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ABSTRACT

This thesis presents the results of experimental studies
on the effect(s) of Gap-grading on the strength of Recycled
concrete,

Five concrete mixtures were made of gap-graded and
continuously graded mixes in the strength range of
12.9N/mm2 to ?ﬂ.gﬁ/mma with 20 mm maximum size coarse
agpregates, and fine sand, The water-cement and agsregate-
cement ratios by weight of the mixes were kept constant at
0.7 and 9,0 respectively. The fine agrregate (riverbed sand)
content varied from 20 to 50 percent, with 7aria crushed
granite and crushed concrete used as coarse aggregates,

Three gaps with intermediate size groups between 10 mm and

1.18 mm sizes missing were introduced, The experimental

programme included tests on determination of some agzregnte

properties, workability, compressive and tensile strength of
concrete specimens., The ranme of variation in concrete
strenpgth due to amgresnte gradinm alone was as high as

25 percent, compressive strensth being affected more than

the tensile strength.

Within the premise of this study, the results indicate
that:

(a) All other things being equal gap-graded recycled
concrete may be superior to continuously graded recycled
concrete in terms of compressive and tensile strength,

(b) The characteristicaly lower strength of concrete
mixtures that contain recycled concrete may be
increased by the introduction of maps in the grading

of a mixture that contains recycled concrete



(e)

(a)

viii

25 percent sand content should be the minimum value
allowed in the mixtures of gap-~graded recycled concrete,
Gap~graded recycled concrete, though of a relatively
gtiffer and drier mix, can be placed and finished
satisfactorily using mechanical vibrators to ensure

that full compaction is achieved.

It may therefore be used to advantage to conserve
supplies of natural amsresates and to eliminate &t

as a problem of solid waste disposal,
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Chapter 1,

INTRODUCTION

141 General TIntroduction

Recycled concrete also referred to as waste
concrete is used here to refer to the benefical use
of concrete for more than a single cvecle of use,
Once a concrete structure must be removed to make
room for some new activity at the site which it ocecuvies

it may or must be removed, "™hen such removal takes

place, much more often than not, the rubble is remarded
s50lely as unwanted solid waste that needs to be Aisposed
of by transporfation to a Aisposal site with minimum
handling, processinr and treansportation, Only rarely
had the o0ld concrete been remarded as useful raw
material for use in new construction,

The idea that demolished concrete and building
rubble could be use? as an aemremate for concrete was
conceived in the davs immediately followings world war II.
The reasons are not far fetched, "t that time equipment
to worl: ammpeonte auarries was ifficult to come by in
most Turopean countries with war shattered economies,
Problems of transportation were nuite acute, "nd the
volume of rubble to be removed from ths sites of bombed
out buildinms and military fortifications was so emreat

as to require consideration of alternatives,
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As a result rubble left after the bombardment of cities
was used in concrete for rebuildinr, particularly in
Britain and Germany. However as soon as more affluent
days appeared, just a few years 1ater, the compulsions
to press ahead with the investimation, which were still
ineconclusive, no lonmer existed.

Since that post-war period there was little
research interest in the use of necveled concrete as
a source of asrregate, until the late seventies, when
for Aiverse reasons fresh interest was evinced in
western Turope and United “tates of America (USA)
in this subject. Tn some areas, heavy urban
expansion had depleted deposits of ammregates
(such as natural sand, mravel, stone, and air cooled
iron blast-furnace s1ar) avnilahle from sources close
to the sites of work, thereby an*+nilinm excessively
costly transportation over lon~ Aistances. In other
areas, new construction pro7rammes, involvine the
replacement of old buildinms, are once arain making
available substantial nuantities of Aemolished
conerete, the disposal of which is in any case a
major problem. For exnmole, Prondistou=Yannas (1977),
reported that in UT* alone, demolition wastes amount
to over 27 million tonnes a vear, and concrete accounts

for nearly 75 per cent of this ouantity.



Perhaps, the most pressinm reason of all is that
Ranyeountries have lerislated and strietly enforced
stringent anti-pollution an4 environmental
repgulations which restrict the number of new
quarries that can be opened and also reauire
restoration of those which have been worked.

Under the pressure of these problems, studies
have been undertaken on the hbasic properties of concrete
in which natural agpgremateg are substituted by
recycled aggrecates from waste concrete and rubble,
Some studies have been based on concrete mixes that
contained the demolished corncrete as the coarse
agpgregate component only with natural sand forming
the fine agrregate, In other investimations, the
study was extended to cover crushed waste concrete
as fine arprerates as well., The outcome of these investi-
gationg indicate that recycled concrete aggregate
can be used as substitute for natural agrregate.

The word "Gap-grading” used here, is also
referred to as sinmle=size fradine or intermittent
grading, It is the omission of undesirable
intermediate sizes within a narrow range of maximum
allownhle size of the coarse agprrerate and the
larsest admissihle size of the fine aspregate, and
the deletion of the extreme fincs from the conventional
continuous gradinrs, The main aim of rsradines is to
permit the voids in the compncted coarse asprregate

particles in a miven volume of concrete to be filled



up by the compncted fine amgrerate particles, and

in turn, to allow the remaininr voids in the system

of compacted coarse and fine agoremates to be

filled up by cement paste at a stipulated water-
cement ratio, with adjustment for admixtures if useAd,
to meet the strength reacuirement. This can be best
achieved throush gap-gradine, particularly for stiff
mixes with low water-cement ratios such as are
required for high-strength concrete, Gap-grading of
agprepates allows full compaction of the plastic
concrete, and achieves an optimum void filled concrete,
Such a fully compacted or optimum void filled concrete
will have increased compressive strength.

The results of studies on recycled concrete indicate
that the concrete containins the recycled concrete
ameremate has a lower compressive strenmth when compared
to the oriminal concrete. "ork to find ways of improving
the compresnive strength and other physical properties
of recycled concrete has been in prorsress in a number
of places for some time, The results available
indieate that Pecveled concrete malren satisfactory
conerete ammperate, and the characteristienlly
lower strength of concrete mixtures that contain
recycled concrete ammre~ate may be increased by the
use of a water-reducine admixtures, to lower the

water content of mivture that cortaing recveled concrete,



Gap=pgrading is employed in this work to produce
Recycled conerete and a study is made on its effect(s)

on the strength of recycled concrete.

1o Significance of The Research

Replacements for conventional arsprerates has
continued to be a focus of research interests in many
parts of the world for some times now., In this
country most urban areas already have problems of
obtaining adequate am~repsate suprlies and difficulties
of disposin~ of concrete rubble produced from
demolismed bnildin~g, T™he present scarcity and excessive
conts of conventional ar~remates in some parts of the
country is expected to keep increasing and hecome more
acute and extensive in the near future, Presently the need
for research into alternative materials had been identified,
The Tederal Government has continued to challenre and
encourage institutions of higher learning and Resgearch
establishments to focus resernrch interest on low cost
replacement for conventional mnterials, In this
NDepartment several research works have heen carried out
on the possibilities of usin~ orranic and industrial wastes
in concrete production with possitive results indicating
improved properties of conerete in some cases, It is hoped
that the result of this research will contribute meaningfully
to existin~ mowledme and uniderstandine of recveled concrete
ampremates and also serve to stimulate inddginous technical

progress.



