factor dependent on the cement/water ratio and
cement content;

K; = a factor accounting for the age of the concrete, and

K4=

a factor that accounts for the amount of steel rein-
forcement. .

For the two recycled concretes made, the values of these
parameters were:

s = 37.0 x 10 ' N
Ky = 1.2;

Ko, = 1.04 (MIX 1) and 1.10 (MIX 2);

K; = 0.70 for the 60-day determinant, and

Ks = 1.00, as there is no reinforcement.

The CEB-FIP estimate of the 60-day shrinkage strain is therefore
32 x 10=5 for MIX 1, and 34 x 1073 for MIX 2.

Comments:

The CEB=FIP method produced a fairly accurate estimation of the
60-day shr1nkage for the recycled concretes. It yielded a mean
value of 33 x 107, % whereas the actual mean shrinkage was 29 x 10 =S
The shrinkage of the recycLed concrete was less than the con-
cretes made with the Windhoek quartzite (40 x 1073), the ,
Witwatersrand quartzite (mean of 40 x 107°), and the E1kenhof
andesite (mean of 35 x 10™%).

The recycled concretes should, however, have experienced greater
shrinkage strains than did the conventional concretes, as re-
cycled concretes are considered to have a higher creep and
shrinkage potential. This potential was discussed in Section
5.1.8, but no tests were performed.

The Windhoek gquartzite concrete made by Hoppe (*59) was loaded at
14 days when the fcu (with OPC) was 43.1 MPa, the E-modulus was
28.50 GPa and the stress applied was 10.13 MPa. This meant that
the stress level was 23.5%. At 28 days the elastic modulus was
31.35 GPa.

The 60~day creep strain was found to be 54 x 1077, the specific
creep at this age therefore 53.3 x 107/ MPa, and the 60-day
unbiased creep factor therefore 1.67.

To convert this value to the "normalized'" creep factor, the values
of Kb and Kd are found from the appropriate CEB 1970 (%x58) tables.
The Loading of an OPC concrete at 14 days means that Kd = 1.20,
and the water/cement ratio of 0.45 with a cement content of 445
kg/m3 yields a value of 1.04 for Kb. The 60-day normalized creep
factor for Hoppe's concrete is therefore 1.34.

PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE
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(ii) In his MSc thesis of 1985, Mallows (*49) investigated the creep

characteristics of various South African aggregates. From his
work, the figures for the unbiased and normalized creep factors of
these aggregates at 60 days, shown in Table 5.6, were extracted.

Mallows also made the following interesting conclusions regard1ng
the creep factors of a concrete:

(a) The creep factor increases by 25% if Eastern Province cements
are used as opposed to Western Province cements;
. ) ‘ ~
(b) The creep factor increases by 25% pf rapid-hardening cement is.
used as opposed to ordinary Portland cement;

(¢) The use of an admixture, Pozzolith P4, increases the creep
' factor by 23% if the water content remains the same, and

(d) The creep factor will be reduced by 45% if heat curing is
applied to the concrete.

From Table 5.6, the mean 60-day normaL1zed creep factors for the
various aggregates are thus:

1. Eastern Cape quartzite : 1.25
2. Garden Route quartzite H 1.16
3. Garden Route reef quartzite : 1.32
4. Plettenberg Bay reef quartzite : 1.17
5. Bloukrans quartzite sandstone : 1.78
6. Moregrove quartzite : 1.32
7. Coega pure quartzite : 1.71
8. Arnoldton micaceous quartzite : 1.70
9. Border pyritic quartzite : 1.09
10. Transkeian dolerite : 1.09
11. Cape Town hornfels : 1.62
12. Cape Town granite : 1.45

13. Windhoek quartzite : 1.34
14. Aggregate recycled from crushed concrete : 2.05

Comments:

As was expected from the discussion of the creep and shrinkage
potential of recycled concretes in Section 5.1.8, the 60-day
normalized creep factor for the recycled aggregate concrete is
substantially more than those for the natural South African ag-
gregates. It is, for example, 26% higher than for the hornfels
commonly used in the Cape Town area, and 41% higher than for the
other common Cape aggregate, namely granite.

In the determinations of these creep factors for the Cape granite,
hornfels and recycled aggregate, rapid-hardening cement as well as
Klipheuwel sand were used in all three instances, so direct com-
parison between these three aggregates is then fully valid.

From Mallows' second conclusion, the probable 60-day normalized

creep factor for the crushed concrete aggregate could be as low as
1.64, had ordinary Portland cement been used. This certainly
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Ale at Stress | fcu at | Unbiased | Normalised
Details of Assresate Used loadias Level loading [ Creer Factsr | Creee Factor
(days) ( ) ( Mfa ) at 0 dovs at bo davs
1. Eastern Care quartzites 32 26.7 50.0 126 1.20
(with oPC) 3k 27.1 51.0 1.51 1.36
43 25.6 54.0 1.22 1.22
. 50 24.2 57.0 0.% 1.23
Mean normalised & 1.25
2. Gorden Route quartzite (orc) {o 25.2 416 1.62 {.1b
3. Garden Route Teef tuartziie 14 267 45.0 1.70 1.32
(usins oPc) 1b 2.6 45.1 1.65 131
Mean normalised 9 . 1.32
4. Pleteabers Bay * Talbob” 3 n1 343 {0 1.00
(auartzitic rivee Jcavel) ? 0.2 49.5 141 1.02
(usas 0PC) 1% 17.5 57.4 1.50 1.50
mean normaliced & 1.13%
5. Blowksans Rivee Bridse 3 29.2 255 2.85 1.8
( duactzitic sondstone ) 14 24.1 41.5 2.14 1.78
Cuging ope) 2% 21.4 47.5 1.78 178
mean Normahsed & 1.8
b. Moresrove quartaite (orc) 14 240 4.7 1.3 1.32
3. Coeda rute duartzite (orc) 14 253 44.3 2.20 1.7L
8. Arnoldton micaceous duactzite 14 257 436 2.18 1.70
9. Pyritic reef auartaite (ofc) 14 233 48.0 1.85 1.44
10. Tina / Umzimvubu Bridge E; 20.0 50.0 1.35 1.00
( Traaskeian dolerite ) 14 11.5 5%.0 1.40 1.20
{usids ofC) 28 15.2 bb.0 1.05 1.08
nean normalised 9 1.09
11. Groote Schuur hoseital 1 30.% 22.8 2.41 1.59
(horafels with RHC) 2 21.7 322 2.33 1.65
Mean normolised & 162
12. Care 3ranite  ( with RHC) token from Mallows's Summary of creer factors 1.45
13. Windhoek duartzite (oec) 14 23.5 43.4 1.6% 1.34
| 14. Recycled ajaresate (RHC) 10 40.4 22.0 2.0% 2.09
: q 25.3 33.0 1.7% 2.01
Mean normalited & 2.05
Taste 9.6 - Comparison of the b0-day Normalised Creer Factors

for 13 diffireat natural adresates and o recvcled adiredate.
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improves the creep outlook for recycled aggregate concrete, but
its "higher than average' creep potential should not be
overlooked.

unfortunately, none of the international researchers into recycled
concrete appear to have done any creep testing on these concretes,
and so no other figures are available for comparison. Based on
their experience with conventional and lightweight concretes, they
have however, also recognized the higher creep potential that
should exist for recycled aggregate concretes. This would be
Largely due to the lower stiffness of such recycled aggregates
which therefore offer less resistance to volumetric change than
would hard natural stone.
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6: _CONCLUSION.

The aim of this thesis was to introduce the concept of concrete recycling,
i.e. crushing a demolished concrete to produce aggregate and using it in
fresh concrete. The work was done in three phases, and it is hoped that it
may serve as a guide to prospective users of concrete.

Various tests were performed on the samples of recycled aggregate collected.
The tests were done according to the BS 812 and SABS 1083 specifications,
and the results from these tests may thus serve as a database for work
involving recycled aggregates.

(i) The recycled aggregates were found to have a fairly harsh sur-
face texture, but were mostly of satisfactory shape as their
flakiness and elongation indices compared favourably with those
of natural stone.

(ii) The recycled fine aggregates (or '"sand'), i.e. all particles
below 4.75 mm in diameter, were found to have rather high fine-
ness moduli = generally between 2.93 and 3.36. These fines were
also prone to bulking when wetted.

(iii) The angularity of the coarse recycled aggregate, .as measured by
its angularity number, depends largely on the crushing process
employed. For a particular process, the angularity numbers of
the aggregate will fall into a fairly narrow range.

Giv) The absorption of water by porous recycled aggregates is an
important parameter in the making of recycled concrete. For the

"4;? commonly-used 13.2 - 19.0 mm size fraction, the absorption
coefficients for these aggregates were between 5.0 and 7.9%.

(v) The absorption and porosity of a recycled aggregate increases as
__{? the particle size decreases - this is because the natural stone
of the parent concrete is contained mainly in the larger size
fractions - and it is the mortar of the parent concrete that
provides the porosity and therefore the absorption poténtial.

(vi) The specific gravity of a recycled aggregate is less than those
of its constituent sand and stone, due to the porosity of the
aggregate. The '"apparent' specific gravity as a porous material
should be determined and this value used in batch calculations.

(vii) Since the 10% fines crushing test was found to produce rather

—-{ variable results , a new test called the "Remoulded Peak Stre-
ngth Test' was developed to gain a more accurate measure of the
recycled aggregate strengths. The peak strength of a recycled
concrete was then found to be between 56 and 71 MPa, although a
"ceiling-strength” of 50 MPa for such concrete was then sug-
gested.

(viii) Recycled aggregates are by their nature prone to contamination
by deleterious substances such as chlorides and sulphates. Only
slight traces of sulphate were found in two of the samples ccl-
lected, otherwise no contaminants were encountered.
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The water demand of recycled fine aggregates was investigated and compared
to a natural sand. A series of recycled mixes were made using a coarse
recycled stone and a natural sand so that the concrete-making properties of
such a process could be established. In this test series, the coarse re-
cycled aggregate was WET-batched. Methods for the DRY-batching of recycled
aggregate were then discussed and in the final test of this phase, a com-
parison was made between the WET- and DRY-batching methods of producing
recycled concretes.

(i) The water demand of the recycled sand for a 75 mm slump using a
13.2 - 19.0 mm stone size with rapid-hardening cement was found
to be 258 Llitres per cubic metre. For the Klipheuwel sand the
corresponding figure was 171 Litres, which indicates the high
water requirement, and consequently, high cement contents that
would result using fine recycled sand as the fine aggregate of a
concrete.

(i) In the process of pre-soaking and wet-batching the recycled
coarse aggregate, the porosity and absorption characteristics of
these aggregates are neutralized and good concreting properties
are attained. Care should be taken to achieve a consistent water
content in these recycled stones from batch to batch, or else
strength fluctuations will occur. Strength charts for different
stone:sand ratios are shown in Section 4.2 and the required
cement :water ratios may be obtained from these.

(ii1) The wet-batch method produces good workability in the fresh
concrete, especially when the sand content is between 40 and 50%
by mass of total aggregate. For this range of e sand content,
the mortar excess of between 3 and 11% is within desired Llimits,
and good finishing of the concrete would be possible.

Giv) Lean recycled concrete mixes (i.e. low cement:water ratio) are
prone to segregation, which is especially evident when the sand
content is also low.

(v) Compressive strengthshpf up to 62 MPa were attained with cement:
water ratios 3.0, indicating that fairly
strong concrete is possible when recycled coarse aggregates are
used. For the same cement:water ratio, an increase in the sand
content is seen to produce an increase in strength.

(vi)  In the mix calculations, i.e. batch and yield determinations, it
is important to use the correct values of the specific gravity
of the aggregates, else disparities will arise. These should be
determined as shown and then applied in calculations ~ the
porous or apparent specific gravity of the recycled stone is
particularly important. The absorbed water inside the pores of
the recycled stone should not be included in the volume-yield of
the mix.

(vii) If dry batching of recycled aggregate is prefarred, then the

absorption potential of the aggregate must be accounted for.
This can be done in three ways:
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(a) By using the additional absorption coefficient to enable more

save an appreciable amount of cement. (Section 4.2.3.1)

(b) By using the absorption coefficient of the aggregate and then
adding free water to the mix to again save cement and also im-
prove workability. (Section 4.2.3.2)

(c) By using a strength chart of the gross cement:water ratio,

thereby bypassing the question of water absorption and also
being independent of control concretes. (Section 4.2.3.3)
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Large batches of two recycled concretes (one weak and one strong) were made

using a 9 - 13 mm stone, Klipheuwel sand and rapid-hardening cement.

Specimens were made to test the compressive strength gain of the concrete

with time, the tensile strengths, the modulus of elasticity, and the

shrinkage and creep characteristics of the recycled concrete. '

() A plot of compressive strength against time, as in Figure 5.5,
' shows that recycled concrete is no different from its conven-

tional counterpart, other than that appears to reach maturity in

terms of compressive strength at an earlier age.

(ii) The recycled concretes had satisfactory flexural strengths that
were somewhat higher than what the predictive equations for nor-

mal concretes would produce. The following relation was found for

the recycled concrete:
ftf = 0.82 * SQART (fcuw)

(i1i) The same satisfactory trend was found regarding the tensile
splitting strength of recycled concrete and the following

formulae were generated for the 28-day age with rapid-hardening

cement:
fts = 0.36 * CUBERT (fcu )
fts = 0.64 * SQRT (fcw)

(iv) The elastic moduli of recycled concretes are Llower than those of
a conventional concrete of equal compressive strength. This is
because of the lower elastic modulus of the recycled aggregate
compared with natural stone. The modulus of elasticity of re=
cycled concrete would generally be between 15 and 30% lower than
a control concrete. The following relations were established:

E = Ke * SQRT (fcu)
with Ke = 4,97 at 7 days, and Ke = 4.61 at 28 days.
E = Ce * SQRT (m .fcw

with Ce = 0.043 at 7 days, and Ce = 0.040 at 28 days.
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The mass density is denoted by a m and the second formula is
preferred provided that the value of m is known.

(v) Researchers have predicted, and found, that.recycled concretes
experience greater shrinkage than normal dense concretes. But in
this work the shrinkage values found were very much in the same
range as those available for conventional concretes.

(vi) The 60-day creep factors of the recycled concrete were
"normalized" by the method described by Mallows (* 49), which
uses the CEB 1970 (» 58) creep prediction tables. In this way
direct comparison of creep potential between different types of
aggregates is possible. As expected (from theoretical consider-
ations) the creep of the recycled concrete was higher than that
of conventional concretes. fFor rapid-hardening cements the 60-day
creep factor was normalized at 2.05, and if ordinary Portland
cement was to be used it would be about 25% lower. Certain Eas-
tern Cape aggregates renowned for their creep potential in con-
crete would have marginally higher creep factors (1.70 - 1. 80{ ______ -az/v¢{
than the recycled aggregate. As a comparison, the hornfetgxg?a-
nite aggregates commonly used in the Cape Town area have 60-day
creep factors of 1.62 and 1.45 respectively.

In general, recycled aggregate is found to be very similiar to conventional
concrete in both the fresh and hardened states. The main factor for consid-
: (_,<§eration is the absorption due to porosity of the recycled aggregates - once

' it is accounted for, the concrete is no different. The recycled fine aggre-
gate has a high water demand, very coarse grading and may be contaminated
by, for example, sulphates, and its use in good quality plain or reinforced
concretes. would not be recommended.
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Total Pefcc n‘*oje,

| 'pc{sg.ﬁ;zm |

L ASme | 0.0

e e —

190 mm |

43-2. on

45

bFome | U3

0.0

Ce
T

D
o)
3

B o .'o' _
g
.
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o 4150 | T 2. 214
o N aaso/L; el g. 7 193
) 11"?80'/:4 N 4 g4 L2k
1 _'.»:_C_bpéllnuf_:____.__ 4.5 L9 &
TN mooue | 3T 5.1, 44
. I _/‘ U U
o 150}-\:“ 24 8.0 20
| gt | 2L — o —
- CTotaLs | o J—

,“ . 7}167 Fﬂ’dﬁv‘tfhﬁneﬁﬁ modulys of mafenal =

" The Finess moddus of Jhe fine. aggegete £

t.95

4‘1’70/& Wos found fo be : -3
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Clayfon Feick ; U.C.T.l

Sieve - Analysis  of  Crushed  Rubble

Samples.

SAMPLE REF. NO.