13 Aim

Previous works have shown that the compressive
strength of concrete mixtures containing recycled
concrete was lower than that of companion control
mixtures. The aim of this research is to
investigate whether this lower strength could be

increased by modification in the cradine of the

concrete mixture,

1el Scope And Limitations

The main property to be tested in this
investiration is the compressive strenpth as
indicate by cube~crushinm tests. This is because
many of the other desirable pronerties of concrete
often improve with an improvement of its compressive
strength value. Tensile strength as indicated by
cylinder~gplittin~ tests were also obtained from
specimens of 28 nn1 90 days maturity. The scope
of this research was limited by non availability of
major equipment of concrete research in the
NDepartment of Buildinr Laboratory at the time of this

resenrch,

145 Methodoioqy

(ne concrete containinm 20 mm max. size crushed
7arin mranite as coarsgse armprermate and natural sand

as fine aprmremate was recreled into aserermates,



Tour types of concrete were produced from the

recycle concrete arrremates by introducing three
different gaps in the amorerates grading and also
retaininm the oriminal continuous grading used in the
production of granite concrete: All other factors
were kept essentially identical,

The original granite concrete was tested in
compression and tension (by c¢ylinder splitting test)
after 28 and 9C days curing in water under normal
conditions, After 90 Aays maturity granite concrete
was crushed, screened, recombined and used as recycled
coarse aggresate of 20 mm max. size in the production
of the four types of concrete, WNatural sand was used
as fine agrmrerate in the production of the new concrete.

All recycled-amprerate concretes were cured under
water at normal conditions and tested at 7, 28 and 90 days
maturity in compression and at 28 and 90 days

maturity in tension,



Chapter 2.

TITTRATIT, RWYT™W

Several items relating to past use of 0l concrete
as armpremate nnd Gap-gradine of concrete argrecates were

found and reviewed below.

241 Concrete Recycled As Aggredate For New

Concrete

Tree mnjor works of previous research into concrete
recycled as agpremate were referred to amones othaers by
Buck (1977).

(i) The work of Gluzhme: Gluzhge worked with
waste concrete in Russia in 1946, His conclusions
were: (a) MNew conecrete will be no better than
waste concrete that is uszed as ageregate,

(b) The use of concrete fines as sand requires an

undue increase in the cement content of a mixture.

(¢) Compressive strengths are lower when concrete

is used as apgmrerate, (4) The specific gravity

of crushed concrete apprerate tendas to be lower

than that of natural argregates., (e) The

cement factor can be lowered if the crushed conecrete

agerersnte is moistened, not saturated, hefore use.

(£) Tor eaual compressive strengthes, the flexural

strength of mixtures with crushed concrete aggregate

is hisher than for control mixtures. (g) Mixtures
with erushed concrete amprecate gtiffen rapidly

but consolidate well with ¥ibration.



(ii) The work of plomer: Tlorer studied the
compressive strencth of waste concrete in 1949,
by reecyelinm two concretes into ameresates, He
maie three mixtures: one contained coarse and
fine agmremate from a na*ural gravel concrete,
each of the others conteined one of the recycled
concretes as coarse asmrercate with a natural sand,
His curves for compressive strength versus water
cement ratio and cement factor were nuite similar
to those ohtained from concretes of normal
componition, "is curve for compressive strength

versus water cement ratio is shown in Tig 2.1,

(11i) The workt of Oraf: Graf studied the recycling
of buildin~ rubble in Germnny in 1948, As part of
this work he examined the effects of contamination
by gypsum plaster by the addition of different
amoun*s and sizes of =vnsum to rubble., He concluded
that 1 per cent sulfur trioxide (“03) was a maximum
tolerable level, and that powdered gypsum appeared
to cause more nnd faster reaction than ~vpsum grains
between 1 and 7 mm in size, He also found that the
period of Ary curinm was beneficial in reducine
expansion,

There were a number of other nmapers in the Turopean

Iiterature that Aenlt sipnificnatly with the use of crushed

concrete as concrete napgrrerate.
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Tydon (1975) renorts that o0ld concrete was
crushed nnd used in an air-entrained pavement quality
concrete with about 300%s cement per cubic meter (ma)
concrete and 6 per cent air, This was compared with
a control concrete of similar cement content, “ome
loss of strenpmth was evident - about 20 per cent -~ bhut
moisture, temperature, an? volume chances were similar
and, perhans more simnificantly, freezinm And thawing
performance of recvcled concrete were much improved.,

Buck (1977) recvecled concrete mixen that originally
contained siliceous nmrre~ates nnd concrete that contained
carbonnte=rock aresrerates. 'lis concrete mixtures were
like that of plorer. They contained all recyecled concrete
as armrrermate om inclnded a natural sand as fine asmrepate,
He studied the “omprescive Ttrencth, frost resistnance and
volume starility of recrveled amrremate concrete usinm a
constant water-cement ratio. ™e found that arsremates
made from old concretes ten?s to have hisgh ahgsorption,
low specifisc cravity and profuced concrete of lower
compressive strenmth, Te ohserved that recycled concrete
can best be used as a substitute for coarse ampregate only,
and that recyecled conerete waste mirht he a satisfactory

replacement for natural amprerate,
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2ele™ Properties of “oncrete Agmresate

‘geregates, the major constituent of concrete,
are critical to the performance of both freshly
mixed and hardened concrete, '"Then they perform below
expectation, unsatisfactory concrete may result, Their
important role is frequently overlooked because of their
relatively low cost as compared to that of cementitious
materials.

\ecording to "/alker and Bloem (1960) and
Gordon and Gillespe (1963) there are experimental
evidences to show that at fixed water-cement ratio
strength decreases as maximum size of argregate
particularly for sizes larper than 38 mm, However,
for the same cement content, thi~ apparent advantage
of the smaller size mny not he shown because of the
offsettinm effects of the renuired increased ouantity
of mixed water.

Tuthill (1980), observed that by limiting the amount
of materials passine the %/8 in, (9,5mm) sieve in the
coarse aerpremnte, the conecrete properties of workability,
pumpability, finishinm, an? response to vibration are
improved, ¥ar and "ay (1974) stndied the strength of
partially Gap-mraded concrete usinr six argregate gradings
selected arbitrarily (three with 20 mm maximum size).
They found that the affects of the amgrepate grading on
concrete strensth is not insipnificant, and that concrete

of the same wnter/cement and asmremate/cement ratios may
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have different tensile and compressive strengths
depending on the prading of the all-in-agpregate,

stiffness, shape and surface texture of the agpremates,

TMine Aemrecate: Fine agpremate prading, particle shape,

and amount all have a major influence on the strength of
conerete because of their effect on water requirement,
"'ith a rudimentary knowledre of solid meometry, one can
easily examine the surface aren, nnd solid volume of any
eoquivalent diameter size N, which are respectively
ﬂﬁe and 1103/6, giving the specific surface, (surface per
unit volume) as 6/P. Thus the larmer the Aiameter, the
less is the specific surface, and vice versa,

™ind arerecntes contain a much hipgher surface area
for a rmiven weirht than Ao the larrmer coarse argremates,
Since the surface aren of al) the namgrepate particles
must be coated with n cementitious pnste, the proportion
of fine *o coarse com have n dAirect ouantitative effect
on paste renuirements and normally hnve mnde it more
economical, “uch proportions nlso have made it possible
to produce hirmher strensths for a miven amount of
cementitious materianls, Towever, if the proportion of
sand is too low, serious problems in workability become
apparent, Consolidation by means of mechanical vibrators
may help to overcome the effects on an undersanded mixture,
and the use of pownrr finishin~ eouipments can help to

offset the lack of trowellability.
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Recycled Concrete ‘rmoremate: The properties of

recycled concrete armre~nte hnve been reported by Ploger,
Buck and Malhotra, ' summary of their results which also
includes fresh natural arm~remates for comparison is
reproduced from Mixon (1979) and shown in table 2.1. The
most marted Aifference in the physical properties of the
recycled s~rregates is their tendency to have a hicher
absorption compared to the natural agrregate from which
the debris concrete wns oriminally mede, This
characteristiec is more mared when the debris is crushed
to fine ammrermate size. Tor example, in Table 2.1, where
the natural sand hnd a water absorption of only about 0.5 per
.
cent, the waste concretes crushed to fine aggrer~nte
absorbed water to the extent of 8«10 per cent of its own
weight, This charncteristic is, presumably, due to the
porosity o0f the cement naste adherinm to the old amrmregate
particles, which will ten? to be more cencentrated in the
finer fractions, Obviously, the most marked effect will
be on the loss in worknbility of the concrete between the
time of mixin~ and its compnrction in the form. The Aensity
of the recyecled conerete amorepmnte isa also lower but not

as marked as the Aifference in absorption.
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Table 2.1: Physical Properties of Aggregates Made From Recycled Concrete and
Comparision With Properties of Fresh Natural Agsregates (Obtnined Prom Nixon (1979)

Original Concrete Absorption (%) Relative Nensity (58M)
Description Compressive Strength Coarse Tine ‘ggt. Coarse arst. s & 4
(v /m2) aget

P =
Plocer

Gravel 2 sand
agrrecate 35 (90 day) 6.0 10.5 + nA nd

Trap rock coarse
Y el aaha
(=31 -

mixe? erushed and
notural sand fine

arnle A4 ADO l“..“d_.u a5 nAd nd nA

Bueck
rivewny waste
(chert acegt.) 41 (8 years) 4.5 7.9 2,42 2,33

Niscarded beam
(carbonate coarse
act.) 55 (9% months) 3.9 nd 2,52 nd

Miscard beam
(sronite coarse
arict. 13 (2% years)

i
.
N
J
.
0
n
L]
1
O
A%
L]
N
9)}

Concrete pannels
(chert gravel
ar~t. 23 (8 months) 4.4 e 2.36 2,2



Table 2.1 contd.

° .
Original Concrete Absorption () Relative Density (530)

Description Compressive
strencth Coarse Fine Coarse ®ine aggt,
(rm \BMV agrt. arit. agst.

Malhotra

Discarded test

cylinders High 4,0 7.9 2,53 nad

(limestone

coarse and Medium 3.9 9,3 2,55 2,31

sand fine

agrte.) Tow 4,4 8.6 265 254

.n-Jn.__Jdn_ﬂ ‘|¢_‘ aHH..‘V.I .d.l_
AGGOGATTS

Iimestone 0.4 2,68
0.8 2.67
Chert gravel 2.6 2,62
D.m M.J
Natural sand 0.4 2,63

+ nd not determined
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2¢162 Physical Properties of Recyecled
concrete

™o states of the materisl are of the utmost
importance wvhen appraising the properties of concrete:
Firstly the freshly mixed state, in which the properties
of interest are those that sovern ease of transport and
placing of mix in the renuired location, and secondly the
hardened state, in which Ymowledge is needed of the
ability of the material *o carry the reauired loads and
stresses. The properties of the two states are
interrelated, since the finnl strengsth of a miven concrete
mix is greatly affected by the degree of compaction that

was achieved when the fresh mix was placed in position.

"Torkability: "lorkability is used here as a collective term to

include all the essential properties of the conerete in
the plastic condition. These properties determine the ease
with which full compaction and placinm can be obtained.,
Yorkability of conerete according of Huches (1960) is knowm
to depend upon: (i) the cementsy (ii) the aggremate;
(iii) the relative proportions of the constituents;
and (iv) the time and temperature of mixing,

Concrete mixes containin~ both coarse and finé
fractions of recycled ammrernten have heen found to rive
a lower consistencr and to remaire n hirher cement content
compared to the correspondinrm control mixes., The effect
is most marked when material finer than 150-microns from
the recycled aprrermates, which comprises mninly of

hydrated cement particles is used.
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I1f, however, natural sand is substituted for the recycled
fine agmrenate, little deference hns been ohserved in
the consistency, air content or cement content of the
concrete mix.

Buck was reported by ¥ixon (1979) to have obaerve
that mixes containirmg crushed concrete as hoth coarse
and fine aggremnte had a lower slump and higher cement
content than the control mixes., 'Men however natural
sand was used as the fine amgregate with waste concrete
coarse agsregate there was little difference in slump,
sir content, or cement content from the eauivalent
mix made with new agsrermate. The work of Trondistau~-
Yannas (1977) confirms these observations,

Bond “trenmth bhetween Trushed Nongcrete ‘rmpremate and Mortar:

Frondistou=Yannas (1977) stulied the amrmremate~matrix bond
strength for fresh granite gravel, mranite sravel sorted
from the crushed concrete, pranite mravel with adhering
mortar and of cerugshed mortor from the concrete, She
ohserved that failure of specimens made of mravel, whether
new or recycled, occured always at the agrrepate~mortar
interface, while specimens containine recyeled mortar as
the amaremate »lwoys involved fracture of the later. Her
results show a decreasinm hond strenmth with inereasing
propertion of mortar, emphasising the desirability of
reducing the proportion of mortar in the recveled concrete

agpregate,
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“ffects of *drixtures in Orisinnl Conerete: Hanson and

ledegard (1984) studied the properties of recycled-agpregnte
concretes as nffected hy admixtures in orirsinal concretes,
M™ive almost identicnl concretes were Aesigzned and produced
with four different ¥winds of admixtures. £~ control mix was
made without admixtures, and the other four mixes contained
superplasticizing, an air-entraining, an accelerating, and

a retarding admizxture. “trenmth, consistency, air content
and settine of 0ld and new concretes were compared,

Chloride contentes were also Antermined for recycled agpremates
produced from oriminal concretes containinem the accelerating
admixture. They found that the ndAmixtures used in their
investigation had little or no effect on the compressive
stren~ths of hardencA, recyrcled asmremate concretes when
added to oriminal concretes at or above, maximum dosages

recommended by the manufacturers.

“ffect of Impurities in the Ooncrete: So far, most

invegtimations on thins anpeect have concentrated on the
effect of sulphate impurities, presumably oripinating from
mypsum plaster, ™his problem cennot, however, be viewed

in isolation n= the chemicnl comnosition of the cement used
in the new concrete will nlso exert influence on the end
result. A Jananese investi~ation sugmests that under
exposure te humid conditiong, the maximum total sulphate
content that coan he tolernted as part of the amrremate is
0.6 per cent by 0,7 per cent with sulphate-resistant

cement,
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However, as the sulphur trioxide content of any portland
cement differs from source to source, it is considered
hetter to set the limit on the basis of the total sulphur
trioxide corntent of hoth the cement and the amrregmates.