41

A

Date of sieviq

_Sieve Size

Giross weight,

Wt. of _(ontm‘n.cr -

on scale
3r

Mtt wt on

ar

Sieve

.5

132

S Mo |

95 | e
e |
415 |

fioes 475 |

36

ese |

21

231

dat

BT R

"~ Tota! mss

— The fines beow 4-F5mm will be sieved further daw do 190 /lm

G’mdmj pomcu ars of Hhe " Coarse” 033(c3atp T _%.15 -

Giewe Size | Voss ehuied | T of fot) muss | Tonl pecenige | Tota percamge
_on sieve . | _ fefuded on Sieve pasiing Sieve
- .mm S Y B L R WU SRS S
A5 2| == | o | iwo
S T XY AN 1= IV ¥ € S 2 S T 2
VR B ST N % 2 R
] 95 | 1bi3 da2 | %6l | At
__efo | wgy | & | ks | 345
S DR 7S A N S I -5 S B2 &1
B _wsg@ L5200 IR LI e & — —
| oTotasf o i33s | dmeg ) 5o ] ——
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~ Sieve Analysis of "Sand” derived from the Crushed Rubble

| Sanple Ref. Mo

T‘”?S of -ﬁc

Date

il /.Z 5’.’,"‘— b:;j

/w'l

GABS sieve

?thss Wcijht

,3'\'

Wt. of contauner

31’

Mett wt: on sieve

31‘

4160

b0

50

Cldstesso |

1180 |

5

e

A

31t

e ;Gfﬁdir}j _Parh'cula(sw;f' he " fine D\qqu_eéute,“ , _le. £ 4.75 mam:

M

_5A8S sieve _

1 Moss retuned
| on sieve

% of Joful moss
%

Total .Pé(anftye
wehotned on Seve
0/0

Thl Pe«enhje
{ndq Sieve
pa j%

- 4190

1 ame

30

150

w0 |

| pesigrge |

0

HoF

C1teo .|

.
i
- b2t
i

3

1w.¢

| TOoTALS

4015

102.0

 Fineness Modulus of aggreqate =
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 Particle Size Analysis of Crushed Rubble Jarples.

. SAMPLE REFERENCE 3= (_7 Demolished rubble a‘jjtcjatc Collected {rom Milntcbon dumep .

| i Dessepin of sl

::_A Weak \oohrj Jomple : Morfar i Foroui and.:sa ‘(c!fwjjh—'wh;tc colour

) the rofusl

7 slone fuchued woa batlle mosner - s colour i dack ( blockish) God fhe oy imum

__‘:_;i%_g,f?(ivshun? r\usE '_\jow beem  at  last 2 iache (1“50 rn

L | Woemm | T3 17.3 L bad

,— | 5 A B Sm j’éﬂen%ajc of Total rmcnh:je Tpth.li Pe«c.nhj&

tota) mass fettned on Sieve ‘pas.sng Steve
%

L Sieve Size” || o %
ool asmm | 00 oo | imo

C B2en. | N4 4.7 563

| %5 | D2 Sto | 4o
] bTomw |85 £55 | 5

4750)14“'. by 24 | T4
230 /;.'. 1 ey | g .4 g

1’1'36),,., | ¥ 12

VAN D P Be | 42

f— | o L 20 7 | A4

[ pogigy | 700 | — |

_ . 1000 of4 | —

o The " meladive” fineness modulus of materidd = F.CF

S T The fineness modulus of e fine aggagpte £ AT50pm wos found o be : 3.2
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Sieve - Analysis of Crushed  Rubble

SamPlcs.

Cloyfon Feick |

u.crt.

SAMPLE REF NO.

= R

Date of sieviaq

| Sieve Size | Gross weisht | Wi.of confainer | Mett wi on sieve
o on scale
mm g 3r -~ 4r
3.5 505 NER 303
DU X T )2 2275
o2 ) 3B 3LF
I - N R C2T R D R i
E e R B
s me T |
N fﬁ&{s‘zkﬁé_f | es2 | A | e " Total moss
| The fines beoo 4.75mm_will_be sjeved Aurther down o150 /m :
G’radmj parhcu!ars of the " Coarse” agS(C3atL r{c.— >/,..4-.75ﬁm§ o

1‘4 31‘4(- yr
u

| Siee Size | Mass selavied | % of botd wess | Total peahge | Total percennge
__on sieve e — fefined on Sieve | 1pussmj Seve
e ma g e T
TV ws ————— | oo | o
130 2175 i 4l 3
1132 | 3wt IR R R U B A
95 5N i73 A AL
G| 1433 fea | LA | 354
S T D T X IR ST B Y
pesag4ds | s L e | —
J_TJoTALS  } iz | dweo | 281 | ———
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| fﬁt\lﬁ: Analysis of “Sand  derived from the Crushed Fubb/c..

 Fineness Modulus of assfcﬁate,

ISOND‘C Ref. No. | Fines of =g Dale © Toe 27 oce es
. ! . L
5ABS sieve. Geoss Wcijht WE.of ontainer | Mett wt. on sicve
/uﬂ ’ . jT j‘f ij
 4%50 ain 2 ©
~ a3eo (314 22 ez
* 1180 450 22 135
600 i it a1 5
300 T esy 21 N
150 ! il 3%
ldust 2 150 | e ) | 351
Grdd(rj _fur}iculd?S of the " fine quqf_ea(lb&" y e = 4.95 om:
5ABS sieve | Mass'aetained | % of tohl moss | Total #raqhn? Totol peccentoge
o . on sieve el o Sieve passg Sieve.
/u,m 31‘ % % %% _
4350 o 0.0 0.0 1G9
. 23C0 1102 35.0 B Cfeo
| 1teo | F3y 20. 1 Sc.2 4.8
B 600 54, 3.8 Ao 3.0
30 L4 i7.5 T fi4 (86
s 3w 9.0 Ky N
1 passiy B | 35l 9.6 —_— e
|oTotms L 3ue Lt o 3i6 .0 —
= e 31
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| - Forticle. Size Analysis of Crushed Rubble Samrks,

\

" OAMPLE REFERENCE # :

’m) T ’ K ’
Ruhble iected  fom dunp i Minectin

Q

| Brief Desctiplion of 3¢mp;e

:AnJu(af COQ(R- a'jjégjm n o a wh;tc, chalkbke ~ mMortar #za%n‘y) net ja )oorcms.

T No  contamnahon Pusmt. Max. previous ajj"ft( 07 7 2 me

5 AB 5 rfe.ﬁ-cnhljc ‘of Total r«cmh:je Total Perccnhje;

o, . mto‘toJ mass detaned on Sieve Pats: m‘
Sieve Size | o o _11%

4 ,_26.5!'1«\ b 0.¢ C o , o loe

S Boem | L (A S

. B2 | A0 47.1 o 5Eq
o 950 | 123 544 L 45y
o b0 | lvi L R
4T%0um | T3 ES T BRI
T o | ea w: | e

_ ii"eo'/unf } 5.0 ZZC I I SN
o eoB,un S35 ve | ez |

[fsobf; I “r |53

[ | fop . 25 L S

[ | msiygom | 27 — |

ToTALS | %4 6T

The 'Mah'vc"‘ﬁnenc's,fl modufus of mafenad) = £.9%
. The fineness modulus of he fine agaqjctc A 4750)}”— s oot o be - 5 ic
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"Sievc - Analysis ‘of Crushed  Rubble

Samplcs.

C'Oyfoﬂ Fﬂ'ck, u.c.

T.

SAMPLE  REF. NO.

1 .
:r‘,c‘i

Date of Sl'cvujj

mm

_Sieve Size_ |

8

Gross. weight |

on saale
Jr

Wt. of container

4

yf.tt wt “ on Sieve

a5

'1"‘7"0":‘;2'

o 152.

. ._[._ii_ij;__f 1

L%

e e e ]

41 |

fmes 44 75

San

'.'_Jh

oo L
I T

o4
1 342
o 13)
B O 15
| Ay

—_The_Jines_below 4?5!71«\ Wil be sieved Aurther doun do jo /Am B

G’mdmj po(«hcu!ars of

;f_h ) C00{$e aga(cjau u

%41‘5@_;

1 Siee Size | Moss tehied | % of w mess | Total peventige | rﬁo&"'f;;}«;;mje
-~ on sieve | e fchund o sieve | _?usgms .Sfcu.
_ .mm SN | M % o %A TR
TEs | o I ea Tl T T
B ETE 754 TEE AR e
I Y S T ECA IR T S
9.5 32 Qe | sk | At
_ ) 1951 REEEAN SRS X S B
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| pesag 4| Aeg [ 25 — —
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Jieve Aﬁalvsis of "Sand. de%i;/cd “f‘ro‘mthc Crushed Kubble .

Sample Ref. No.

Fizs of £

Dale = Mo 2 o 25

—

5ABS sieve

/j.t’l

" Gross Weijht

J

Wt. of (onfuincrA

Sf

Mett wt. on sicve

jf

. 4%50

'”3390 ;

1180
"
300

50

ldust ¢ 150 |

oAt

313

A1 x
Al

Qi3

303

‘ ,_,-Gfﬂdirj_?arhcul;r‘s“o;f"_.{he " fine u&f_eéate,", e. < 4.75 mem

| 5A8S sieve | Mass qetained % of otul mass | Tota! pececatnge Tofal percentoge
__ Y. on sieve | wetained on Sieve P“““'fj Sieve
/u'm' . gr % % %
;FF'?O,‘ ‘ 0 0. .G Lot ¢
| 2o % 35.2 LS ¢4.¢
)  11er~ B ' Ty Q11 5(.2 43 2
) Lo 4% i2.5 (e 7 3403
30 | 55 i5.2 e3 0
______________ Cotsa | oam 77 1 .4
'?as_s.aj B | 32 24 — —
- TJotALs | 372t 160 ¢ 3355, ¢ e

Fineness Modulus  of oqgregate =
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 Rartide Size Analysis of  Crushed ’Rubec Samples.

" OBAMPLE REFERENCE # © 4

Devoithed  slebe mude of UCT. Jchs m 1§€3.

| Brief Descripin of sample

ke i Wed of Fhe s forcement  fixing il present.

wChunk7 iajattjati Fl‘ézéi with  neor ,ejua-f amounts of 7ich jw{ motlar  Gnd

e 13.2 mm . MGViewn - sfzc horn{'df a]jlvatc, _ \/817 little  contamination a(fkojk

| s | e
tota)
| Gewe Sie | e

%

Tetal rcrccnl'aje

Hfetaned on Sieve

%o

Total Peftcn-tajc
i
Ty

%5mm |

| mom |

 B2em |

.
450 |

3.3
4
2.0

22

c.0
4.3
2.6

52.

P

.

34

| TotaLs |

&
—5
«

Cg2.¢

 The " reladive” fineness modulus of materal =

" The ioaess woudus of e fine aggeste £

L.E3

4750/0"" wos found fo be :
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Sieve - Atalysis “of “Crushed Rubble

| 60__\__@155;_

Clayton Feick |

u.crt.

SAMPLE REF. NO.

10

" Date of sfcvuig

Thuey 42- 8- &5

Sieve Size

mm

Gross weight,

on scale
3r

Wt. of container

Mett wt on sieve

gr

36.5
19.0

212

L)

] 12 4547 12 43¢

5 22¢% 2 20F5
17 v e 22 16ig
B I 2 s
| fescams | 4B | 4

The _fines betow 475Mn\ Wil be sieved Aurther don do 150 /lm. ]

G’mdmj pafhcu!ars of #te "Coqrse” ajjfcjatc '¢>’/475 o

Total mass

| Sie bize.
_]...en_sieve

= | ,

Hass Aehawed

| % of fota) wuss

%

Total

P(ﬂ(ﬂ e

fehuned on Sieve
b/

o

'Pﬂ”mj,

) fotn!l P;mm fuje

Sere
)

_13.0

. __ALN IS &

132

L bFo

_4..,_._

_Bo

TotALs y

1000 |

] e e | e
| P°$‘fﬂ 435 AT L s e e

v 16 D)?jr

N

fvf‘n¥.
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?'Sicvie Andlysis of "Sand derived fon the Crushed Fubble .

5c‘lm?le' Ref. No.

,- Fineness Modulus n of assfeﬂatg, = 37

P":?m of % Jo Dale : Moo a6 e e
SABS sieve Gross Wcidht WE. of container | Mett wt. on sikve
pn 5 g 5

-~ i} 4750 13 212 o

] ao 1525 212 1313
| ueo 981 23 iR

) b0 tot au 540
o 300 Geg ) 7
| 150 LE 22 400
. ldust £ 150 5¢2 23 569
i Q_Gfﬂdifﬂ_fnr}fculors of the " fine mqgreqate , e £ 4.95 om
.  5ABS sieve Mass " setaned % of otal mass Tofa\jpcraqh?je Tt pectentoge
_ L on sieve weialned o Sieve P“““"j Sieve
. M g7 % % %

4350 o 0 o ico

:. _ &30 1313 31.1 31 b 4
. 1o 74 i8.2 4.3 507
B 60D 590 4.0 L5 4 3¢
o 30 % g4 pig iv2
IR I TT T R 9.5 2
o passig 150 565 c S .
o TOTALS 4217 ito.o 31 8 —_—

o 7/ Lo 3.7
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“Particle Size Analysis of Crushed Rubble Jonles.

SAMPLE REFERENCE # :© [p

DemeliHer tubble ellected from  Pilnecion dum‘g b 49

vk

1%
w -

Briel Desctiplion of sample

__,-,_Flak Coarse aqqreqale  pieces  seb M @ l"ht-iolouka, ver ovous  mof Juc
J e f § 17

 nakix . S‘\Jhﬂ\/ con farmnated Wtk bilumen and  berek Ofanjc o(\dc. st@ins on

dhe Gayegate

far{;lc)éj

also wisvble .

Max . Pr(V\ou! stne size > 2L mm

| 9ABS

j’emnfajc of

total mass

Total rcrcentuj e

dettned oo Sieve

Total Peftcnhje

'POS;Sttj;%sfeve.

| Oieve Size ) o %
L -?65":'1 0.0 0.0 0.0
| o Bom | 135 13.5 )
B B2en | 290 42.5 575
i . %5m | 3o 55.5 445
. CbYoes | 0k 0L | 4
T 4o | T 1.2 20
| B0 | B4 €6 R4
B i"'ii'i'eb’/,.g b 4. £i.5 135
] ,:@55;{ L 3e 0.3 %F
o :.:399_);{ 4.4 15,2 44
L 150 ).;(_‘ 2.6 are B
. possiy ijdlm 24 — —
B ToTALS o woa2 Fei.7 I
. The “melative” fineness modulus of materal = F.co

e Tocncss” viosiive of he e aggesete £ 4750/,,‘,;@5 fund fo be : 3. iF
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___;ievc-/\nalysis of Crushed  Rubble Qamples.

Cloyfon Feick , U.cT

~ 5AMPLE REF. NO.

MiX DESIGN
STOCKPILE.

Date of sfcvuig

05 - 1z - §5

| Sieve Size

| Fies 2475

Giross weisht

3

\Q{. of (onfuincr
on scale
3r

g¢

Mett Wi on sieve

.5
[ 190 _

12

_bH
4B

Sieved 4 Somples  and
combined  the  ovesall

esults  1n 4hic  fable .

ﬁ____  Total mgss

| - Grdag_ pachiculars. of fhe

Ega?&i”d&b(_cja& fe. > 4.¥5mm.

—The funes bdwo 475wl be sieved Auther doun do 150 pm.

~ Siew Size

Noss tetavied
). on sieve |
I . .

| % of tota) mass |

% ;

Total
fehuned o Sieve

P((!(n e

%

assing Seve
; Mis_l-jyc 1

(4

&5 | o _|_ oo | 00 | o imo
om0 ] ey | 955 | 3ss | F4s
132 w4 | ake | 503 MF

S

1 oaos

— | possig 435 | L .
_ | _TJOTALS ¥ 1239 g} _t00 |  a855 | ——
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Sieve Aﬁalvéfs of "Sand derived fiom the Crushed Rubble

Sanple Ref. No.

!\41, \ \’f\ FEIN ;(,C

Ly o 'T

P

fdist £ 550 |

| SABSsieve | _Gess Wtijht Wt. of confainer | Mett wt. on Sicve
T . g ¥
B B N St 2 e ¢ tor
- - !”Ciu"' 3 i i ’-_';'r_;%t

“ in;diri_Pﬁerlo.rs ofihc " fine n\qﬁr_eéate" , le. & 4.¥5> o

B L

| Mass " setuned

on sieve

% of 4otal mass
A

‘E}fd‘ -Pcrcgqfﬁe
whoined on Seve
0/0

Totul percentoge
§anq Sleve
pasny .

4?50 '

L. a%o

O teo | o
- - — P R -
e kOO | lgct

L 30| aen
T G54

| pesig 150

| ToTMS

" Fineness Modulus of aggfejate, = J

Kayl
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:'.'."Paft\"c\c Size Analysis of C'rushed f?ubblc- Sam_rks.

| T _DAMILE REFERENCE # 1y | Mo Pee

-'\_L'.-’.? K Collected  from  Hilaey bon - dunlo.

;:‘iBT'"i'c'f’ Descriplion of sample
::RMW Sievlar fo S&ﬁf_’ci* 1¢ 4 : o ho inch horh'fc.lst naajujatc )t 1a @ Chalk~(
| iuﬂ|o<;km)  thitish  morfar mabix  which ] Vl’J(’U7 ' ?u/tc' A fofo\#.( .(Scem clwt'é :horj

:Aijhib_jﬁ.):fhi_ paat . anuete  os agan quite old - at last 15-2o Y-

‘S_A_’B——Sﬁ_ fé&qfaje of | Total re«znhje N Tétal' Pe«cntoje |

S R _‘_j{ovto.l mass fefaned oo n‘cvé _wss«éMc
| Geve Size | e % I

5ma | Co oo | e

R 7o RS " ,f

_ ; ] _1:1}6_/“ ) 4.5 EFg 7L
S S IR BT
- ) ,/_,J: T 52 o 4 3

4

|
|
|
¥
§|
L.a"
\.._j.
o
e
3
\
|
|

|oToTALs | ke 2 | —— |

ke " relative” fineaess modulus of materal = F. 44

[
(¢7]
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" ieve Analysis of "Sand detived from the

(rushedKubble

"5am9le Ref No.

Loiscs v Siou

7 ,Dnt sgad

Py

Kh‘p heuwe! Jahd

Dote :

i
thues

249 - cB- &‘;’

5ABS sieve. | Gess Weijht Wt of onfainer | Mett wt. on sicve

! /U.n . 31' Sf . __Jf
AR BT kIR i) .0
Tl azo o 12 ic
| o | s > s
boo | _ b5 210 445
0 | K47 22 (e

1 150 52 M 3i5
Cldust £ 150 | 551 i 320
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APPENDIX A2

Initial Moisture Contents of the

Recycled Aggregates
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APPENDIX A3

BS812 specifications for Particle Shape Analysis

Flakiness and Elongation Indices; Angularity Numbers



BS 812 : 1967

DETERMINATION OF FLAKINESS INDEX

15. a. General. The flakiness index of an aggregate is the percentage by weight
of particles in it whose least dimension (thickness) is less than three fifths of
their mean dimension. The test is not applicable to material passing a % in
(6-35 mm) BS sieve.

b. Apparatus. (i) A metal thickness gauge of the pattern shown in Fig. 5 or
special sieves having elongated slots. The width of the slot used in the gauge or
sieve shall be the dimension specified in the * thickness gauge ' column of
Table 9 for the appropriate fractions. '

(ii) A balance accurate to 0-5 per cent of the weight of the test sample.

¢. Sample quantity. A quantity of aggregate shall be taken sufficient to pro-
vide at least 200 pieces for each size fraction which constitutes more than 15 per
cent of the sample, and at least 100 pieces for each size fraction which constitutes
between 5 per cent and 15 per cent of the sample. Size fractions which constitute
less than 5 per cent of the sample shall not be tested.

d. Sieving, The sample shall be separated into the appropriate size fractions
from Table 9, Columns | and 2 by sieving in accordance with the method de-
scribed in Clause 11.

e. Separation of flaky material. Each appropriate fraction shall be gauged in
turn for thickness on the thickness gauge or in bulk on the special sicves.

/- Weighing of flaky material. The total amount passing the thickness gauge
or special sieves shall be weighed to an accuracy of at least 0-5 per cent of the
weight of the test sample.

£- Reporting of results. The flakiness index is the total weight of the material
passing the various thickness gauges or special sieves, expressed as a percentage
of the total weight of the sample gauged to the ncarest whole number and shall
be reported together with the sieve analysis. ¥ required the weight of each

BS 812 : 1967

c. Sample quantity. A quantity of aggregate shall be taken sufficient to pro-
vide at least 200 pieces for each size fraction which constitutes more than 15 per
cent of the sample, and at least 100 pieces for each size fraction which constitutes
between 5 per cent and 15 per cent of the sample. Size fractions which constitute
less than 5 per cent of the sample shall not be tested.

d. Sieving. The sample shall be separated into the appropriate size fractions
from Table 9, Columns | and 2 by sieving in accordance with the method
described in Clause 11.

e. Separation of elongated material. Each appropriate fraction shall be
gauged in turn for length on the length gauge.

/. Weighing of elongated material. The total amount retained by the length
gauge shall be weighed to an accuracy of at least 05 per cent of the weight of
the test sample.

£- Reporting of results. The elongation index is the total weight of the material
retained on the various length gauges, expressed as a percentage of the total
weight of the sample gauged to the nearest whole number and shall be reported
together with the sieve analysis. If required the weight of each fraction retained
on the length gauge shall be reported as a percentage of the weight of the
fraction.

TABLE 9. DIMENSIONS OF THICKNESS AND LENGTH GAUGES

fraction passing the thickness gauge or special sicve shall be reported as a per-
centage of the weight of the fraction.

DETERMINATION OF ELONGATION INDEX

16. a. General. The elongation index of an aggregate is the percentage by weight
of particles whose greatest dimension (length) is greater than 145 times their
mean dimension. Normally, the properties of interest to the engineer are suffi-
ciently covered by the flakiness or angularity tests. The elongation test is not
applicable to material passing a %4 in (6-35 mm) BS sieve.

b. Apparatus. (i) A metal length gauge of the pattern shown in Fig. 6. The
gauge lengths shall be those specified in the * length gauge * column of Table 9
for the appropriate fraction.

(ii) A balance accurate to 05 per cent of the weight of the test sample,

kY]

Size of aggregute
Thickness gauge* Len
Pussing Retained gatige gth gauget
BS sieve BS sieve
in mm in mm in mm in mm
2% | 6350 2 . 50-80 | 1-35 4. 001 34-3 + 025 — —_—
2 50-80 1% | 3810 | 1-05 4+ 001 26+7 + 025 315 + 001 | 800
134 3810 14 3175 | 0825 £ 001 | 2095 + 025 | 2475 + 0-01| 6286
1y 3175 1 2540 | 0675 4 0-005{ 17-15 4+ 0-13 — _—
1 25-40 % 19-05 | 0-525 4-0-005{ 13-34 +0-13 | 1.57 4001 | 399
3% 19-05 Y% 12470 | 0-375 £:0005| 953 +£0:13 | 112 + 001 | 285
¥ | 1270 3 | 952 | 0263 +0001| 668+ 003 | 099 + 001 | 201
% 952 | ¥ 6-35 | 0188 3: 0001 | 478 + 003 | 056 + 001 | 142

* This dimension is equal to 0-6 times the mean sieve size.
t This dimension is cqual to 1-8 times the mean sieve size.
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BS 812 : 1967

DETERMINATION OF ANGULARITY NUMBER

17. a. General. Angularity, or absence of rounding of the particles of an aggre-
gate is a property which is of importance because it affects the ease of handling
of a mixture of aggregate and binder (e.g. the workability of concrete) or the
stability of mixtures that rely on the interlocking of the particles. It is em-
phasized that this is a method intended for determining this property of an aggre-
gate for mix design and research purposes.

The angularity number is a measure of relative angularity based on the per-
centage of voids in the aggregate after compaction in the prescribed manner.
The least angular (most rounded) aggregates are found to have about 33 per
cent voids and the angularity number is defined as the amount by which the
percentage of voids exceeds 33. The angularity number ranges from 0 to about 12.

Since considerably more compactive effort is used than in the test for bulk
density and voids (Clause 24), the results of the two tests are different. Also,
weaker aggregates may be crushed during compaction, and the angularity
number test does not apply to any aggregate which breaks down during the test.

b. Apparatus. (i) A metal cylinder closed at one end of about ¥4, ft* (3 litres)
capacity, the diameter and height of which should be approximately equal (e.g.
6 in (15 cm) and 6 in (15 cm)).

The cylinder shall be made from metal of a thickness not less than 0-116 in
(11 SWG; 3 mm) and shall be of sufficient rigidity to retain its shape under
rough usage. '

(ii) A straight metal tamping rod of circular cross-section % in (16 mm) in
diameter and 24 in (60 cm) long rounded at one end.

(iii) A balance or scale of capacity 10 kg accurate to 1 g.

(iv) A metal scoop approximately 8 x 4% X 2 in (20 X 12 X 5 cm) (i.e.
about 1000 cm® heaped capacity).

c. Calibration of the cylinder. The cylinder shall be calibrated by determining
to the nearest gramme the weight of water at 20°C required to fill it so that no
meniscus is present above the rim of the container (weight C).

d. Preparation of the test sample. (i) The amount of aggregate available shall
be sufficient to provide, after separation on the appropriate pair of sieves, at
least 10 kg of the predominant size as determined by sieve analysis on the %
(19-05 mm), ¥4 (12-70 mm), 3% (9-52 mm), % (6-:35 mm) and 3¢ in (4-76 mm)
BS {est sieves. (The testing of sizes of aggregate outside this range is covered
by the Note below.) ,

The test sample shall consist of aggregate retained between the appropriate
pair of BS perforated-plate test sieves from the following list:

34
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3 in (1905 mm) and 3 in (12:70 mm)
1% in (12'70 mm) and 3 in (9-52 mm)
% in (9:52 mm) and %4 in (6-:35 mm)
14 in (6:35 mm) and ¥} in (476 mm)

NOTE. ln tcstiy aggregates targer than 34 in (19-05 mm) the volume of the cylinder must be
greater than 345 ft* 3 litres), but for aggregates smaller than 346 in (476 tpm) a §qmllcr
cylinder may be used. The procedure shall be the same as with the 4o ft* (3 litres) cylinder,
except that the amount of compactive effort (weight of tamping rod x height of fall x number
of blows) shall be proportioned to the volume of the cylinder used.

(ii) The aggregate to be tested shall be dried for at least 24 hours in shallow
trays in a well-ventilated oven at a temperature of 105 & 5°C, cooled in an

airtight container and tested.

e. Test procedure. The scoop shall be filled and heaped to overflowing with
the aggregate, which shall be placed in the cylinder by allowing it to slide gently
off the scoop from the least height possible.

The aggregate in the cylinder shall be subjected to 100 blows of the tamping
rod at a rate of about two blows per second. Each blow shall be applied by
holding the rod vertical with its rounded end 2 in above the surface of the
aggregate and releasing it so that it falls freely. No force shall be applied to the
rod. The 100 blows shall be evenly distributed over the surface of the aggregate.

The process of filling and tamping shall be repeated exactly as described above
with a second and third layer of aggregate; the third layer shall contain just

 sufficient aggregate to fill the cylinder level with the top edge before tamping.

After the third layer of aggregate has been tamped the cylinder shall be filled
to overflowing, and the aggregate struck off level with the top, using the tamping
rod as a straight-edge.

Individual pieces of aggregate shall then be added and ‘rolled in’ to the
surface by rolling the tamping rod across the upper edge of the cylinder, and
this finishing process shall be continued as long as the aggregate does not lift
the rod off the edge of the cylinder on’either side. The aggregate shall not be
pushed in or otherwise forced down, and no downward pressure shall be applied
to the tamping rod, which shall roll in contact with the metal on both sides of
the cylinder.

The aggregate in the cylinder shall then be weighed to the nearest 5 g.

Three scparate determinations shall be made, and the mean weight of aggre-
gate in the cylinder calculated (weight W). If the result of any one determination
differs from the mean by more than 25 g, three additional determinations shall

immediately be made on the same material, and the mean of all six determina-

tions calculated.
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/. Calculations, The angularity number of the aggregate shall be calculated.
from the formula: \
100w ’

¢ ber = 67 ~ :
Angularity num CG,
where W = mean weight (in grammes) of aggregate in the cylinder.

C = weight (in grammes) of water required to fill the cylinder.

G, = specific gravity on an oven-dried basis of the aggregate deter- 1
mined in accordance with Section Four of this standard.
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4
1

PART\'CLE SHAPE Imoicmiu& TEsrs : 5Amu: # I

1. Flokiness Index.

Si?.c Gaz:tion

Mass Tetavned Mass Passing | lotal mass | Index
I |19.0-265m| 178690 | 04 sr 1990 g 0
T {152-190m| 1875 152 2047 7
IM|15-132m 801 113 142 12
N|6¥-15m 357 4b 403 11
Samele total : 2 515 s 5342 10
2. Elonsation Index.
Size fraction | Paseies Mé::&ﬁ“: e eting Tﬁgse Tndex
L {19.0-265mm 224 90| 1.004 325 3 | Q000 3° 1
I(132-190m| 163 0-903 147 b 15
IL|95-132m a5 1057 ab 402 b
N|{b¥-95m | 58 0976 57 312 18
Sarle totad : 2| s | 3bfou 12
3. Ansuwlarity Number.
SIZC (fo.ction Container Voluna 5rai(x‘c Grovity | Mass of Samete | “’L{f‘iﬁ{f’
I|10-265m| 1487 nl 2.3 1920 g 10.7
I j13%2-19.0mn 1487 i 2.2% 1977 3¢ 8.4
Il |95 -132m| 1487 rl 2-00 1881 gr 3.8
N |67F-99m| 1487 ot 1.9 not. eatgh somple —
% Antularity Number = bf - oo W _
C-Gu

i Adjuftmnt foctor wsed to corect for small sracins erors in  apearatus used.



PARTiCLE SHAPE INDiCATiNe -E‘srs : SAMFLE # 4’
1. Flakiness Index.
Size fraction |Mass retained | Mass rassing | Total mass ~ Index
I}|14.0-2t5m 3338 9c | 372 3 3710 fo
I |132-190ma 1345 228 1973 12
IL[15-132m 715 134 129 14
N|67-95m 227 4 a73 17
Samele total : 2: | 780 3r (8BS ur 11
2. Eflonsation Imndex.
S. F ) Mass Adiustrent | Effective mass Total
iZe Trackion Passia$ Factor # Passing Mass Index
I/19.0-265mm 438 3r 0.943 435 gr 3L98 9 12.
L 132 - 190 268 0.4% | 255 1415 | 18
M| 95 - 132m 93 1. 04 98 bll 16
N|b6¥-95 mm 72 .98 1 349 20
| Samrle total : o i 851 g 6073 ar 14
3. Ansularity Number.
SfZC (Ta.ctfon Contm’nzr Yolum; Srcciﬁ‘r. Gm\u’t:l Mass of Sanrte A’Lﬁ“if{i”’
I 1190~ 26.5mm 1487 mf 2. 45 2107 3r 9.2
L|132-190m| 1487 nl 227 | 2035 | 43
L9595 -132mn 1487 1.95 1871 2.5
N|6F-99mm 148%F wl 1.85 1781 2.3
% Antularcty Number _foo- W _

f - Ta

i Adjustngnt focor wsed to corect for small sracins erors in afParaius used .



C-Gu

PARTiCLE SHA?E INDiCATiNe -E'ST'S : SAMPLE # 5
1. Flakiness Index.

Sizc fraction Mass retacned | Mass passing | Total mass Tndex
_I 13.0- ZGST ______ 1038 g i BS ar 1123 gr " 8
I {52-190m 1345 6f 142 5
M| 15-132m bb2 46 f08 b
|6F-95m 264 25 289. 9

Samele total : 2 223 sr 3532 o 6

- 2. Elonsation Imndex:
Size fraction | ety | "t | “simar| s | Tnaex
]I 119.0- 2658 NP gr | 0943 o sr 122 gr 10
L {132-190m] (24 0. %7 Ik 1405 8
MLi95-132m 42 1.049 44 10 b
N|b¥-95mm| 0.986 43 289 15
Samrle total : 2t 3209 | 3526 90 9
3. Ansularity Number.

Size fraction |Container Yolume | Srecific Grovity | Mass of Samele Arﬁ;ﬁf{;&,
I /190-265m 1487 ~f - not enough sample ' —
I|152-19.0mn 1487 mi 2.2 2019 sr 7.2
M| 95 - 132mn 148F ml 2.05 1934 3r 3.6
T|67-95mm 1487 1.98 1900 3 2.5

% hnsularits Nusber = 67 - —oW

i AdJuStmnt factor wsed to comect for swall sracias erors ia arraralus used.




% Angularcty Number =

¥ -

C-Gu

PARTir.LE SHAPE INDiCATiNe -E'STS . SAMPLE # é
1. F{.aklness Tndex.
Si?.c ﬁ-m:tion Mass Tetavned Mass Passing Totnf. mass Tndex
_I_ 19.0-265mm|  IBBT g | 297 gr 2184 gr 14
T ] 152-190m 818 108 126 12
IT|15-132m 38b 53 439 12
N|67-95m 248 37 285 13
Samele total : g 495 g 3834 gr 13
2. Efonsation Index.
. i n flecti
Size Fraction | porss, | Adstnent | Effectiv mss ) Tetal Tndex
L {19.0-265m| 3429 0.993 340 3r 2184 gr 16
I {132-1%0m| 156 0.947 150 926 16
M| 95 -132mm 51 1.049 54 439 12
Ni{bt¥-95mm 65 0-186 b4 285 22
Sarele totad : Z L0B gr 383_4— 9r 16
3. Ansularity Numbet.
51’29. (faction Container Volume Srecific Gravity | Mass of Samele "'},{,“iﬁ{i"’
I|190-265m 148% nl 2.4 2038 3gr 11.3
| I]132-190mn | 14'87 2.24 1941 8.7
|95 - 132mn 1487 1.95 1859 2.4
F|{67-95mm 1487 1.88 1803 2.5
foo-W

T Adjuﬁm_mt foctor used to corect for small sracia3 erors in apparatus used .