On this basis, maximum sulphur trioxide content of 5.2

per cent by weirht of cement is recommended,

rvine “hrinkame: Agrregate hns a major effeet on the

Aryinm shrinkare of concrete., “ement paste has a high
shrinkagme potentinl sand a~rrernte introduced into the paste
either to mnze mortar or conercte, reduces paste shrinkage
Adue to the restraint provided by the asmrerate, The
resultin~ shrinkasme of the concrete is a fraction of the
shrinkame of the paste Aue to this restraint of the amrresate,.
Trom this it is conclnded that the shrinkarme of concrete
under riven Arying conditions is dependent on the shrinkage
potentinl of the paste and the properties and amount of the
armrerate,

lfasnba et al were reported hy fonsen nnd Boegh (1985),
to have found dryin~ shrintarme of a recycled-arrrerate
concrete made with corase recveled amprerate and natural sand
to be 50 per cent larrer than Avin~ ghrinkame of n correspond-
ing control corcrete mande 'rith conventional amrregates., "“hen
both coarse and fine recyrecled arecrerate was used, Aryirg
shriname of the recreled~nmeremate concrete was 70 per cent

larmer thnn that of the control,
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Modulus of "lasticitv: Most demolished concrete can be

BT

converted into agsremates for the production of new concrete,

but deformational prorerties of recyecled-aggregate concretes

are Aifferent from those of conventional concrete because

of old cement mortar that remains attached to natural

aggregate particles in recycled amgremates after crushing.
Froniistou=Yannas (1977) found that recycled-

arrremate concerete made with coarse recyeled aggregate and

naturalsand had up to 40 per cent lower modulus of

elasticity than conventional conerete, According to

Hansen and poegh (1985), Mukai et al reported between 20

and %0 per cent lower modulus of elasticity for a wide

range of recycled acrmremate and natural sarnd than for

conventional control conecretes., 'lansen and Boegh (1985)

found that recyvcled=amrresnte concretes made with coarse

recycled ammrermate and natural sand have between 15 and 30

per cent lower stntic and dynnmic modAulus of elasticity

than corresnondin~ conventionnl concretes. The reduction

in the modulus of elasticity is attributed to the fact

that recycled arrremntes have, themselves, a lower modulus

than natural arepremntes and this, in turn, affects the

modulus of the concrete,

Durability: For many conditions the most important

property of corncrete is its Aurability. There are many
aspects of conerete Anrability, 2and nrnctically all are
influenced hy pronerties of the arrrepate, Various
properties related to the pore strurture within the nmpremate

particles, such ne nhsorption, porosity, pore size and pore
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distribution, or permeability, may he indicattors of
potential durability nroblems when used in conerete

which will become antu~nted nnd freeze in service,

Buck (1977) found that the freeze/thaw resistence of the
concrete made with recyeled concrete armgrerate vwere

very similar to thnt of control concrete, The work of
Malhotra as reported in 'Mixon (197Q) confirm this
similarity. Buck also mensured the 28 day linear
coefficient of theormal exprnsion and monitored ¢he length
chanme of prisms stored nt greater then 90" relative
humidity (1) and 27 & 1% e results of these tests
on concrete containinrm recycled concrete armmremnte showed

their hehaviour to he verr similar to cortrol concretes,

“trer~th: Derhans the sccond most important proverty of
concrete and the one of which values are most freauently
specified, ia stren~th, ‘''he types of stren~th usually
congidered sre comprensive and flexural,

“trennith deponds larmely on the strenpgth of the
cement pasted and on the bond between the paste and
areparate, M™e strencth of the arcresate nlso affects the
strenmth of the conmrete, but most normal wei~ht amrmrersates
have strenmths much —renter thoan the strenmth of the
cement nrste in whieh +her are used, %o far as the
phvaien) properties of conerete mode with reecveled ngeremates
ape concermed, there is no Aonht that, while i* conforms

to the wnter-cement rntio leaw and maing strenmth «ith ace,
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It has a lower compresrive strensth level than a
conventional cornercte at the snme water—cement ratio

and equal worliability. "'hile the precise recasons for the
loss in strength are yet to he fully understood, it has
hoen ohserved that, wien the corerete fails, it is the
adherent mortar on the racreled asrremnte that appeanrs

to be thr weakest 1lin's,

Prondistou=Yannas (1977) studied the variation of
strength with™ wnter/ecoment rntio 0" conerete made with
crushed corereote econrse arcpocate, The o014 conerete was
made with a ~ranite rravel, TIn ecencral her results confirm
the findinr of previous mmthors that the concrete
containinm the recycled concrete armremate has a lower
compressive strength,

Buck (1977) studie? the compressive strenmths of
conerete containinm recvelad conerecte amrermate at constant
water/cement ratio ani constant workability. In reneral
he found lowered streonrthes compored with a control mix and
vas nhle to showv +hnt the atrenrth of the eonerete ean

be higher than the orimiral strenpth of the crushed conecrete

which comprises the n~rremate. Standard curves of satrength
dévelorment of o nerctes maie with various cemrnts are
shown in Fig 2,2,

2e1e3 Procresaine of "'nate Tonerete irto

reerpomnte
Basic physicnl and chemical characteristics of
agrrepate cannot ~enernlly he nltered hv processinnm,

althourth the Aaunlifies of certnin deleteriocus narticles
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can be reducerl, ‘prremate characteristics that can be
controlled include msradins, moisture content, cleanliness,
removal of nbnormally li~ht narticles, nnd to some depree,
particle shnpe, Tconomic fnectors usually determine the
dermree to which processinm cnn be Airected to produce the
best compromise bhetween desirnbhle nmeremnte proverties

nand economy. Troblems nenoninted with the processinr of
waste conerete are the problems of Aust, noise ~nd removal

of steel,

“auipmenti~ Conventionnl Aemolision eauipment hnave heen used

for initinl “Yreak-up of imnlnce navement, Tuck (1977) cobserved
that portable erushinm plants hsave heen emplored in operations
that may reanuire n crew to cut an? remove reinforcing bars
or wires to free thn concrcte fragments bhetween initial
break up and loadin~ or other movement,

Public wors masazire for October, 1972, reported
two washine-ton N,C, firms that were engared in producing
useable arrremate nro'ucts from Ademolished roads, concrete
construction and excavation materinl at rates varyine from
100 to 200 tons ner hour, Sadiler (1973%) reported
of the success of a nlant forCFUSRINE 4on01ition concrete
locnted nt 'linneapolis - ", Paul Internation Airport
(see Plate 1), Tneluded in the actunl erushins oneration
were a primary jaw crusher with ¥ibratineg pan feeder,

37.M"m

a cone secondarv criusher, A shacker, n 150 - kw

trailer mounted menerator, a two~deck vibratin~ screen
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A CRUSHING SUCCESS: Aggregate from Concrete

Plate I: PLANT at Minneapolis-St, Paul International Airport
utilized primary jaw crusher and secondary cone crusher
to reduce demolition rubble to make useful aggregate.