PARTiCLE SHAPE INDiCATiN& -E'STS : SAMPLE # 8
1. F{.aki,ncss Tndex.
i Si?.c G‘a.ction. Mass Tetavned Mass Passing Totnf. Mass Tndex
I {19.0-265m -_______\1_6_1__5_ o 370 sr 2185 §r ¥
I 1132-190me 1000 10} 1101 q
MI195-132m 307 ¥5 382 20
N|6F-95m 218 47 265 16
Samele total : 2 543 gr 3933 gr 1s
2. Efonsation Index.
. A n flecti Total
Size Fraction | rasss | “Festers | posoest | hess | Index
I {19.0- 265 455 4r 0.943 452 gr 2185 9r 21
I |132-1%.0mn 178 0.94% 186 1104 17
IMi95-132m| 75 1.049 7 382 21
N|b¥-95mm 75 0.986 T4 265 18
Samrle total : 2 B | 3933 20
. * _
3. Ansularity Numbet.
Size fraction |Container Volume | Srecific Grovity | Mass of Sarele A'LL“,{{,‘ZL“
I|190-265m| 1487 nt 2.47 2248 9r 5.3
I | 132-190mn 1487 ml 2.33 1991 9.5
|95 -13.2mn 1487 2.00 1937 1.9
N|{6T-99mm 1487 mi 1.92 1843 2.4
% Antularcty Number = 6F - oW
C-Ga

f Adjustn_mt facr wsed b coret for small sracin$ erors in  arraraius used .



PARTiCLE SHA?E INDiCAriNe -l-e:srs : SAMPLE #

9
1. Flakiness Imdex.

Size G‘a.r.tion. Mass Tetavned Mass Passing Totnf_ mass Indcx
|I|19.0-265m| 550 or | 29 & | 580 s 5
T {132-190nn BF4 ir 60 934 gr A
T 95 -132m 640 I 20 66O 3
N{6F-95m 378 9r 18 3% 5

Samele total :- 2 127 r as570 sr | 5

2. Efonsation Index.

Sizé. fraction rah:‘slf:s Mrj::gﬁ": E“;ﬂ"s'sis"m Tﬁﬁg Tndex
I (19.0-265m| 399 0995 39 gr 580 3r 7
IL1132-190m| 102 0 947 97 sr 934 10
M| 95 - 13.2m 20 1.049 21 3¢ b0 3
N |{b¥F-95m | 43 0986 42 50 37 11

Sarele total : 2l 19990 | 2570 or 8

3. Ansularity Number.

Size (ra.ction Contm'nar Volune. Srcci(fc Gmw't:l Mass of Sanrte "’hﬁ“},ﬁ{i}’
I190-26.5mm 1487 mt — not cnmgh sam ple —
Ii152-19-0mn 1407 2. 1b 1882 gr 8.4
|95 ~-132mnm 1487 2 .13 201497 . 3.4
T{67-995m 1487 2 09 1939 gr 4.0

% Intularits Nusber = 67 - —oW
C-Ga

i Adjustngnt foctor used to coret for small sracias ecors in arraralus used.




PARTiCLE SHAP:—: INDicATiN& T;'srs : SAMPLE # 10
1. Flakiness Index.
Size Qm:tion Mass Tetavned Mass Passing | lotal mass Inde.x
I[19.0-265m| 1966 30 | 193 or 1959 3r o
T j132-190m 1114 94 1208 8
IM15-132m 666 52 718 7
N|6F-15m 282 17 299 b
Samele total : g 356 s 4197 9
2. Eflonsation Index.
Size Fraction | pasens | “Facar's | - vesms ety Tndex
I{19.0-265mm] 315 4 0.993 313 9r 1959 16
I [132-1%0m] 191 0. 947 18] 1208 15
IL|95- (32m| 52 1.049 55 7I8 ;
N|b6F-95m 44 0.986 43 299 14
Sarele total : P 5929 | 184 14
3. Ansularity Number.
Size (Taction Contm‘ncr Volume Srccif:‘c Grovity Mass of Samele A'hi"if{'f’
I[19.0-265m [48F nl 2.40 2025 gr 10.3
I {95 - 13.2mn 1487 2.05 1954 2.9
F|67-99mm 1487 1.97 1828 4.5
% Angularcty Number 3 oo W_

f - T

i Adjustngnt foctor used to corect for smal sracias ervcs i arracalus used.



| | Mix

PART{cLE SH‘APE Lnnicaring TESTS L OAmpLe # @ 2
1. F{.aki,ne_ss Tndex.

Si?.c ﬁ‘a.ction. Mass Tetavned Mass Passingd | lotal mass Tndex

I|19.0-265m 2023 s 302 e 2325 sr 13

T 132- 190 mn 1238 sr 145 90 1381 o 10

T35 -132m Al gr 86 9r 562 3¢ ¥

]I b.F =195 mm 25 g 56 gr 312 or 18

Sarmele total : 2 567 or 4520 3r 13
2. Eflonsation Index.

: S ‘F . Mass Adjustncnt Effective mass Total
| Jize Trackion | Passias Factor # Passing MasS - Tndex

I {19.0-265m| 398 or 0.993 395 gr 2325 s 17

I |132-110m| 234 0.947 222 1381 1¢

M| 95 -132mm 11 1049 95 502 19

]I b -39 mm 73 0.8 72 312 23

Samrle total : PN : F84 91 4520 3¢ 17
3. Ansularity Number.

SI'ZC (mction Contm‘ncr Volume. 5rcciﬁ‘c Grow't‘.( Mass of Sanrle A’;,L“i&{,‘#“

I|190-265m 1487 mt 2.3% 2061 gr 75

|L | 13.2-{9.-0mn 1497 ml 2.24 20049 b.3
M|95 -132mm 1417 2.04 2009 1.2
N|67-99m 148%F nt 1.95 1435 0.3
% Andularcty Number = bf - _foo-W
C-Gu

T Adisstmeat factor used to corect for small sracias eors in  arearalus used .




APPENDIX A4

Determination of the Specific Gravity, Absorption
Coefficients, Densities, Void Content and

Bulking of the recycled aggregates
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BS 812 : 1967

DETERMINATION OF AGGREGATE CRUSHING VALUE

34. a. General. The aggregate crushing value gives a relative measure of the
resistance of an aggregate to crushing under a gradually applied compressive
load. With aggregate of an aggregate crushing value of 30 or higher the result
may be anomalous, and in such cases the ten per cent fines value (Clause 35)
should be determined instead.

The standard aggregate crushing test shall be made as described in Subclauses
b to fon aggregate passinga 3% in (12:70 mm) and retained on a 3 in (9-52'mm)
BS test sieve. If required, or if the standard size of aggregate is not available, the
test shall be made according to Subclause g. '

b. Apparatus, The following apparatus is required for the standard test:

(i) An open-ended steel cylinder of nominal 6 in (15 cm) internal diameter,
with plunger and baseplate, of the general form and dimensions shown in Fig. 12.
The surfaces in contact with the aggregate shall be machined and case-hardened,
or otherwise treated, so as to have a hardness value of not less than 650, in
accordance with BS 427*, and shall be maintained in a smooth condition.

(ii) A straight metal tamping rod of circular cross section, % in (16 mm)
diameter and 18 in to 24 in (45 cm to 60 cm) long. One end shall be rounded.

(it} A balance of 3 kg capacity and accurate to 1 g.

(iv) BS test sieves of sizes ¥ in (12:70 mm), 3% in (9-52 mm) and No. 7
(2-40 mm). : _ '

(v) A compression testing machine capable of applying a load of 40 ton
(40-64 tonne) and which can be operated to give 2 uniform rate of loading so
that this load is reached in ten minutes. The accuracy of the machine shall comply
with the requirements of BS 16101 for a Grade A or a Grade B machine. The
machine may be used with or without a spherical seating.

(vi) For measuring the sample, a ¢ylindrical metal measure of sufficient
rigidity to retain its form under rough usage and having an internal diameter
of 4% in (11-5 cm) and an internal depth of 7 in (18-0 cm).

¢. Preparation of test sample. The material for the standard test shall consist
of aggregate passing a 34 in (12-70 mm) and retained on a 3 in (9:52 mm)
BS test sieve and shall be thoroughly separated on these sieves before testing.

The aggregate shall be tested in a surface-dry condition. If dried by heating
the period of drying shall not exceed four hours, the temperature shall not
exceed 110°C and the aggregate shall be cooled to room temperature before
testing.

* BS 427, * Method for Vickers hardness test °, Part 1, * Testing of metals *.
1 BS 1610, * Mcthods for the load verification of testing machines °.
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KEY TO DIMENSIONS
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Dimensions for

CYLINDER
Internal diameter
Internal depth
Wall thickness

PLUNGER
Diameter of piston
Diameter.of stem
Overall length of piston plus
stem
Depth of piston
Diameter (nominal) of hole

BASEPLATE
Thickness (nominal)
Length of each side of sqtiare

|

Nominal 6 in
internal diameter

cylinder

in
616 1+ Yas
510 5%

+%

6 + Y%,
33 tob

410434
£1 -
%

tA
8t09

mm
154-0 - 04
1270 t0 1397

+16:0

1524 4- 04
95-2 to 152-4

101-6 to 114-3
£25-4
190

65
200 to 230

Nominal 3 in
internal diameter

cylinder
in mm
342 + Y64 770 1 04
234 to 3% 70-0to 82-5
+%e +80
34 Yo 762 4 04
1% to 3 47-6 to 76-2
2103 63-5to 76-2
€% €190
36 95
A 65
44 to 434 | 110 to 115

Fig. 12. Outline form and principal dimensions of cylinder and
plunger apparatus for aggregute crushing test
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The quantity of aggregate shall be such that the depth of the material
in the cylinder shall, after tamping as described in Subclause d, be 4 in (10 cm).

The appropriate quantity may be found conveniently by filling the cylindrical
measure in three layers of approximately equal depth, each layer being tamped
25 times with the rounded end of the tamping rod and finally levelled off, using
the tamping rod as a straightedge.

The weight of material comprising the test sample shall be determined
(weight A) and the same weight of sample shall be taken for the repeat test.

d. Test procedure. The cylinder of the test apparatus shall be put in position
on the baseplate, and the test sumiple added in thirds, each third being subjected
to 25 strokes from the tamping rod. The surface of the aggregate shall be care-
fully Jevelled and the plunger inserted so that it rests horizontally on this surface
care being taken to ensure that the plunger does not jam in the cylinder.

The apparatus, with the test sample and plunger in position, shall then be
placed between the platens of the testing machine and loaded at as uniform a
rate as possible so that the total load is reached in ten minutes. The total load
shall be 40 ton (40-64 tonne),

The load shall be released and the whole of the material removed from the
cylinder without further breaking of the sample and sieved on the No. 7 (240 mm)
BS test sieve until no further significant amount passes in one minute. The
fraction passing the sieve shall be weighed (weight B).

In all of these operations care shall be taken to avoid loss of the fines. Two
tests shall be made.

e. Calculations. The ratio of the weight of fines formed to the total sample
weight in each test shall be expressed as a percentage, the result being recorded
to the first decimal place:

B
Aggregate crushing value = - % 100

where 4 = weight in grammes of surface-dry sample,

B = weight in grammes of the fraction passing the No. 7 (2-40 mm)
BS test sieve,

/- Reporting of results, The mean of the two results shall be reported to the
nearest whole number as the aggregate crushing value.

£. Determination of aggregate crushing value for non-standard sizes of aggre-
. gate. (i) General. If required, or if the standard size is not available, tests may be
made on aggregates of other sizes larger than the standard up to a size which
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passes a 1 in (25-40 mm) BS test sieve, using the standard apparatus, Alierna-
tively, tests may be made on aggregates smaller than the standard down to a size
which is retained on a No. 7 (2:40 mm) BS test sieve, using either the standard
apparatus or that described in Subclause g(ii) which is referred to as the smaller
apparatus.

Owing to the non-homogeneity of aggregates the results of tests on non-
standard sizes will not be comparable with those obtained in the standard test,
In general, the smaller sizes of aggregate will give a lower aggregate crushing
value and the larger sizes a higher value, but the relationship between the values
obtained will vary from one aggregate to another. However, the results obtained
with the smaller apparatus have been found to be slightly higher than those with
the standard apparatus and the errors for the smaller sizes of aggregate tested
in the smaller apparatus are therefore compensatory.

(ii) Apporatus. The smaller apparatus shall be as follows:

A. An open-ended steel cylinder, with plunger and baseplate, generally
as described in Subclause b(i), with a nominal internal diameter of 3 in
(75 cm). The general form and dimensions of the cylinder and of the plunger
are shown in Fig. 12.

B. A straight metal tamping rod of circular cross section % in (8 mm)
diamecter and 12 in (30 ¢m) long. One end shall be rounded.

~ c. A balance of 500 g capacity and accurate to 0-2 g.
D. BS test sieves of appropriate sizes as given in Table 13,

E. A compression testing machine generally as described in Subclause b(v)
except that it shall be capable of applying a load of 10 ton (10:16 tonne),
and of being operated to give a uniform rate of loading so that this load is
reached in 10 minutes.

F. A cylindrical metal measure generally as described in Subclause b(vi)
except that it shall have an internal diameter of 214 in (6 cm) and an internal
depth of 324 in (9 cm).

(iii) Preparation of test sample. The material for tests on non-standard sizes
shall consist of aggregate passing and retained on corresponding BS test sieves
given in Table 13.

The procedure shall in other respects follow that given in Subclause ¢ except
that in tests with the smaller apparatus the quantity shall be such that the depth
of material in the nominal 3 in (7-5 cm) internal diameter cylinder shall be 2 in
(5 cm) after tamping with the smaller rod. The appropriate quantity may be found
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conveniently by using the smaller measure and tamping rod, but otherwise as
described in Subclause c.

(iv) Test procedure. Tests on non-standard sizes shall follow the procedure
given in Subclause d except that, when using the smaller apparatus, the smaller
tamping rod shall be used and the iotal load shall be 10 ton (10:16 tonne).
Particular care shall be taken with the larger sizes of aggregate to ensure that the
plunger does not jam in the cylinder. The material removed from the cylinder
shall be sieved on the appropriate sieve given in the * For separating fines’
column in Table 13.

(v) Calculations. Calculations for tests on non-standard sizes shall follow
the method given in Subclause e, substituting in the description of weight * B’
the test sieve of appropriate size.

(vi) Reporting of results. Results of tests on non-standard sizes shall be reported
as in Subclause f with, additionally, a report on the size of the aggregate tested
and, if smaller than the standard size, the nominal size of the cylinder used in
the test. '

DETERMINATION OF THE TEN PER CENT FINES VALUE

35. a. General. The ten per cent fines value gives a measure of the resistance of
an aggregate to crushing which is applicable to both weak and strong aggregates.

The standard ten per cent fines test shall be made as described in Subclauses b
to f on aggrepgate passing a 3% in (12:70 mm) and retained on a 34 in (9-52 mm)
BS test sieve. It required, or if the standard size of aggregatc is not availablie, the

test shall]be made according to Subclause g.

b. Apparatus. The following apparatus is required for the standard test:

(i) An open-cnded steel cylinder with plunger and baseplate, as described in
Subclause 345(i).

(i) A tamping rod as described in Subclause 34b(ii).
(iii) A balance as described in Subclause 34b(iii),
{iv) BS test sieves as described in Subclause 34b(iv).

(v) A compression testing machine as described in Subclause 34b(v), except
that the load which is to be applicd may vary from % ton to 50 ton (4 tonne to
51 tonne).

(vi) A cylindrical metal measure as described in Subclause 34b(vi).
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(vii) If required (see Note in Subclause d), a means of measuring to the nearest

0-05 in (1 mm) the reduction in distance between the platens of the testing -

machine during the test (e.g. a dial gauge).

c. Preparation of test sample. The preparation of the test sample shall be as
described in Subclause 34c except that, in the case of weak materials, particular
care shall be taken not to break the particles when filling the measure and the
cylinder.

d. Test pracedure. The cylinder of the test apparatus shall be put in position
on the baseplate and the test sample added in thirds, each third being subjected
to 25 strokes from the tamping rod, particular care being taken in the case of weak
materials not to break the particles. The surface of the aggregate shall be carefully
levelled and the plunger inserted so that it rests horizontally on this surface, care
being taken to ensure that the plunger does not jam in the cylinder.

The apparatus, with the test sample and plunger in position, shall then be
placed between the platens of the testing machine. Load shall be applied at as
uniform a rate as possible so as to cause a total penctration of the pluager in
ten minutes of about:

0-60 in (15 mm) for rounded or partially rounded aggregates (e.g. un-
crushed gravels); :
0-80 in (20 mm) for normal crushed aggregates;
0-95 in (24 mm) for honeycombed aggregates (e.g. some slags);
these figures may be varied according to the extent of the rounding or honey-
combing.

NOTE. When an aggregate impact testing machine (Clause 33) is available, the load required
for 1he first ten per cent fines test can be estimated by means of the following formula more
conveniently than by the use of the dial gauge:
400
Aggregate impact value
This value of load will nearly always give a percenlage fines within the required range of
7-5-12-5. :

Required load (ton) =

The maximum load applied to produce the required penctration shall be
recorded. The load shall be relcased and the whole of the material removed
from the cylinder without further breaking of the sample, and sieved on the
No. 7 (2:40 mm) BS test sicve until no further significant amount passes in one
minute. The fraction passing the sieve shall be weighed, and this weight ex-
pressed as a percentage of the weight of the test sample. Normally this percentage
fines will fall within the range 7-5-12:5, but if it does not, a further test shall be
made loading to a maximum value adjusted as seems appropriate to bring the
percentage fines within the range of 7-5-12'5. (The formula given in Subclause
35e may be used for calculating the load required.)
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In all of these operations care shall be taken to avoid loss of the fines. A
repeat test shall be made at the maximum load that gives a percentage fines
within the range 7-5-12-5,

e. Calculations. The mean percentage fines from the two tests at this maximum
load shall be used in the following formula to calculate the load required to
produce ten per cent fines:

14x
y+4

Load required to produce ten per cent fines =

where x = maximum load in ton,
y = mean percentage fines from two tests at x ton load.

f- Reporting of results. The load required to produce ten per cent fines shall
be reported, to the nearest whole number for loads of 10 ton (10-2 tonne) or
more or to the nearest 0-5 ton for loads of less than 10 ton (10-2 tonne), as the
ten per cent fines value.

£. Determination of the ten per cent fines value for non-standard sizes of aggre-
gate. (i) General. If required, or if the standard size is not available, tests may be
made on aggregates of other sizes which pass a 1 in (2540 mm) and are retained
on a No. 7 (2:40 mm) BS test sieve. Because of the lack of experience of testing
sizes other-than the standard it has not been possible to give any indication as
to how the results obtained on non-standard sizes would compare with those
obtained in the standard test as in the case of the aggregate crushing value.

(ii) Apparatus. The apparatus shall be as described in Subclauses 355b(i),
(ii), (iii), (v), (vi) and (vii).

BS test sieves of appropriate sizes shall be as given in Table 13.

(iii) Preparation of test sample. The material for tests on non-standard sizes
shall consist of aggregate passing and retained on corresponding BS test sieves
given in Table 13. ’

The procedure shall in other respects follow that given in Subclause c.

(iv) Test procedure. Tests on non-standard sizes shall follow the procedure
given in Subclause d; it should be noted that the penetration of the plunger may
not accord with the values given in Subclause d.
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(v) Calculations. Calculations for tests on non-standard sizes shall follow
the method given in Subclause e.

(vi) Reporting of results. Results of tests on non-standard sizes shall be
reported as in Subclause f with, additionally, a report on the size of the aggregate
tested.

DETERMINATION OF CRUSHING STRENGTH

36. a. General. When aggrepates are not available, this test may be used to give
a direct measure of the stress in Ibf/in® (kgf/cm?) at ultimate failure of a rock
under a slowly increasing compressive load.

b. Apparatus, (i) A compression testing machine the accuracy of which shall
comply with BS 1610*, for a Grade A or B machine, and which shall include
at least one platen having a spherical seating of not more than 1 in (2-5 cm)
radius.

(i) A well-ventilated oven thermostatically controlled to maintain a tem-
perature of 105 - 5°C.

¢. Test specimens. The test specimens shall be cylinders of 1 4- 0-025 in
(2540 1 0-63 mm) mean diameter and of 1 4 0025 in (25:40 + 0-:63 mm)
mean height. In any one specimen the diameter shall not vary by more than
0-01 in (0-25 mm) and the height by not more than 0-005 in"(0-13 mm). The end
faces shall be at right angles to the'cylindrical axis and shall be lapped plane to
an accuracy of 0:001 in (0-025 mm).

In the preparation of the test specimens, the rock shall not be sub_lecu,d to
any treatment (such as chipping with a hammer) liable to induce incipient frac-
ture. A copious flow of cold water shall be used throughout ail grinding, drilling
and sawing operations, to ensure that the aggregate is not damaged by over-
heating,

The test specimens shall be dried for four hours in the oven at a temperature
of 105 + 5°C and cooled before test.

If no planes of structural weakness are apparent, threc specimens shall be
tested. If planes of structural weakness are apparent, four specimens shall be
tested, of which two shall have the planes at right angles to the axis of the
cylinder.

* BS 1610, * Mcthods for the load verification of testing machines”’,
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d. Procedure. The mean diameter and height of each specimen shall be
measured to an accuracy of 0:001 in (0-025 mm). The specimen shall be placed
centrally between the steel platens without packing.:

Each test shall be a direct compression test in which the load is applied to the
ends of the cylindrical test specimen at a rate of about 5 ton (5-1 tonne) per
minute. In making each test the final load necessary to produce crushing of the
specimen shall be observed. ’

e. Calculations. The crushing strength shall be calculated in pounds-force per
square inch from the final load and the mean cross-sectional area of the speci-
men.

f Reporting of results. The value of the crushing strength for each individual
specimen, and the average crushing strength shall be reported to the nearest
100 Ibf/in? (7 kgf/cm?). Any peculiar condition of a test specimen which might
affect the result of the test, such as the presence of seams, fissures, elc., shall be
noted in the report.

DETERMINATION OF AGGREGATE ABRASION VALUE

37. a. General. This test gives a measure of the resistance of aggregates to surface
wear by abrasion.

b. Apparatus. (i) An abrasion machine consisting essentially of a flat circular
cast iron or steel grinding lap not less than 2 ft (60 cm) in diameter, which can
be rotated in a horizontal plane at a speed of 28 to 30 rev/min and which is
provided with the following accessories (see Figs. 13 and 14):

At least two trays for holding the test samples, made from % in (3 mm) mild
steel plate and of internal dimensions 334 X 234 X %4 in (95 X 57 X 8 mm)

~ (referred to below as the * larger trays °).

Means for locating two of the larger trays with their centre points 10% in
(26 cm) from the centre of the lap, diametrically opposite to each other and with
their longer sides lying in the direction of rotation of the lap. The trays must be
free to move in a vertical direction but restrained from moving in the horizontal
plane.

A weight with a rounded base for pressing the test samples against the surface
of the lap, having means for adjusting the weight to 2 kg + 10 g.

Means for feeding sand continuously on the lap in front of each test sample
at the rate of 1%-2 lb (680-900 g) per min, and for removing and recovering
the sand after it has passed under the test samples. ’

(ii) BS test sieves %4 in (12-70 mm), 3 in (9:52 mm) and Nos. 18 (850 microns),
25 (600 microns), 36 (420 microns), 52 (300 microns) and 100 (150 microns).

(iii) A hotplate not less than 5 in (13 cm) square, giving a surface temperature
of about 100°C,
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1@ A FiNES CRuSH\‘NG TEST.

Sarvle descrietion  : Sgwle# 1 ¢ 432me — 19.0me frachon .

Haximun 'oad feached - x = 153 N
Dl'Srloccmnt of Tiston : § - 37'0 mem

faction : Mass: mass -
Sieve analysis 7 6Foma | 2978

435 - (.Toma | 10F | 32524r
2.38 - 45 mm | 107

£ 2.38 mem 2465 265 sr

Total mass of same)e:| "351F 3917 J"

Tecceatage of fines troduced Y = 753 %
Amount of Gasresate femaimas in onsinal stz fmchon = not Gkea Sr‘
.- Y
4 2
.[.00/0 FACT V(llue J + 4 : 186 kL




IO°/o FiNES CRuSH\NG Esr.

Samrlc descrirtion Sarvle # 4 : 13200 - 19.0mm fmchen .
Moxirum locd teached - x = 1660 kN
Dis\"o(mmt of Tiston 8 = 27.0_ mem
feackion : Mess: mass :
Sie«. analysis 2 6.omn | 2962

435 - (.Tomn 120 Y| 3244 ¥
2.38 - 4. nm 162

o,

£ 2.38 mm 308 308 g3r

Tota! cass of Sortle : 3552 ar | 35523r

Rrceatase of fines troduced : Y = §8.%

Y

Amwnt. of 0dsredate femaimay in or3inal size fmchion

not token  gr

4 x
[0% FACT vae = “yv+ 4 = 182 kN




IO°/o FiNEs Cnus@g Esr.

Jarvle descrirtion : Soeke% 4 ¢ 190me - Jb-See fuachin

Maxirum lod veached - X = 25% KN
Distlacement of Tiston - § = 300 mm
_fchion Mess: _ mess:
Sieve analysis | > 6 | - |
4.75 - (.70 mn -  y 34459
2.38 - 4.7 nm <
£ 2.38 mm 294 | 291 s

Total mass of somele :| 3736 3r 3736 ¢

?C((en}a&c of fines troduced Y =FA %

Amunb of 03tresate femoimal n o6vinal STk ﬁnch‘on

not token  gr |

o
—

14 2 |
[0°% FACT vale = “y54 - 304 KN _




IO% FiNss CRUSH\NG Tssr.

Qamele descrirtion Samplc # 5 ’_13-2 M foy 19.0 mm

Hﬂxinun 'oad feached - X

= 215 kN

Distlacement of Tiston § = 300 mm
frachion : MQsS: __ mass:

Sieve analysis .7 6.Pomm | 2887

—

415 - (. 0omn 146
2.38 - 4.7 mm 234

326F ar

.

< 2.38 mm 413 413 g¢

Total ress of soeele:| 3680 3r 36804

Receatase of fines troduced Y = 11.22 %,

Amwxl’. of assresate femaimay in on3ingl Size frachon

aot, taken g

[0 FACT vaue = ~—yr4 ¢ 118 kN _




loo/o FiNEs CRuSH\NG- Tssr.

Qarele descrivtion  : Sorrle 6 ¢ 13200 - 19.0me fachen

nﬂximurt lOOd feached - x = 18{ kN
Distlacement of Tiston § = 0.0 mm

frochion : Mess : mass
Sieve analysis .2 6.fma | 2600

475 - (.Fomm | 151 [29bkgr
2.38 -4 | 215

£ 2.38 mm 4719 474 s¢

Total cass of soele : 3445‘3r 3445 3¢

?ercen’mac of fines troduced 3 = 1}-10 %

Amumt. of 03fresate femaimal in OrvIingl ST faction

not tkea gr

4 x

10°% FACT value Y14

~
A
o
} o nd
=
Y




IO% FiNEs CR&SH\'NG— Tésr.

Samrlc descrirtion Saﬂ?\c *9

13-20m = 419.0mm fiachon .

naximun ’oad feached - X = qu kN
Distlacement  of mton/‘.' § = 300 mm

fochion : MAss: mass:
Yieve analysis 7 b.foma | 2F64

hd .

435 - (. 70mn | 1S
2.38 - 4.5 mm 144

3073 gr . '

ol

£ 2.38 mm 388 388 3¢

Total mass of semtle ’3‘}513 3461 ac

?E(ce‘n’mﬂc of fines troduced | = 11-21 9

Amomt‘, of a3sresate emoimas in orisingl size fracksn

1750 gr

1 %

4 x

100/0 FACT Value = Y++4 s A39 kN -




IO A FiNES CRuSH\NG— Tssr.

Samrlc descrivtion = Samele # 9

13:2mm - 190mm frach'on.

naximum lood reacthed - X = 200 kN
Dfsl’laccmmt of Tiston : S = 30.0 mm

~ Schion : Mess mass :
Jieve analysis 2. 6.foma | 2522

4.7 - L.fomn | 13 [ 2949 ¢
2.38 -4 mm | db4

ol

£ 2.38 mm 421 g | 424 g

Total mass of somrle :{ 33F08c 3370 3¢

?ercmkas«. of fines froduced : 34 = [2 49 %

Amwnb of a3sresate femoimad in orvIinal Size fraction

t

tio  gr

1]
& N
N

i4 '
0% FACT value z —ET%‘._— : 7170 kN’




IO D/o FiNEﬁ CRuSH\NG— Tssr,

SamPlc descrirtion = Sa‘mi’le ¥ {0

13200 = 49-0m fraction .

Hﬂximun load feached - X = 222 kN
Distlacement of Tiston § = 295 mm

fochion : Mass : mess
Sieve gnalysis > 6Mma | 2834

4.7 - (.fomn | 137 [ 3184 g
2.38 - 4.75 nm 210

l

£ 2.38 mm 452 452 3¢
Total tass of samele : | 3633 9¢ | 3L339r

?eccm’msc of fines troduced 9 = {244 9,

Amount of adsresat: (emginal in onsingl sz frachon

]

1962 gr

|  x
(0% FACT value z -—j—f}r - 189 kN—




IO o/o FiNES CRuSH\'Ncr -I:-:sr.

Samrlc descrivtion = Stockeile of Reorded assresate /}
| Test 1
132mm = L9-0me Frochon.

Maxivum load teached - x = 153 KN
Df5r10(cmcnt _af | Tiston - S = 26.0 mMm

fraction : Mass: mess:
Sieve anelysis 7 b.fomm | 2675

495 - b.Tomn | 174 {| 304140
2.38 -4 | 19

£ 2.38mm | 390 390 4¢
Total enass of soenle | 343190 | 334 oe

fecentase of fines tcoduced Y4 U43F%
Amwnt of a3fredate emoimas in ofigingl size fochon = 1F0b  gr
= 50 %
s -
*10% FACT vae = yr 4 - 439 W

x A Second fest  Produced 6 Vale of 192 kN‘ =3> megn FACT ‘(a).uc = {65 kN



IO% FiNES CRuSH\NG Esr,

Sarvle descrirtion = Recweled asseaate Stkrile } TesT 2
132 0 - 19- 0 men Hochin _

Hﬂximun [oad teached - x = 171 kN

Distlacement of Tisten .‘. 8 = 370 mm
frachion : Mass: mass:

Sieve analysis 26 fma | 2709

4.75 = (.70 mn 180 [| 310% ar
235 < 4?5 MM , 218

< 2.58 rm 308 308 4
Total r10s3 of same)e : 34153“ 34"5 ¥

fefcmkaac of fines froduced Y = 9.02 %o

Amount, of a3sredate cemoimay in o0 Final Stz fraction

= 1636 g

. 48 %
'  4x T
10 FACT vae * Ty 4 ¢ 192 kN

* The fist test wodued e value of £39kN = mean L0% FACT = 145 EN



IO% FiN_ES CRuSH\'Ncr Tssr.

Samrlc descrirtion

: Recycled @950 sate Sockeile } TesT 1
99m0 — 132 my factisn

nﬂximun lood teached - X = 135 kN
Distlacement of Tiston ° § = 26.0 mm
frachion Myss: mss:
Sieve analysis > 6.f0ma | -
4.5 = £.70 mn -] 2724
2.3 - 4.35 nm - ) |
< 2.38 mm - 439 3r
Total wass of somele:{ = — 3365 gr
Rercentage of fines troduced Yy =130%
Amwnb of astredate femaimas in orisingl stz fachon = 1679 gr
A
'S 14 x
[0°% FACT value z Y+ 4 =1t kN*

¥
Th(, Value fioduced in the Second fest tsos 106 kN mean 10% FACT = 108 KN

—— e .



IO o/o ,FiNEs CRusmNc} Tssr.

Samrlc descrirtion  : Recycled a3dredate Stockpile }
TEST 2
950 = 13-2 mer faclion

Moximum load veacned - X = 118 KN
Distlacement of Tiston : § - 90 mm
fiachion : muss: ___mass:
Qieve analysis | > 6Homa | -
4.35 - (.70 mn - 1| 2952¢r
2.3 ~4%wm | - |
< 2.38 mm - 3859r
Total tass of &amk: T 3337 4r

?Ef(e\'ﬁak of fines froduced Y = 1154 %

Koot of ossresate cempinds in ocisinal size frackon = 1799 K
- 54 %

14 x
“10% FACT wahe = Ty, 4 ¢ _106 KN _

X The vile in the fist fest was 144 KN o the mean 10% FACT walue = 10BkN



APPENDIX A6

~

1. Details of the Wet Batched Recycled Concrete Mixes
made
2. Record of the Moisture Content of the Klipheuwel sand

used in these mixes

3. Correlation of the Actual and Theoretical Mortar

Excess Values found for this mix series
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Weight Weitht Weisht of | Moisture
Date | Used in Mixes | of Pan.  |of rao+ sond | foa + devsnd. | Content .