2 1
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plant and three 76.0cm 1y 15.0m rubber conveyvor
belts. The work of crushinrm concrete proceeds at a rate of
some 200 tons per hour. The crushed material possessed a
high degree of uniformity nnd showed no tendency to
solidify in the stock pile,

The use of adjustable hydrauliec breaker machines
(see Appendix IIT) for demolision of concrete structures in
Japan was reported by Bueckx (1977). This pgroup of machines
are reported to he auiet, cle~n rnd free from shock. Buck
(1977) made mention of a novel machine cnlled the “ibbler
used for aquiet dbrenk-up of old concrete, Tt can break up
to 65 yd=/hr (5%m /hr) of 10 in (apnrox 2" em) thick concrete.
Tts breakine mechanism in snid to be similar to that used
by a2 person brealrinm a bar of chocolate,

e

Gaz:éraded Concrete

In the mix proportionin~ nrocess, the concept of
minimum voidg anAd the princinle of minimum surface area
are hnsically in con®lic* with each other, The former
implics that a hlen? of several froctions of conrse
agrremate is always superior to n sinmle fraction. The
1nter stntes that for a ~iven maximam size of arrrernte
n ginmle fraction is sunerior to any blend, Between the
two extremes - continuous mrnintion, on the one h~nd,
and a sinmle fraction of conrse arm~remate, on the other
lies the vast "nd lar~elyr unexplored sray area of mAp-

mraded mixes,
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Meville (1981) Aefined Gap-gradine as a rrading in
which one or more intermediate size fractions are omitted.,
The term contingous rrading is used to Aistinguish
cornventional sradin~ from map-rraiinm, The aim of Gape
eradine is to nchieve strenpth from the efficient packing
of the a~smremates and the principle employed is to omit
certain tyndesirable! sizes of amrrermates from the mradinesg
specified by the relevant Tritish Standards, Such
undesirnble sizes are those which pnrevent the effecient
packing of the other sizes.

2e2e°1 Tistoricnl "otes n Nap=iraded
Lemperates

The oririnnl idea of "Gap=-mrading" or "Jjump mradinms”
or "discontinuous mixtures” in mortar and concrete argresates
seeme to Ante hne% to earlr 1990s, l!ercer (1943) auoted
M. Teret as savinr that: "*s5 nlways one rediscovers the
law of discontinuous mixtures (i.e., Jjump mradincs) which
I proposed some fifty venrs amo which is atill so mreatly
contested", Teret's inves*tirations on the mranulometric
composition of sanda dominated the early history of concrete
agoregate pradinm, 'Mie ronelusion for sand mortar was that
the best mixture of sand nnd cement for mortar is made up of
coarse and fine rrains only, with no intermediate mrains.

According to !ercer (193), the findings of other
research worlzers ouch ns Prof, Mcleilly of vanderbilt

P D

University, N.". Thompson, J. Bolemecy and ", Caocuot confirmed

the conclugion of "eret and tend to support its application
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in the Adesimn of concrete mixes, Tor example, Trof.
MclTeilly had conclude? in 1915 that: "The best sizing of
grains in a commerciallyesinoved ammremate is about as
follows: 53 percent to Yo eau~ht between the 4'00mmund

1« 70mm sieves; 17 ner cen* fines +o be passed by the 4,00mm
gsieve (this includes the cement)., ™here is reason to
belicve that the conrne ~r~rmernte in concrete could he
beneficially sized on n hasgin similar to the aboves that

is to say, there should be a jump in the size from conrse

to ouite fine inates? of the usually accepted mraded

materinl.”

Previous ‘mnlication of %nn-traded “oncrcote: Li (1967),

reported that one of the earliest practical applications

of sap=graded ammre~ates on ~ larre scnle was in concreting

the enlderwood tunnel of the calderwool hvidro electric
develonment of the *luminum “ompany of “merica, T™here was no
conrge armpepate finer then 20MM 0nA ng fing ngrresmate coarser
than 4.00mm 13 tha avepacn tested stpencth %t 28 Aavs was
approximately 28, 0N/ mn"

Other earlier prncticnl ~pplication cited by Mercer
(1913) are the Railron? terminnl at Tos ’nmeles, A3 the
"ison !'emoral Mower., John J, Tarlwv who was entrusted with
the work of providing a permenent concrete facing for
the Tdison Memorial Mower wor mioted ags snvine that:

"the pronertics of Aiscontinuous mixtures are unisue and
that, nll o® o"her thinmg beir~ efounl, thev are to dhe

preferre’ over other 'mown tynes of mradntion for rm~ro~antes",
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Ti, (1967) nlso ohserved that for many years
rap=graied ar~repate concretes have been used for the thin
facing layer of precast exvosed agmresate concrete members
with excellent results, ™urther applications of low-slumps,
map=rraded narmrernte mixes were reported by Titvin and
"feifer (1965) after achievin~ attractive uniform exposed
arpregate surfacen of cast-=in-place concrote‘ they are
the Hollymatic cowporntion buildin~ at Park Torest TII; the
‘merican "epublic Insurnnce Company Office building at
Des Moines, Iowaj; and "aine Towmship High School %South

Complex in Park “id~-e, ITI,

20242 Thysicnl Tronertiecs of Tap=-~raded Concrete

The most important properties of concrete are its
compressive stren~th and durability in the hardened state
and its workability ~nd cohesivenens in the plnstic state.
Other properties of the hrrioned conerete tend to improve
as the compressive strenrth and Aurability increase.

For example, flexmral strencth, tensile stren~th, shear
strenpth and hond strenrth nre closely relnted to compressive
strength, and water tirhtness will be obtained if the
concrete is to have satisfactory durability.

Other thinms being eaual, the strength of fully
compacted concrete at n miven are depends mainly on
the water/cement ratio. Mhis attributed to the weakening
effect of the rreater nmount of the excess water which does
not combhine with the cement, and which produces a more
porous structure whether it has evaporated or not. The

strength is also affected by the amerrepate but to a lesser
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extent and in 2 more complicnted way., The strength depends

also on the richness of the mix in such a way that a leaner

mix, which mives a lower workability for the same water/

cement ratio, results in a slightly higher strength,

T4,

(1967) and other investipators have examined the

chnracteristics of Oap-mraded concrete. They claim that

the absence of many intermediate-size asrrecates mives the

following advantares (among many others) in map-graded

concrete,

i.

ii.

iii,

Reduced specific surface area in pap-graded
agrrerates, as a result of high percentage of
coarse armprerate and low percentage of fine
aprregnte: hence renuirinm less cement paste

and lower water/cement ratio than in continuously

graded ap~regates,

Better workability for miven amount of cement
and water/cement rntio: hence makine leaner mix
than conventional! concrete of eauivalent strength

feasible,

Dryer mix than conventional concrete of equivalent
strenpth feasible, hence lower slump concrete
which is conducive to excellent strength and
elastic nronorties and therefore lecss drying

shrinl-ame than in conventional concrete,
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Vi.
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Stronrmer compressive strenmth and flexural
strenpth as a recult of lower slump and transmission

of stress throush particule contact of the coarse

agmre~ate which is menerally stronmer than sand

and hardened cement paste,

Hirher modulus of elastiecity ns a result of reiuced
specific surfrce aren, less cement paste, lower
water/cement ratio and lower slump than in
conventionnl conerete, which reduces Aeflection,

Tn comparigon with eaunl strenmth Mlein eravel
concretes usin~ graded ammremates, the moAulus of
elasticity obtained by Titvin and Pferfer (1965)

are 10 to %0 per ecent hisher.