(3rom) {3cam) (3ram) °/o
1803 | 437 14 12 tridmix ala 4087 4082 0.43
13 | 1L .15 d14 2235 223t 0.20
2013 | 17 7 14 , 212 2984 2986 0.1t
asly | 164 185 20 212 2406 2404 .09
2013 | 25524723 | 209 3081 3074 0.40
Fl4 | 30324528 27 213 31zl 319 0.07
14 | 3513413332 208 1840 2838 0.15
1514 |10,918776° 540 | 209 3219 327 0.0F
204 11121374 210 3314 331 6.1lo
a4l4 | 397138,3140043 | 212 3202 3199 0.10

Record of the Moisture Content of the Klithewwel Sﬁﬂd

used in the Sseries of Tecycled concrete mives.




 Otatistical Correfation of the Actual Mortar

Excess with the Theoretical Mortar Excess.

A linear tesression analysis will be  Performed on the moctar excess
data  Seaerated bY  the series of 1fecvcled conciete mives Qndatakm in
Puase 2 of 4niy thesis. The ewaticas . wsed by this  reseession analvs(§

are showa in Section 4.3.2.1. The followina two facles may ueset the

accuracy of the vescession Jomewhat

(1) Kich Mixes are sticky and do not allow the stones to Sink  freely

thoush the mortar - the measured mortor excess W thus be
underestimated Somcwhal.

D) Lean mixes allow searcaabion to occur : the sand  siaks to the
bottom of Ihe container ana the Stones a Pushed arart  upsetbing
the actual m™ortar wxcess to some degdree.

The bi-variate samele is

Ane. | Tme [Ame |Tme | Ame | Tme | Ame | Tome |Rear Coefficients
=347 [-143 {00 |-25 | &1 | w2 [ MT | 393

124 ¥-F | =240 | -130 | 2.8 | -08 | 35 | Ib-F | Cacrelation
o0 4o i2e | 72 {36 | %8 | 3t | bz | coelfieint
93 | 221 | 103 | 445 | 150 | WL | -0 | -84 | T = 0.735
E Yo | 134 | as3 | s | 4b8 | /5T | 86l

-2 | <12 | 44 | 12 |93 | %t | w2 | 412

52 | 816 | 24 | w0 | U2 | 282 | 28 | SF | = 20415
50 | 4 | 2o | B4 | 3t | Mg | 544

56 ko1 | 22 | 36 | 63 | 47 | 81 | 583 | be2.2%
Be | okt | 29 | %6 | T4 | 34 | — | —

The value of T i5 0.735 which indicates that a fair correladion exists.
The teatession line Fitted to the date has the followdd  eduation :

tme

2.28+ dme  + 2162 - (L)

or ame

0 44 x tme = 949 e (id)




APPENDIX A7

BS1881 specification for the determination of the

Elastic Modulus of a Concrete

Determination of the Modulus of Elasticity for the

Recycled Concretes
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BS 1881 : Part 5 : 1970 BS 1881 : Part 5 : 1970
3.2.4 Preliminary loading. The load shall be applied without shock and increased ‘
ntinuously at a rate of approximately 15 MN/m? per minute until an average IH !
stress of (C -+ 2) MN/m*is reached. The load shall be maintained at this figure for H |
at least one minute and shall then be reduced gradually to an average stress of i
1 MN/m?, when extensometer readings shall be taken. The load shall be apphcd i
a second time 4t the same rate uniil an average siress of (C + 1) MN/m? is }
reached. The load shall be maintained at this figure while extensometer readings |
are taken. The load shall then be reduced gradually to an average stress of h
| MN/m? and readings again taken. B
_,‘f " 3.2.5 Loading. The load shall then be applied a third time at the same rate and ;
P extensometer readings taken at ten approximately equal increments of stress 1
up to an average stress of (C -+ 1) MN/m®. Readings shall be taken at each
stage of loading with as little delay as possible. If the average strains observed
on the second and third loadings differ by more than 5%, the loading cycle
shall be repeated until the difference in strain between consecutive readings at
(C -+ 1) MN/m? does not exceed 5 A

3.3 Calculation. The strains at the various stages of loadmg in the last cycle shall

be calculated separately for each extensometer and the results shall be plotted 2

against the corresponding stress. Straight Jines shall be drawn through the points

{: for each extensometer. The slopes of these two lines shall be determined and
= the average value shall be found. If the difference between the individual values

for slope is less than 15 % of the average value, this average value expressed to

the nearest 500 MN/m? shall be recorded as the modulus of elasticity of the © 5 Gf‘

¢oncrete. If the differénce is greater than 15 %, the specimen shall be re-centered

the testing machine and the test repeated. If the difference after re-centering

d testing is still greater than 15 % of' the average valuc the rcsult of the test

| be discarded: : _ :

3.4 Report. The followmg mformatlon shall be ingluded in the report on each .
specimen: .

- (1) date of test,

“(2) identification mark, description and nominal size of specimen,

: 3) age of specimen, if known,

tesung machine and of any auxiliary platcns shall be wiped clean and any lqm 3 - (4) static modulus of elasticity,

sand or other material removed from the ends of the specimen. The specim i(5) value of C, and

shall be placed in the machinc and its axis carefully aligned with the centre (5) remarks ¢.g. number of loading cycles or whether re<centered.

thrust of the spherically seated platen, As the latter is brought to bear on th e

specimen the movable portion shall be rotated gently by hand so that unifo
seating is obtained. No packmg other than auxiliary steel platens shall be M
between the ends of the specimens and the platens of the testing machine. . '/

3. TEST FOR THE STATIC MODULUS OF ELASTICITY BY MEANS OF
AN EXTENSOMETER

NOTE. For the methods of making and curing moulded specimens see the clause describing§
the making and curing of test cylinders in Part 3 of this standard. For the method of preparing
cores from hardened concrete se¢ the clause on the preparation and compression testing
cores drilled from concrete in Part 4 of this standard.

3.1 Apparatus

requucmcnts for the compression testing machine in the clause describing the ;
test for compressive strength of test cubes in Part 4 of this standard and ip;;

specimen and shall conform to either Grade A or Grade B of BS 3846°.

3.2 Procedure
3.2.1 Determination of test load

test the three cubes shall be tcsted in accordance with the requlrements of the
clausc describing the test for comprcssnve strength of test cubes in Part 4 o_f

-

- strength, shall be calculated to the nearest 1 MNIm-

3.2.1.2 Tests on drilled core. The value of C shall be estimated from the strengthw -
of similar specimens or.a knowledge of the propertlcs of the concrete. :

e B

3.2.2 Autachment of extensomgters. Immediately on removing the specimen/ 788
from the water, whilst it is still wet, the extensometers shall be attached b
. opposite sides of the specimen and parallcl to its axis, in such a way that
+~ gauge points ar¢ symmetrical. about the mlddle of the specimen and are

T R T T

When a squarc prism is used in place of a cylmder the gauge points of tl;ﬂ ,
extensometer shall not be nearer to either end than half the width. The extensor
meters shall be fixed with the recording points at the same end. -

TR T Y

. L TEST FOR THE DYNAMIC MODULUS OF ELASTICITY BY AN
ELECTRODYNAMIC METHOD

NOTE 1. For the methods of making and curing moulded beams see the clause describing
making and curing of test beams in Part 3 of this standard. For the method of preparing
ms sawn from hardened concrete see Part 4 of this standard.

& BS 3846 ,' Methods for calibration and grading of extensometers for testing of mctt_tln
'" 13
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APPENDIX A8

Calibration Charts for the U.C.T. Creep Rig
(prepared by De Kock and Mallows) '

Readings taken and the Processing of data for the

Shrinkage and Creep of Recycled Concretes
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Creer Seecimens From Mix 1 Lompep 8Y Rig # 1.
Date |Tine CYLINDER : C 11 CYLINDER: (.1p |Man | Mean
- tal total
of |Undee| Front Grouse Rear Gause Front Gause Rear Gause Jincemento) |cumulalive
4 sause |Corrected A satse |covrected 4 sause |Corrected Asuse |Cooected | StAIN Sheinkase
Rcadjnd LO(ld Rending | stain | Astmin | Reading | steain |4 stwin | Readiad | swmin Astin | Reading | stain Astsn .| (both) + Creep.
( Davs) (x107%) (x10°%) ( x10°%) (X *)| (x107*) | (x107%)
24-11-8b Cilinders wpre cajst
4-12:86 | 0 cslinders wepe Pladed in [the cleee 1ids.
unlogded | © 184.0 0 o] 994 .0 0 o 188-0 o i) 994.5 (o] o o o)
loaded o 965.2 238 324 | T2 -8 -4 | 9918 36.2 49.2 | 9bb.B 1.1 31.1 3814 o}
+30mins |o-o02 | 963-2 2-b 2.F | %32 | 4o 5.4 950.8 1.0 1.4 bt | 0.4 | 0.5 2.5 2.5
+ ?5mias [0-05 | 960.5 2.7 37 |z | 20 2.7 9458 | 5.0 bs | w4t 1.3 2.3 3.9 b.4
+3hes  jo-13 | 0.2 | 03 0.4 | 0.2 1.0 14 |40 | 38 52 |10 | 37 50 3.0 14
5.12-86 | £ 9556 | 44 6.3 9582 | 2.0 2.7 938.2 | 3.8 52 45712 | 3.8 5.2 4.9 143
2-8 | s |9412 | 8.4 4 |45%.0 | 8.2 2 19290 | 12 .5 | 9486 | 8. N7 1K 2b.0
n-z-se | B | 1430 | 42 5% | 14bo | 40 34 [1240 | S0 68 | 1440 | 40 b3 b.1 32.4
H-12-86 | 13 934.0 | 1.0 .2 | 1316 B4 .4 4.3 9.1 132 Bto | 1o 3.5 b 43.7
22-2-86 | 18 | 9131 b8 1.2 1314 b.2 8.4 108.0 .3 8.6 930.8 b.2 B.4 B.7 52.4
a4-12-86 | 20 | 924.0 3.2 4.4 9287 2.1 37 904.5 35 4.8 928.6 22 3.0 4.0 Sb.4
ob-01-8¥ | 33 | 7.2 168 22.8 b0 13 113 8%0.8 13.% 18.6 5.4 13.2 18.0 19.2 ¥5.b
13-01-8% | 40 | 9040 3.2 4.4 9094 b.b 1.0 B84 .0 L.® 12 obo | ¥4 lo.g 8.2 83.8
20-01-87 | 4¥ | 0.0 | 40 | 54 | 41 | S3 12 | B18.3 | 5.3 8 | 40 | 40 54 6.5 1.3
o1-01-87 Lo 841.0 1.0 12.2 | 8%5.5 | 8.6 [ Bti.0 | 1.3 12.b B3b.5 ¥.5 l0.2 7 02.0
L 133.4 ] 1339 Z.] 1619 %) 133.3 | 140.9
Sus -1 1o01.0 5:05 o B Y 605'. 112.7 8:05: 5.6




Creer Seecivens from Mix 1 Lowoen 81 Rig* 4
Dote | Time CYLINDER :C13 CYLINDER: C 14 |Man | Men
of Undec Front Cmuﬂc RCGT’ Ga.u..'lc F'ront Gau.?c Rca'r Gau.‘!c incremental |Cumulalive
A saude |Cociected A %autse | coctected A sause |Corrected A 2use | Corrected Strain Shrinkase
RCﬂdJnJ LO(ld. Reading | stain | Asimia | Reading | stein | 4 stain | Readind | stmin Asiuin | Readtas | Stain Astwn .| ( both) + Creep.
~ |tDas) (x107*) (x10°%) ( x10°%) (x107*) [ ( x207%) | (x107%)
d4-18b ] © Cilinders whkre calst
4-12-86 | © cylinders wepe Pladed in [the cree Tid5, ,
unloaded | o | 9820 0 0 118.0 0 0 8.7 0 0 994.3 o o o)
loaded 0 w480 | 24.L 335 | W7 | 293 38 | 7.1 3.0 42.2 9%4.3 | 30.0 40.9 39.4 o
+30mins |0-02 | 9bT.B 0.2 0.3 | 984 [ 03 0.4 | 974 0.3 0.4 | q0.8 3.5 4.8 1.5 1.5
t 75mins |o-0s | 40 | 38 52 11654 2.5 34 | 1633 | 4.4 5.6 |52 | 46 6.3 5.1 b.t
+ 3hes 0-13 | 2.0 2.0 2.1 3.4 2.5 34 (o4 | 249 349 152.2 4.0 5.4 34 0.5
512-86 | L 4.5 | 2.5 34 1104 | 3o 4.4 | 95%.0 | 44 bo | 82 | 40 5.4 4.9 15.2
¢n-% [ s |95.7%F | B® izo | 1510 | 1.4 128 | H45.0 { lto S50 (9395 | 8.7 I8 12.9 28.1
noa-se | 8 | 4T [ 33 50 |45 | 65 | 88 | %0.0 | So b8 |50 | 45 | bt b.3 34.8
H-12-86 | 13 | 9383 6.3 g 137.0 15 oz | 9297 lo3 140 | 925.0 fo.o | 13.L 12.4 41.2
22-12-86 | 18 | 9320 b3 B.b | 929.4 1L 10.3 | 9210 8.7 .8 8.0 T.0 3.5 lo.1 5%.3
a4-u2.86 | 20 | B0 4.0 5.4 | %% 1.7 2.3 8.7 2.3 3.4 q14.1 34 53 4.0 61.3
0b-0187 | 33 | it foo | 136 | W38 13.9 188 | qes5.0 | 133 8.6 | 9oto | 3.4 | 11.8 1.2 18.5
13-o1-8% | 40 | 0o 10 15 | Y51 B.L o | 8130 | 8.0 0.4 | B8 | b2 8.4 10.0 BB.S
20-01-B7 | 47 | Y070 4.0 54 Tot.0 17 b4 831.5 5.5 15 B89.0 5.8 71 b.8 95.3
01.02-87| Lo | B4%.0 10.0 3.6 | 8L A 1.1 124 881.5 | Io.0 3.6 8.6 | 1.4 12.8 13.4 108 4
£: | 13%0.0 ] 1442 - L1594 %] 1559 141.5
8(:05 = 1.5 écos 1] 104.4 Sas: | 117.2 Sces:| 115.1




UNloAoen  Suzinkase  Orecimens oF  Mix 1.
Dote |{Time CYLINDER : Sitf CYLINDER: §.42 |Man | Mean
| total total
of |Undec| Front (Gouse Rear Gause Front Gause Rear Gause incemeatal {cumulative
4 sause |(oniected A %use |Cotected 4 nuse |Cocrected A xute | Corected Stain | Sheinkase
Readins LOﬂd Rtndins stain | Asimia | Reading | stmin {4 stain | Readind | swmin Astuin | Readad | Staain Astan .| ( both) + Creep.
[t Davs) (x10°%) (x107%) ( x10°%) (%10 *) 1 ( x17%) | (x107%)
Z4-h8 | O Cilinders wkre cajst
4-12-8 | 0 colinders weye Pladed in [the crcge 1135 ‘
unloaded | 0 | 10030 | o© 0 9919 0 0 9.2 0 0 184.4 0 o o o
o
+30mins |o-02 _ .
+ 75mins |o-0s | lovto | -20 | -2.F | 9974 o o 9.2 0 0 i8¢0 | -04 | -05 -0.8 -0.8
+ 3hes 0-13 '
S5-12-86 | 1 fooo.s | 0.5 | ~0F | W0 | #1t | +t5 | W0 | 02 | 0.3 | 850 | +Lo | +1.4 to.5 -0.3
T-12- 8 feco.o | =05 | -0F | f9%.2 [ -LB | -2.4 | 1954 -06 | 0.8 | 9845 | -0.5 | -0.% -1.2 -15
-11-86 | B
H-12-86 | 13 196.2 -3.8 -512 9920 | -5.2 %1 %t.0 ~-4.4 ) 181.5 | 3.0 -4.1 -5b -1.1.
22-12-86 | 18 _
2a4-12.8b | 20 | 192.3F | -3.5 -4.8 9895 | -25 | -3.4 | 988.2 ~28 | -38 | 911 -3.9 -5.3 -4.3 -11.4
06-01-8F | 33 | 1880 -4.3 -b.4 1850 -4.5 -b.1 981.4 ~68 | -12 914.0 -3.6 -4.9 -b. 3 -1B.1
13-01-8% | 40 | 1B40 40 | -54 | 0.0 -5.0 -t.8 | 1to.2 ul S A B N2 9115 -2.5 -3.4 -4.3 ~-22.4
2001-87 | 4F [ 186 [ 24 | -33 |93 [ -135 | -te | Wbo | -22 | “Jo | WBo | -3.5 | -48 ~-3.2 -25-b
o1.02-87T| bo | 178.0 -36 -4.4 .5 -2.2 | -3o0 915.0 -3.0 |~41 | b2 -1.8 | -24 -3.6 -29.2
D -3y nol-211 ¥ 1-28.8 %l -247 -29.2




‘Fcu at load =

22 Mfa

CREEP AND SHRINKAGE OF MIX 1 atelied shress = B.B92 MR
E - modulus (284) = 22.8 GFa.
Dats SHRiNKAGE MEASURE. CREEP IN RIG# Cam iN RiGH® MEAN T()TAL Mmsues MEAN CREEP SPEC(HCG{&P
UnoER Meaa Mean Mcan Cumuladive Mean Cumulabve | Mesa Cumulative | Total less Creee shrain
Totat Total Total Total Total Total Sheinkase . —
Loap Straia. Curulative. | S Stain. Srain. Strain. Staain Stravn. | (Cumulative ) Jteess
(units) X ip°5 X 40°* X107 X10°¢ x 107 X 10°* X0’ v10”* X10™* X 10 / Mfa
unloaded 0 o ) 0 o ) o o} o 0
loaded o o 389 0 3.4 0 3.0 o 0 0
oo | (-0.4) 2.5 2.5 1.5 1.5 2.0 2.0 16 1.9
005 | -0.8 ~ 0.8 3.4 b.4 5.1 bl 4.5 b.5 5. b.b
0-18 | tcesy | s | wa | 34  10.5 35 10.0 9.5 1.0
1 0.5 -0.3 4.9 143 13 15.2 4.8 14.8 14.5 16.3
5 - 1.2 - 15 Tk 260 12.9 28.1 12.3 27.4 25.6 28.»
B_ ) o (»~_j’._3) b 32.4 b.7 348 b.4 33.5 21.2 32.8
13 -5.b 7L | he | 433 2.4 412 1.0 455 38 .4 43.2
e _ (1) | 83 s24 | 00 | s13 9.4 54.9 45.3 51.4
0 | -43 -4 4.0 5.4 4.0 s | 4o 58.9 415 53.4
% | -ed f -®wd4 ) M2 | ISe | W2z f 185 | 182 111 510 b6.4
40 | -a3 -22.4 82 | 88 | o | ses | 91 Bb.2 63.8 1%
ik - 312 J2b ks ] 3 b 183 be | %28 | kT2 A
60 -3 -29.2 0.1 162.0 13.4 | 1o .4 2.4 1052 6.0 BS.5




CREEP. SPECIMENS FROM MIX2  LOoADED IN RIG# S
Date |Time CYLINDER : C21t CYLINDER: c 29 |Man | Man
tal total
of [Undec| Front Gause Rear Gause Front Gause Rear Gause incermeatal |cumulative
' 4 sause {(ociected A sause | cocected 4 sause |Corrected Axuse |Conected | StAIM Sheinkate
Rcadind LO(ld. Reading Skain | Astmin | Reading | stmin |4 stain | Readind | strain Astain | Readad | Steain Astan .| ( both) + Cfeep.
| tDavs (xs0°%) ( x10°%) ( x10°%) (x107%) (x17%) | (x107%)
25086 | 0 calinple:;rs wkre calst
4-12-8. | o cylinders weye Pladed 1a [the cicee 1035,
unloaded 0 9972 o o 91%-0 o) o 9%0-8 o o ioo5.2 o o o]
looded | o |9734 | 238 | 324 {957 | 23 | 240 | wi0 | 28 | 296 | 05| 247 | 330 | 312
+30mins |o-02 | 1730 | 0.4 0. | 9557 | Lo t+ | T80 | Lo 1.4 180.3 | 0.2 0.3 0.4 0.9
t 7Smins [0-08 | L0 2.0 2.3 | 9552 0.5 0¥ | 930 | Lo 1.4 7.7 | 0.b 0.8 1.4 2.3
+3hes  Jo-13 | 9704 0.b 0.8 | 153.b 1.6 2.2 | 9652 | L8 2.4 80 | 1.% 2.3 1.1 4.2
5-12-86 | 4 10 | 14 19 512 | 24 3.3 3.0 22 3.0 745 | 35 4.8 33 F.5
¢12-8 | s 1510 oo | 36 [0 [ 12 152 | 1540 10 -z | 968 | 12.7 -3 14.6 2.1
-n-ee | B 9S5L | 3.4 | 4b | 9388 | 12 tb |94 | se Tb %04 | 1.4 1.9 34 2b-0
H-z-86 | 13 ] 9442 | b4 | 83 |20 | b8 | 9.2 | M40 | 44 | bo | 930 | 74 | foig 8.5 34.5
22-12-86 | 1% 943.0 6.2 8.4 925.0 To 9.5 9340 5.0 L.% 945.0 B.o 10. 8.4 43 .4
adzte| 20 |24 | 06 | o a0 | 20 |23 |iwe | 22 | 30 |4t | 04 | o5 1.8 45.2
o6b-o18% | 33 | 2.0 104 | 144 | w23 | 107 | 140 9210 | 99 13.3 | 1330 | W& 15.8 145 59.F
B-o-8% | 40 | 1710 So L8 1.4 | 41 6. 120 5.0 b.B 929.0 | 40 5.4 b4 bb.1
20.01-B¥ | 4¥ | 233 | 37 | 5.0 3.5 | 349 5.3 8.0 t0 54 245 | 45 bt 55 716
02.02-87| Lo Ue.4 b1 1.4 8.3 1.2 1.8 2.0 bL.o §.2 U0 15 10.2 9.4 81.0
B 1ov¥ 2| 112 2| to1.1 {1200 | 112.2
8cos - | W3 dees :| B22 Sas:| 115 Scus:| 8L.4




FRom M 2

CREEP  SPECIMENS LoADED  BY RIG* b
Date |Time CYLINDER : C.2.3 CYLINDER: c 24 |Man | Man
of |Under| Front Gause Rear Gause Front Gause Rear Gause |incementol |cumalative
A sause |Cocrected A altse | Cocrected A nuse |Costected Axuse |Cowuted | StAIM Shrinkase
Readinﬂ LOO.d Reading | stain | Astmia | Reading | steaia |4 stin | Readiad | stmin Astuin | Keadind | Steain Astsin .| (both) + Creep.
{{0ays) (x10°%) ( x107%) ( x10°%) (x167*)[( x107%) [ (X107%)
25t | 0 Ccilinders wlpre cajst
4-1286 [ O cylinders eye Pladed 1a jthe cocge T1i4s.
unloaded | 0 90-0 () 0 9941 o 0 9.7 o o 919-0 o) o) )
looded o 8.3 | 21.3 295 {9952 | 209 | 284 | 9338 | 2249 3 980.b | 184 250 2p.5
+30mins |o-o02 | 96149 0.4 0.5 (9125 | o7 to 9721 14 1.5 112 1.4 19 1.2 1.2,
t 75Swias |o-05 | Tee.0 1A 2.k 112.3 0.2 0.3 | 9110 17 2.3 1770 2.2 3.0 2.1 3.3
+ 3hes 0-13 | 5.0 t.o0 1.4 8.0 43 5.8 9b9.¥ 1.3 1.8 976.0 Lo 1.4 2.b 5.9
512-86 | 1 Tld | 32 4.4 b5b | 2.4 33 5.2 | 45 b.1 150 | 1.0 1.4 3.8 1.7
-8 | 5 |20 | 98 13.3 | %0 | B¢ nF | 9554 | fo1 | 3.F ) W54 | qb 13.4 13.0 22.%
n-z-se | 8 | 1490 | 30 41 | 1540 | 30 41 | 1546 | 35 48 20 | 34 4.b 4.4 271
H-12-86 | 13 M7 13 14 146 8 2 18 144 4 12 9.8 1515 4.5 b-{ 8.9 3b.0
22-12-06 | 16 | 1354 63 8.6 | 2 Sb T | 1384 | 6o 8.2 520 | 55 15 8.0 44.0
a4-12-86 | 20 | 1344 1o 1.4 1410 0.2 0.3 312 1.2 1.6 150.7 L3 1.8 1.3 45.3
Ob-o1 8% | 33 | 152 11 12.5 fil.5 15 2.3 1214 1.8 133 42.0 | 8.3 -8 2.6 5%.9
13-0-8% | 40 | 919.5 $.¥ 18 | 1254 b1 8.3 1220 5.4 7.3 1380 | 4.0 54 12 b5.1
20-01-87 | 4¥ | U0 | 3.5 | 48 1250 | 24 3.3 1.5 | 3.5 4.8 933.2 | 4.8 £.5 4-9 0.0
02.02-87| Lo | 9096 b.4 8.7 s | 6.2 .4 Uz 3 6.2 B.4 1215 | 5% 1.8 8.3 ¥8.3
(B 1095 £:]1052 .| 1147 | 973 106 .8
8(35 | 4 3cos ;| 6.9 6(.05'. 83.6 Scos:| 123




uNLOADED SHR(NKAGE OPECIMENS or Mix 2.
Date [Tme|  CYLINDER : 9.2.1. CYLINDER: 5.2 |flan | Men
tal total
of Undec Front Gauﬂc Rcar G'o.usc F'ront Ga.u.se_ Rco.'f‘ Gau.‘lc incrementol | cumulative
4 saute [Corrected A Sause |Corrected A ouse |Corrected | Asuse |Coected | St@in | Sheinkase
RCﬂdJ nd LOQd Reading stain | Asimia | Reading | steain ] A strain | Readind | strin Astuin | Keadad | Stain Asimn.| (both) + Creep.
(Davs) | (x10°%) ( x107%) ( x107%) (x™*) | ( x107%) | (x107%)
0 Cilinders wpre cajst
4-12-8 | 0 cylinders .__q.‘)f.rg_r_rla‘qu_i i |the cecge 1035,
unloaded | 0 | M0 o 0 93.0 0 ) 97.2 0 o} 995.6 o) 0 0 o]
i ) ‘
t30mias |o-02 | o o
t 75mias |o-05 | 1980 | t0.4 | +0.5 3.0 o o 991.2 o ) 1954 | -6.2 | -0.3 t0.4 to.t
+ 3hes o-13 ' ;
5.12-86 | 1 »
-8 | 5 |3 | -3 | -2.3 | 1974 | -0b |-08 | 9967 | -05 [ -0F | 940 | -14 | -19 -1.4 -1.3
121286 B
H-12-86 | 13 | 9923 =40 | =54 |18L0 | -b4 | -BF | W4 -53 | -%2 | 9883 | -5.% -1.8 -1.3 -8.b
22-12-86 | 18 _
ad-nge| 20 |00 | -23 | <34 | w42 | -18 | -24 |70 | -44 | -bo |60 [-23 | -34 | -33 | -123
Ob-o18F | 33 | 152 | -48 -b.5 181.0 -3.2 -4.4. | 9%4.0 -30 -4.1 981.% -4.3 -5.8 -52 -13.5
13-01-8% | 40 183.0 ~1.1 -3.0 8.0 | -3.0 -4 180.2 -3.8 -5.2 1184 | -33 -4.5 -4.2 -21F
20.0-87 | 4¥ | Bo.0 | -30 | -414 | 9945 | -35 -48 | 1780 | -22 | -30 | 9.1 | -23 | -3.4 -3.8 -25.5
02.02-87| Lo | 1180 | ~2.0 =21 |30 | -15 | -20 952 | -2.8 3.8 |913.4 | -2.% -3.¥ -31 -28.4
B -2k L:{-212 L. ]-30.0 £:l-30.2 | -28.b




Creee ano

SHR(NKAGE OF .Mix )

fc.u at

boed

orelied  stress
E-modulus (28 da)

= 33 Mha
= B.359 Mfa

= 2B8.05 Gfa

Davs | Surinkace Maasum:. CREEP iN RIG# Cam iN RIGH Mean Torae Mensuee | Mean Ceeer | Seeciric Ceu
Unoer Mean Mean Mean Cumuladive Mean Curulshve |  Mean Cumulalive | Total less Cecee shrain
' Total Total Total Total Totat Total Sheiakase . _—
LOAD Straia . Curulalive . San - Steaia . Sraia. Staain. SAnain Strasn. (Cumuladive) Dteess
(unils) X 075 X 10°* %10°5 X10°* ¥ 107 x 10”* X {o”* ¥10* Y10 X 10° / Nla

unloaded | O o o o 0 0 0 o o
| loadd | o o 312 ) 28.5 o 243.8 o o o
ooz | o o 01 | 0.4 L2 1.2 1.1 1.1 1.1 1.3
005 | +o0.1- vo.4 1.4 2.3 2.1 3.3 1.3 2. 2.9 3.5
0-13 o -0.4) 19 | 42 26 | sa | 23 5.4 4.7 5.6
1 (-0.8) 3.3 1.5 38 ¥ | 35 %.b 1.5 9.3
5 -1.4 -1.3 14.b 22.4 13.0 22.% 13.8 22.4 711 25.2
8 (-4.0) 3.9 26.0 4.4 27.4 4.2 26 22 21.0
T S X Bk | 85 345 8.9 36.0 8.3 35.3 26.7 31.9
s | Cewod | B4 | 434 | 8o 440 | 0.4 433 32.% 39.4
10 -3.% -123 .6 452 13 | 453 | e 45.3 3.0 2.5
3 | -52 1 -1%5 14.5 5113 12.6 5% 13.5 58.8 113 414
| 40 42 | -nw bt | et | 72 | st | e8| S 434 52.5
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APPENDIX A9

The CEB Methods of 1970 (*58) for the
Estimation of the Creep and Skrinkage of

a Concrete



Appendix Ad: CEB 1970 Code Recommendations.

R 1222 Determining the elastic modulus
_ (See Supplcmsnt C12.22)

‘R 12221 DEFORMATIONS UNDER INSTANTANEOUS OR
: RAPIDLY CHANGING LOADS
i4n the presence of instantaneous or rapidly changing loads,

:the elastic modulus tangential to the origin, E»y, of the

:concrete at an age of j days mey be evaluated using the
1following formulae.
;;(g) Normal apgregate concretes:
Esy==66000 V' R'»s where Eos and R'pg are expressed
inNjem® = 6600)R. ...+ #iPu
:walid as long as the stresses under working conditions do
cpot exceed four-tenths of the compressive strength at / days.
*In this expression, R’y is the average compressive strength
-of the concrete at j days, measured on cylinders.
Wb) Lightweight ageregate concretes:
Evy == 18000 V¥® R'yy (Evy 8and R’y in N/em?)
where 7 is the volumetric weight of the concrete.

For structural lightweight aggregate concretes, the values
.of Ev are subject ro a large scatier; the above formula is thus
only a guide. It is advisable to deduce Ev from tests on
oylindrical specimens (see R 12.11).

R 12222 DEFORMATIONS UNDER PROLONGED LOADS (CF.
R44.12 AND R 44.13)

For normal aggregate concretes and lightweight aggregate
concretes, use may be made of the secant modulus,(in
areas withiworking stresses)equal to the tangent modulus
defined above, less 10%.

For the determination of internal forces produced by
ereep (R 12.31), the elastic modulus is the secant modulus
Euys defined for an age j=28 days.

R12.3 DEFERRED DEFORMATIONS OF THE
CONCRETE (SHRINKAGE AND CREEP)

The coefficients given in R 12.31 (creep) and R 12.32
{shrinkage) form a working basis and are valid only for
Portland cement concretes of normal quality, bardening
under normal conditions and subject to working stresses
at the most equal to 40% of their rupture stress. (See
Supplement C12.3.)

This refers to the average rupture stress on cylinders at the
particular time.

R1231 Creep

(1) In order to evaluate the order of magnitude of deferred
deformations due to creep under working conditions, use
may be made of the theory of linear creep. For a constant
stress op, this theory Ieads to a calculation of the final
creep deformation from the formula;

’

(-2
= =0}
4 Ebg|¢

In this formula, Eb,, is the value of the secant modulus of
the concrete at an age of 28 days (R 12.222) which gives
an indication of the quality of the concrete and ¢: is a
coefficicnt covering the particular working conditions
envisaged. This coefficient is equal to the product of five
partial coefficients

él"'ke ka ks ke ke

where:

ke depends on the environmental conditions,

kg depends on the hardening of the concrete at the age

of loading,

ks depends on the composition of the concrete,

k. depends on the theoretical thickness of the member,

ky covers the development of the deferred deformation

with time,

The value of ¢; calculated with the values given below
of these different coefficicnts is an average value. When
creep has g large influence on the limit state under consider-
ation, an increase or a reduction of the order of 15%
should be considered, so as to cover the most unfavourable
case,

If the stresses producing crecp are themselves influenced
by creep or if they vary in a continuous manner, it is
necessary to use iterative methods or to revert to appro-
priate analytical methods. :

Where creep has a very large effect on the stresses, it
may be advantageous to produce curves giving ke and k.
Jrom equations.