Lower creep than in conventional concrete, which
apain reduces deflection., Titvin and Pfeifer (1965)

ohaserverd ultimnte creen for Tl~in ~ravel concretes of

enmunl strenmth: their gap-graded concrete had lower
slump and creep than rrevious studies for

convent icnally graded concrete,

™ecellent Aurabhility; ™is property accordinc~ to

Ti (1967) was shown by Tsherner in nrecnst erxnosed
armperate corcretes of mix proportions simil-r to
Titvin an? Tfeifer's (1067)3 and more econorical
concrete as a resnlt of 1less cement (and less number
of stoemiles or ~toma~e hins beiner needed) than a

conventional mir of pminl ntrenmth,
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2.3 Design of Concrete Mix

Phir and Jackson (1984) defined concrete mix design as
the procedure by which, for any given set of conditions, the
proportions of the constituent materials are chosen so as to
produce a concrete with all the reguired properties for the
minimum cost. Cost was used in this context to include the
sum of the cost of materials, the cost of the mix design, of
batching, mixing and placing the concrete and of site supervi-
sion.

Sydney (1977), observed that, there are two fundamentals
of mix design, the choice of water cement ratio and the aggre-
gate grading, which must be taken into account when designing

a mix,

2e3.1 The Pesign of Gap=grading

The object of Aggregate grading design is to achieve, by
proportioning the component sizes, a minimum veoid or a low
controlled-void mixture, Ramakrishnan (1977), observed that
honeycombed zones in concrete are sometimes due to the inability
of a too coarse fine aggregate concentration, Therefore, the
choice of a fine aggregate smaller than the critical size of
entrance ensures that these voids do not remain empty but get
filled by the migration of fine particles through the inter-void
throats, The principle lies in the selectiom of the 'permissible’

and 'admissible' sizes contitutes the criterion for gap=grading.
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For plain and mass conecretes the maximum permissible
size will depend or the eanipment used for handling,
mixing and conveyance, and the available vibrating devices
for effective consolidation, Tor reinforced and prestressed
concrete, the maximum permisnible gsize of the coarse
amprepate will be limited by its free passame through the
spacings of the steel or Aucts, and the clear cover recuired,
‘ecording to Ti (1967), if sinpled-sized spheres
reprosentine the conrse nreremate nre compacted under
vibration into a container ther tend to take up a
rhomb%hedral form of pncl-in~, DNate and “tewnrt (1955)
and Ti (1967) hnove shovm *throurh their works ns well as
the results of other researcheps that in rhombohedral form
of packing, the larmes® adminsible size of fine armrernte
for servdng its function pronerly as n filler material is
eoual to 0,155 N wiere M is the Aiameter of the larmest

size coarse amgrermate used,

Table 2.2 reproduce? from Tydon (1972), indicates the
maximum sand particle sizes that can be reasonably used
wvith relevant coarse amrrerate sizes in the desi~n of Gap-
mradine., Bate and “teward (1955) have advocated the choice
of gap=mraded materinl for concrete on the ~rounds of its
superior paclzin~ properties, nn? nlso noted that while
there are certain rnnres of mixes for which map-prading
micht be advantareous, it is not menerally considered
that the 4desirn of such mixes represents any real
suhstantial Aennrture from or hns nny meneralised positive
improvements over the normally accented procedure of

concrete mix desirn.,
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Water/Cement and Agoregate/Cement Ratios: The strength of
concrete at a given age and cured at a prescribed temperature
is assumed to depend primarily on two factors only: the
water/cement ratio and the degree of compaction. 1In order
to obtain concrete of maximum strength and durability, good
compaction is essential. This can only be achieved if the
concrete has an adequate degree of workability in relation
to the methods of compaction to be used. Rama Krishnan
(1977), had remarked that for high strength concrete, the
water-cement ration selected should be the minimum which
would give the quantity of water sufficlent to hydrate the
cement paste, without any excess which may cause bleeding,
after the water required for lubrication and saturating the
aggregates to a surface-=dry condition has been supplied, He
also confirmed that the compressive strength of concrete at
constant water-cement ratio Iincreases with an increase in
the aggregate-cement ratio as long as full compaction can be
achieved, Tables 2,3 and 2,4 reproduced from Lydon (1972)
provide guidance for the selection of suitable aggregate/
cement ratioc for required water/cement ratiocs for River
aggregate and crushed rock aggregate respectively. The
tables were obtained from previous works on the design of

gap-graded concrete mixes,
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Table 2,2: TPecommended “izes of “nnd for rap-rradinm

Coarge arrrerate Sand

37e5 = 20,0 mm 211 passinm a 2,36 mm sieve

20,0 = 10,0 mm A11 passing a 1,18 mm sieve

10,0 = 5.0 All passing a 600 mm sieve .
Table 2.3%: ‘meporate/Nement patio an? “ater/Nement ratioc for

river arrre~nte of 41 fferent maximim aizes

\reprermate/Cement ratio(by weirsht)

Maximum
apgcregate
3 m 5 6 " 8 gize (mm)

"'nter/cement 0,32 0,736 0,39 0,42 0,46 0,50 i

ratio (by 0.32 0,76 0,40 0,44 0,49 0,56 20.0
'.‘.'ei'"‘f';t) q.-"-’ 0,2 0,47 ﬂ.q_') no 5() 0-6'7 1O|0
Tahle 2,4: Apepemate/Cement ratio and 'Iater/Cement ratio

for crushed rocls a~crparnte of Aifferent maximum

“ires

\revornte/cement ratio (by weipht) Maximum

% P e e agrrerate
' ' A - 7 8 gize (mm)
“'ater/7ement 0,3 0,38 0,41 0,46 0,52 0,58 375
0,7 0,79 0,472 0,48 0,55 0,62 20,0
Pntio (by 0.0 0.7 0,54 0,61 0.69 0,77 10,0

weirht)
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P . Particle “ize Mistribution

—

Mamhes (1060) renorted that agrremate ~ratin~ is known
to have 2 major effect unon certain physical characteristics
of concrete, Tarticle size Aistribution or mrading of
an~regates, affects not only water rennirement of concrete
but such sunlities such ns economy, strenmgth, finishing

characteriatics and worknahility,

Choice of ‘mepnraton: ™roviler thnt the particles of the

agaremates are clean, resintan®, Anrable, and the Aust

150m—-gieve), . .
the 150)um-3 )11m1teﬂ to a few percent,

content (that passine

pood concrete can hHa made with a wide ranre of Frading anAd

the choice of a~~pornte should larrelrr be n gquestion of economy.
Combined armremates with one or more size ~rouns

absent are normally ealled ~ap—rmraded amepre~ntesn, T~ch size

sroup absent is considered on~ rap., ‘ccordines to Tinmh (1959),

such armnrermates 'rith two or three succesive maps (within the

extreme size mroups) suffep a feow disadventames corpnrred to

continuous gradinm, ‘s n ~enern) mile, three successive

pans shoiuld be avoide for wet mixes as there is 2 mor'ted

tendency for such mixes to se~remnte, !Towever, if concrete

of stiff consistency is remired and in to he placed by

vibration, “inch (1050) ohgerved that the latter ~rnding may

even be used with adyentare and r~ive properties not obtained

with continuous gradinm,

Jieve ‘nalysis: The most common wav of messurin~ *he

percentare of erch size particle ir n snmple of ~mrremntes is

byr sieve analysis., ™e aample iz passe” throusch a series of
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sieves that have decreasinm sizes of mesh, The amount of
each size particles can he Actermined by weighing the material