(2) Coefhicient k, (eavironmental conditions).
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(3) Coefficient kg (bardening at the age of loading).
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The degree of hardening of the concrete at the age of
loading exerts an influence at least as big a5 the climaric
gotldition.r.

The walues in the diagram above refer to Portland cement,
hardened under normal conditions, i.e. at an average conerete
temperatize of 20°C and with protection against excessive

* losses of moisture.

If the concrete hardens at a temperature other than 20°C,
the age at loading is replaced by the corresponding degree of
hardening:

Dw= EAt (T4 10°)
in which:
D represents the degree of hardening at the moment of
loading.

At represents the number of days during which hardening
has taken place at T°C.

(4) Coefficient k» (composition of the concrete).
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(5) Coecfficient &, (theoretical thickness).
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THEORETICAL THICKNESS ¢a—em

The theoretical thickness em is the gquotient of the area of
the section B divided by the semi-perimeter p/2 in contact
_with the atmosphere. If one of the dimensions of the section

snder consideration is very large with respect to the other,
the theoretical thickness corresponds almost fo the actr=!
thickness.

If the dimensions are not constant along the member, an
average theoretical thickness can be defined by paying
particular attention to those sections in which the stresses
are maximum.

(6) Coefficient k; (variation as a function of time)

10

(¢ represents the number of days after the application of
loads). .o

(7) In general, the final creep deformation €y for light-
weight aggregate concretes is greater than that for normal
aggregate concretes, This difference is a little less for
high-strength concretes than for low-strength concretes.
The final creep deformation should be deduced from tests
carried out in accordance with the methods laid dovn by
RILEM. Alternatively, it may be calculated by riving
Erq, the value corresponding to pormal ageregate con-
cretes and in multiplying the result obtained by 16, or

.

b
Eom
(8) At a given moment z, after application of the Joads,
the influence of a stress o’py, applied at the instant j and
subject at any moment j to variation in intensity o’s, may
be expressed as:
Ej;=E:_': [U’bj@(}-ﬁ + ZU'HQ(I—()] or
kc kb kc

b2s

er=16

Ef= [o"a; kas kez-ny+ ZObi kas k:(z-o]

As shown in the equation, superposition of loads should
always be done on the assumption that the stress applied at
the beginning operates until the end of the period undcr
consideration. The same method may be applied for all
later stress changes; in effect, the values of ka have bzen
determined in these hypotheses.

R12.32 Shrinkage
(1) The shrinkage deformation &r at any instant may be
determined by the product of five partial coefficients:

Er=tc kp ke kp ke

" where

gc depends on the environment;

ko depends on the composition of the concrete;

k. depends on the theoretical, thickness of the member
(see R 12.315);

kp depends op the geometric percentage p=1004/B



of Jongitudinal reinforcement of area A with respect
" to the cross-sectional area of the member B:

100

100+np
where a=20 with regard to the effects of creep;

k: defines the development of shrinkage as a function

of time.

As a general rule, e a3 a function of kp gives the reduc-
tion in length of the fibre at the centre of gravity of the
tendon p under consideration,

The average values of the coefficients e, k», k. and &,
as functions of the parameters which define them, may be
taken from the following diagrams which are valid only
for concretes which have been protected from excessive
losses of moisture in their early days.

{2) Coefficient s, (environment).

For unreinforced concrete, the average values of &, can
be taken from the following diagram:

. : kp=
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For underfloor heating, ovens, etc., values of the coefficient
€c should be taken from experience,

(3) Coefficient k» (composition of the concrete).

The same coefficients may be used as for creep, see
diagram in R 12.314,

(4) Cocfficient k. (theoretical thickness).

(5) Coefficient k; (variation as a function of time).

The same coefficient may be used as for creep, see
diagram in R 12,315, .

‘Where climatic conditions are constant, that part of the
deformation due to shrinkage in an interval of time (z-f)
is equal to: . :

Aer(l-l) =c. ko ke kp (ka—ku)

At early ages, the shrinkage of a protected concrete is
lower than that of an unprotected concrete (this is important
when trying to avoid cracking in concrete which is young and

SHRINKAGE A,

therefore of low strength), the difference decreasing with
time and finally vanishing. This feature is less noticeable for
massive members. '
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THEORETICAL THICKNESS ea—em

(6) It has been shown experimentally that shrinkape of
structural lightweight concretes lies between one and two
times that of normal aggregate concretes with the same

compressive strength.



APPENDIX A10

Details of the 20 credits of Course Work
Completed towards the M.Sc. degree

Year Course

1985 CE5B17 Finite Element Analysis *

1985 CE5G1 The Properties of Concrete a

1985 CE5B11  Structural Loading é

1986 CIV502F Prestressed. Concrete é

1986 CIV535S Finite Element Modelling of a
Structures

* = exam only

4 = exam and project

g = project only

Credits



UNIVERSITY OF CAPE TOWN

DEPARTMENT OF CIVIL ENGINEERING

FINAL EXAM. MONDAY, 24 JUNE 1985

CE 5B17 : FINITE ELEMENT ANALYSIS

TIME : 3 hours

Note:

The student may refer to class notes and assignments.



The diagram shows half a plane symmetric frame structure, which is
to be modelled using 5 elements.

6.928 m

2 ® 4,@

W = 10 kN

Element 1,2 : linear bar ; A = 5000 mm2
3 : Bernoulli~Euler beam ; A = 30000 mm2
I=50x 10° m®
4,5 : linear Timoshenko beam ; A = 125000 mm2
I = 2600 x 106 mm4
a=1.2

(1)

(ii)

(iii)

Compute the global element stiffness matrices for elements
1, 3 and 4 .,

(20)

Comment brieflz on the relative stiffnesses contained in
these element matrices.

(3)

Assemble elements 1 and 4 only into the global system
stiffness matrix; show only what is necessary, i.e.
nodes 1, 2 and 3 .

(5)

")(



(iv) Compute the global system load vector.

(5)

(v) Assume the following displacement solution (mm and rads) :

Node u v e
1 0.010 0. -1.0 x 1078
3 . 0.012 -0.001  =0.5 x 10°°

Using this solution compute the shear force and bending diagrams
for element 4 . '

(12)
2. A 5-noded quadrilateral plane stress element is shown below.
Side 2-5-3 is curved.
Z\Y'(v)
R 4
4 gt
S
-+ (dnmensnons n mm)
5
—— . 01 : {>X (u')
10

(i) Show that the Jacobian matrix for this element is :

o 2 .
J11 = 6-n J12 = 0

J -2n(1 + &) J

21

5

]

22
(10)

(ii) For a thickness t = 1 mm , compute the volume of the
' element using exact numerical integration.

(5)

(iii) Show that the normal strain along the side 3-4 is a constant
with magnitude '

€ = 0.1 (u3 - u4)
(10)

- Note: You may request the element shape functions if you do not have them
1n your notes.



3. A parabolic shear load is applied across the edges of two 8~-node
quadrilateral elements as shown in the diagram.

ﬂ ’

|
1.1 o 4
®
/|
o
i
W
l-u
| ]
o 2
~N
]
\<N
| I

— &

Show that the equivalent nodal load at node 3 is (11/40)P .

(15)

4, A 4-node quadrilateral element and a 2-node bar element together
support a point load P = 6000N . Nodes 1, 3 and 4 are fully
restrained, and node 2 can only move horizontally.

] ‘_,1'“"1

60"!"1

e —— — — — o — — — —’ Ef_-z
i ' A = 100 mm?

80 mm 4J

* ' -

>

The following additional information is given :

BNZ 1 ahz 1
— = —(m) ;. — = = —(14D)
9x 16 ay 12
& 0
J = 3 E = 300 GPa ; v = 0.3
~ jo 3

Compute the horizontal displacement at node 2.

(15)



STNOPﬁls C[ 5G1 PROFERTI’Eb OF CONCRETET_

This P’°J"t’ was Fcrforncd to fulfcl the fequirements of the couse CESGL:"The
Propmits of Conciete. ductable feference were oblaed from the uct Ll’bfarr from where
the information wes token ond Qssembled for this Teport.

Four Coirﬂonls of b’yhtm(,ht (onurete exist : (1) No-fines concrete | (2) rartt'ally
corpacted hjhtl.)eijht concete , (3) Structural hghtweijht Concete , (4) Aerated

concrete .

No- fines concete and Gemted concrete are I!jhtm(jht cncretes 1 ohich Hhee an
very Wible variations aggregate = v fact, no- fuies concete wsually has no
fae agqreqate at all , and Qeated concretes Scntmnr have no coarse ogsr'cjate_ . The
physical oad mechanical properties of these fwo  lightueight concide types can therehore be
discussed directly with eftence to thar  mix proportons , Lement and waler conteat |

| nixm'j, qucu{j and «curwj fechaigues.
|

Fa&tull, Compocled - and - Struchurel la'jht«.x{jht OnCreles iy ergloy @ wide Vadty of
|diffuent lt’shhxijht agsrcjalzs— the najor ones bcuﬁ foamed blast-furnace slﬁ , Stafered

i

jpulvuis‘ed fudl 0sh and expanded clays because they haw fhe feast amount of ddeterious

effect on the cement and concrcte. The physical and mechanieal propechies of these foo
%\ijhtuu'jht Conciele Categories  must therefore be inspected with dueet Rfcrence to the
;“3‘5“3‘1& used and its speatic thsrca! and  mechanical properties.

|

' Lijhtmijht oncetes  are ﬁ'ndmj Mcrcam_ij use worlduide as an economic alternative to
nofmal dense concrete . The economy ia lljhtuc!jht concrete |ies mmn'l7 i its ability to
dm&h'mll? Teduwce deod loads 1 stuctues and it Asually allows for more Tapid constudion
of pre-cast menbers are uised.. However , h‘jhtwujht concretes ore stull mawily used for
its 3ood themal insulabion , fite protection ond acoustic properties. In these types
of o\op(l’cuh'oas ‘ﬁlt sfunjﬁl of fhe «oncrete becomes of lesser importance..




UNIVERSITY OF CAPE TOWN
DEPARTMENT OF CIVIL ENGINEERING -
OPEN BOOK EXAMINATION
CE 5B11 - STRUCTURAL LOADING

}

Time allowed: 3 hours Date: 2 November 1985

10.

1.

12.

Answers must be concise

Explain how the loading data differs for the three levels of limit state
design. "

State which probability distribution fits each type of loading best,
and explain why the tail of a typical distribution curve is so significant
in reliability theory. ‘

Discuss the meanings and applications of "globai loads" and "local loads"
on buildings and bridges.

List all the possible categories of bridge loading and explain their
meanings.

Define the term "loaded length" for highway bridges and discuss its
effect on traffic load intensity.

Sketch typical power spectra for wind and earthquakes, and relate these
to the responses of different types of structures.

Discuss the factors affecting restraint actions caused by structural
deformation and outline an analysis procedure.

Describe one method of obtaining a design spectrum for seismic effects
on structures.

Discuss the reasoning behind the different forms of load combination
rules.

Explain how each relevant factor influences formwork pressures for a
high battered reinforced concrete retaining wall.

Discuss the pressures experienced by a sheet pile harbour quay wall,
driven into a clayey seabed. It is backfilled with sand and paved with
a concrete slab on one side; and the seabed is dredged on the other side.

Give a method of determining berthing forces on fenders in harbours.

(Equal marks for all questions)
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UNIVERSITY OF CAPE TOUWN ’ BEAM SECTION : . A = 0,4301112 R I = 0,0661“14 »
DEPARTMENT OF CIVIL ENGINEERING , 2, 0,017, z, = 0,13916a° ,
UNIVERSITY EXAMINATION CIV502F (1986) 8y =72 v @y =475
OPEN BOOK EXAMINATION - 3 HOURS '
900
t - -t
Discuss briefly all the desirable properties of ‘ : ‘T‘ ;001”' i L L~ R12 - 300 links : fyv = 250MPa
(a) the steel used for prestressing, and .
(b) the concrete used for prestressed concrete. 9) ) ' ‘f— 200 ] .
| ORIE + -4——— 8 x 15,2 ¢ strands : Ay = 1104mm?

Sketch and discuss the concrete stress distributions
behind different arrangements and sizes of tendon
anchorages. 7

2
11 - 8 x 15,2 ¢ strands : A = 1104mm
@ 1] joat = ! P
1

A we——— 4y 32 bars : A, = 3217ml

Discuss the advantages of full prestressing vs.
partial prestressing vs. reinforcing only, of :
concrete beams, 9) ‘ £ ' j

Give the advantages of pretensioning vs. post-

tensioning of concrete members. (10) 4
‘ o MPa 1430 L strand _
: A
(a) For the prestressed concrete beam section shown ! k 1164 |
overleaf, find the stresses in the extreme F-~ i
fibres, in the reinforcement and in the tendons ; Y bars i fpu = 1645 MPa
at the SLS using an uncracked section analysis. an ' ! |
: | fpt = 0,75 fpu
(b) What is the degree of prestressK? 4) | 400 .., — bt
’ 320 s fy * 460 MPa [ fpe = 0,85 fpt
(c) Estimate the maximum crack widths on the beam ; N by
soffit at the SLS by any Code; without doing a l v Eg = 200 GPa ! | Ep = 200GPa
cracked section analysis. ) ; )yt o f N N
! 0,0016, Te 0,00572° ot
Fc_n: the same prestressed concrete beam shown overleaf, i 0,0040 0,01215
find . ULS DESIGN STRESS-STRAIN GRAPHS :
(a) the sagging flexural capacity M, in kNm , by '
analysing the section, and (20)
(b)  the shear capacity V; in kN ; (15) : . Concrete grade fcu = 50 MPa : Ec = 34 GPa
- both by SABS0100 for the ULS. (MARKS) . ~ flexural tensile strength = 2,6 MPa by BS8110
The strands are conventional, horizontal and grouted. i : Md = 900 kNm
S.L.S. values Mimax = 1100 kNm
Page 2./ ..... _ Mimin = O

occurring simultaneously at the

y.L.S. values M = 3000 kNm
same gsection

V = 500 kN
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] PRESTR-ESSED LiGHwE\GuT CONCRETE by Clavton Fr:’ck.

SYNOPSIS :

_This rrodect wos Written fom o Wierary Tesearch in the topic. Lt serves to
introduce students and others involved n the ficld of concrete to the Concerts
of Prestressing  ishtweisht concrete . |

After a brief introductory chaeter, this Project then covers the ways in which rre- |
stressed  lishtoeisht concrete (PLWC) may be used #  construchon aed also in marine
areliations. The benefits of usind PLWC in these fields are discussed. The tsees
of lishtueisht assredate suitable for use in PLWC ar  also covered - there are
mant diffirent lishloeisht asscedates , but expanded clays , Shales and 3late, as well
s siated Pfa  rrdominate in this teseect. Recommendations are siven on the
manufacture of PLWC and several mix desitn charts are included too.

A discussion on fhe Prorerhies of lishtweisht concrete specFially related to erestre-
ssed conccete desisn follows ia Sechion 5. It is found that sufficiently hish
compresdive Strensths ar attarnable , but the teasile and flexural stren3ths are shishthy
lower tran in nomal concrete. The modulus of clasticity s often substontially lower,
but the substitution of fine sand for some of the lishtweisht fines will aleviate
this poblem. The shrokase and creep Strains in hWC afe  usually greater than
formal concrele - ond With e fact that clastic moduus ss lower , the prestress

Josses are therefore  greater ) but srecial curing technidues awill Temedy the Problem.

Finally , o table summarising qumerous case Studies on PLWC is  Presented from
‘Whith a fair amount mat be learnt about the tethaolody of Prestressias LWC.




UNIVERSITY OF CAPE TOWN

CIV 5355
Finite Element Modc\\\‘ng

PROJECT 1486

(44
| Thc Structural Analysis of an Incrementalls

Constructed Arch Bridse usimg the
Apina  Packase.

SINOPSIS

The purrose of this rroiect is to demonstrate the use of the
birth and death ocetions on clements and the time - function s
on loads that the ADINA analssis fackase hes. A fealistic
Structure Qus Chosen for this demonstration , flamely a 0 M
- Sea  cable - staved incrtmeatd.\\ﬁ constructed concrtte arch
bridse. The outrut from the thee Processors of ADINA fs
Shown and demonstrates how the bLime- fuactions and birth [
death options oeerate | and also how such o structure  maY
succesfully  be  analysed.,

Claston Frick , M.3c.Student , November 1186

', 2 2 JUN 1987