retained in each sieve,

2.4 Materinls Tor Concrete

"hile concrete varies pgreatly in its properties,
satisfactorv concrete for most purposes can be made with
a wide range of arnmremsates by selection of materials and
mix proportionin~ to provide concrete havinm reauired
properties in bot™ the freshly mixed and hardened state.
The aselection of *he mnterinls to be used in the concrete
should bhe based on technical criteria, and moderated by

economic considerntions,

2.8.1 flement
British standard (R.7,) o 12 has been produced to ruide
the purchase of this mnterinl in rerard of the minimum
qualities exmected of the product nnd the tests that could be

performed o satisfy that the cement mects the standard set up.

Delhe2 Aepreorates

Accordiing to Teonhardt (1964) the mortar recuirement of
a concrete will be less as the conrse amprecate particle size
is mnde larrer. The particles of sand should not be smaller
than necessary, as this will incrense the total specific surface
area to be wetted with cement naste, and consenuently a wetter
mix (rivinm a wealrnr conerntn) yonld he renmired for anv Aesired

.

wortahility, n the gand in the mix hecomes finner, a lower
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percentame is reouired. An excessive content of fines has
an adverse effect on the density of the concrete and increases
its shrinkage because the water requirement of the mix

increases,

Pelte? ""ater

The least expensive constituent of concrete is water,
It is none the less onc of the more important of the materials
in a conerete mix, Tt tames nrrt in the chemical reaction of
cement hvdration., Thir nand Jaclzson (17°84) observed that a
concrete mix containin~ the minimum amount of water reocuired
for complete hriration of its cement, 17 it could be fully
compneted, would Aevelone the maxwimim attainable strenmth at
any miven age.

Mixing water for conerete ghould he reasonably clean and
free from ob’ectionnhle quantities of ormanic matter, slit,
8lknli or salts, “ulphnte-bearing waters anre likely to be
harmful, and water cortaminnted by efluents from sewame works
and from some industrinl processes mny contain deleterious
materials, ‘'nter contaminnted by ormaniec impurities absorBed
from peat Aeposits may also be unsuitoble, There is no
special test for determininm at source the suitability of
water for concrete, but senerally w-ter fit for drinling
purncses ill be suitable for conerete, and water from a
mains supply shonld be use? if nvnilable. Information on
methods of testinm the gnitnbility of water for concrete is

contnined in BT F1A48: 1980 togts for wuater for mal"inge concrete,

2.5 Testin~ of Toncrete

Magts are often cnrried out in the two main states of

concrete (freshly mixed and hopdene? stntes) in order to
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appraise the propertics of concrete. In the freshly mixed
state, the pronerty of interest is the workability of concrete
while in the hardened state the main property of interest is
the strength of concrete, TNetails of methods of testing

concrete are described in 117 q481: 1970,

2:a5.4 ‘lorknhilitr of Concrete

The stren~th, appenrance, permeability, and meneral
serviceability of connrete is dopendent on the effective
placemernt and consolidantion of fraghlr mixed concrete without
undersirable voids and honey combin~, ‘mpresate properties
must be considered in nroportioninm concrete for adeouate
workability, chanres in the armmremnte aradine op particle
shape affect mixin~ water reouvirement nn? therefore the
consistency of the concrete, Two tests most commonly used to
access worknbility of Gop-mrnded concretes are the glump test
anl the vebe tent, The slumn tes* is e~rsy to carry out and
reovires only simple annarntus, It is larmely used for control
purrose vhere the inmredinnts and proportioning of the mix
remain unaltered and i* mar he use? to ensure that there is no
excess of water in the concrete. It is not generally believed,
howaver, to mive a trune measure of worlnbility,

Far and Pay (1974) use? the slump, Vebe, compaction
factor nn1 flow tests to assess the worability or consistency
of their partially Tap-nraded conerete mixes. Titvin and
Pfeifer (1965) used the slump and vebe tests anAd found
the standard slump test to bhe innderunte as a2  measure of the
worability of such noncretes (concretes with hish nroportion

of conrse agmremate ), T™e wornhility of ghis type of
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concrete may be obhtained with a vebe consistometer,

The vebe consistometer test is basically a remoulding
test and therefore indicaten ~ combination of hoth compnctability
and mobility of wibrated concrete, Tt sives a mood
reproduction of practical conditions such that a satisfactory
vebe time not only indicntes a suitable compactability but also,
almost invariasbly at least an adequnte mobility as well, e
apparatus subjects the conerete to a slumning test on a
vibratin~e table., The criterion of this test is the time in
seconds reauired to consolidnte the slump cone in 224 cm.
diamecter cylindrical mass, % suitable vebe time for the
conditions of placinm and the compactinm methods available
can be obtairned from Mable 2,5, MNetails of methol of testinpg
the workability of concretec are described in BS 1881, Part 2:

1970 methods of testin~ fresh concrete,

2¢5e2 Strenmth of Concrete

Dhir and Jackson (1084) Aefined the strenrth of concrete
as the maximum load (stress) it c¢an cnrry. 4%s the strength of
concrete increases its other proverties usunlly improve and
since the tests for strenmth, narticularly in compression, are
relatively simple to merform,concrete compreassive strength
is commonly use? in the construction industry for the purpose

of specification an? aunlity control.

Comnressive "trencths The compressive strenmth of concrete is

taken as the maczinmum compressive lond it ean carry per unit
area, Netails of metho?! of testinm the compressive strength
of concre*s nre Aescribed in N7 1831: Tart 4; 1970 Methods

of testine conerete for atrenrth,
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Table 2.5:
equipment (obtained from Hughes, (1968))

.
-

Suggested mean values ,¢ compactability for different applications and

Application

Vebe*
SecC.

factor*

Compacting

Heavily=-reinforced sections with li~ht immersion
vibrators. “imply-reinforced sections without

vibration.

0.93

Heavily=reinforced sections with immersion
vibrators. Concrete suiteble for pumping

(%)

0eNM

Peinforced seections with immersion vibrators., 6 (0.87) (1=2)
(12.650)
Reinforced sections with hoavy immersion vibrators, R (0.47) (0=1)
L ¢ = \ A 4
P e 1 3 f L T _pas -
Noad slahs with hond=opernte? nachines, a (0-25)
[lass concrete and o*her larwe cechions -rith henvy
immeraion wvi*rators. Toal zlabs with 19 (0.78)
nower-onarrted machires, ot -
Mable vibration of hoovr precnst units, etc. 15 - =
HeaV¥ily-vibrated or neoch~nicnllr~compncte? concrete
in precast units, ctec. A2 - v
Table vibration of li~t precnst units, etc. g - -
tremely intensive vihration, prescure mey 2lco be
. [ v
(20+) - ..

necessary

> *Values in bracl-ets are the least relianble.
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Tensile Strength: A number of test methodshave boen ila.-‘z;ed

to evaluate this property, BS 18813 Part 4 describes
some of these methods.
In the direct test for tensile strength, the
specimen is gripped at its ends and pulled apart in tension

tensile strength is failure load divided by area,

o

In the splitting tensiocon, test, a cylinder is 1oadé
in compression on two diametrically opposite elements,
failing in tension on the plane between the loaded elements.,
In the modulus of rupture test, a rectangular beam is loaded
at the centre or third points and fails in bending, with
the computed tensile stress at failure load called modulus
of rupture, '

In the splitting tension test, tensile strength is
computed as:

2P

Fg = —
Ly

Where,

Fs = Splitting tensile stress, N/mmz‘
P = Total load at Failure, N. .

L « Length of cylinder, mm.

» = BDliameter of cylinder, mm,

2.5.3 BStatistical Analysis of Tests Results

Phir and Jackson (1988) affirmed that it is usual for
sets of two control specimens to be made from each sample
of concrete mix, one set being tested at 28 days and/or

seven days or earlier in some cases, The result thus
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obtained are analysed statistically to obtain premises for
quality control,

It has been found by experiment that the strength of
samples taken from a batch of material approximates to the
normal distribution curve shown in Fig. 2.3.

Ei ther the average strenath or the minimum strength
may be used in specifying tne strength of a material. The
average strength however, does not take account of the
range of strengths in a batch, The distribution curve shows
that it would not be realistic to specify a minimum strength
because there is always the probability that some samples

would fail to satisfy this,

5% of results

\

frequency

|
]
|
o
k| A strength
|
| l.640
.7( ——

Fige 2¢3. Normal Distribution Curve.

Characteristic Strength: BS 8110 Part 1 (1985), defines

characteristic strength as that value of the cube strength

of concrete, fcu, the yelld or proof strength of reinforce=-
ment, fy, or the ultimate strength of a presetressing tendon,
fpu, below which five per cent of all possible test results

would be expected to fall,
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It can be shown that this criterion is satisfied
if fx = R = 1,640 as shown in Fig, 2.3,

Where,

fk - Characteristic strength

x - The strength of a sample
X = Arithmetic mean of the sample strengths.
n = Number of samples
-2
o ixx - X)
= The standard deviation =
n -1

2.6 Gap=-Graded Recycled Concrete

This review has revealed that quite a number of
research workers have examined some of the basic
properties of gap~graded concrete, and concrete made
with recycled aggregates, There is sufficient evidence
that old concrete can be processed into recycled aggregate
using conventional equipment. There is also evidence
that concrete strength and other properties may be
improved by gap-grading.

The general differences in the physical properties
of recycled concrete are the higher water absorption,
higher drying shrinkage, lower modulus of elasticity and
lower strength. There has been no evidence on the effect
of grading on the strength and other characteristic of
recycled concrete, If the claims of the advantages of
gap-grading are true, it is expected that gap-grading of
recycled concrete may redress some anomalies that are

assocliated with the behaviour of recycled concrete.
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Chapter %
TABOPATORY PROYIENMT,
5.1 Materinls

The followin~ materinls were used in the present
work to produce recycled concrete: cement, 7aria crushed

granite, crushed concrete ammremate, sand and water,

Bt Cement
The cement used is an ordinary portland cement
produced in RBauchi “tate of "imeria, The brand is Ashaka

Tement s0ld in paper bars contrinine S50kg ench,

3e1e2 Conrse ‘rpremates

Two tyvee of conrse amrrerates were used in this
research: Zaria crushed mranite and crushed concrete
asmregates, The 7aria cruched granite was obtained locally
from the stockpiles of the Depnrtment of Buildinm, It is
produced in larme ouantities at neveral Muarries located
within the 7aria environs, %11 the ocuantities of this
mnterial used were clean "nd free from deleterious
substances, “onerete prodnced usine the granite coarse
armrrerate wan proceassed into acoremates passin~ 20mm sieve

by sledge hammer and mechanicnl crushinm and sizing,

A11 pnssinm 20 mm sieve but retained on 10 mm sieve
were uged in thin work, “elected ophvsicnl promerties of
the ammremate were obtained from resul*s of lahorntory tests,
Pige %.1 shows the mradire curves of nepremntes used in

this worlk,
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3e1e? Sand

River sand dredmed from riverbeds located within the
7aria environs was used in all the mixtures as fine agpgresate.
T™e sand used was clean free from silt and other deliterious
substances,

The sand was regraded to comply with four pre-determined
gradinrs which represent one continuous and three gap-gradings

of the concrete mixtures of this work.

Belelh Yater
Tap water was used in all the mixtures of this
research, This meets the minimum recauirement normally

apecified for concrete work,

3.2 Hixtures

Mne round of a sgsinrle concrete mixture was made out
of which eirhty cubes an?® eirhty cylinders of concrete
woere ob*ained, T™ene cnhes and evlinders of concrete
vere nrocesser’ into araremates for recyeled concrete
after ninety days curinm ot normnl temperature under
water., 0One Tound cnch of four concrete mixtures was
mnde from t-e recwvcled conernte amrrerntes, The mixtures

are identified in Mable 3.1,



R Table 3.1: Mixture Characteristics

MWN Conrse Agoperate Tine »mmHmmmmm
' Cement
Type Tax. Type Content Agzregate/ | Tater/ Grading ;
Tize Per cent Tement cenent
{mm) ratio ratio
g Ordinary Portland Yaria crushed | 20.0 River s-=nd 20 9 0.7 Continuous
Grenite
2 Crdinary Portland | Pecycled 20.0 | "iver sand 30 9 0.7 “ortinuous
Toncrete
5  Crdinary TPortland | Pecrcle 20.0 } "iver sand %0 Q 0.7 | =sv
Soncrete
& Ordinary Portland | "ecrcled 20,0 | Piver san? 25 9 0.7 | Geo
Concrete
5 Ordins Portlznd Recreled 20.0 iver sanA 20 9 0.7 | 3ap
Concrete
i
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Constant wateracement and Asmryemante~cement ratios

were maintained in all gixtures. ‘lso s maximum agprepate
size of 20 mm was maintaired in all mixtures. These helped
to reduce the number of varisbles that could have
influenced the results of tests.

Mixture 2 was n repeat of "ixture 1 to obtain a basis
of comparison for the compressive strencth of map graded
recycled concrete.

Mixture 4 and 5 were made to evaluate the effect of
decreasinm sand content on the compressive strength of gap

graded recycled concrete,

34244 Mix Pronortions

The followinm calculations were made in order to
determine the amount of the various materials reauired for
each mix in resnect of both the oririnal and recycled

concrete,

Mix Yo 1: The mix proportions are 1 part of cement to

9 x188 = 2,7 parts of sand to
7 .
9 xqﬁg = 6.3 parts of crushed granite

OR 1:2,7:6,3/0.70
Assuming the snecific gravity of cement to be 3,15,
that of coarse ag~rewate 2.6%, and of fine apprremate 2.75,
the cement congent C, in Yﬁ/hﬁsmny be obtained from the

expression,



|55 + C + A + A> 1
— —— -

1000 1000P¢ 1000 p1 4OOOP2

There

‘Y = "ater content

(@]
u

Cement content

A1 = Fine aggregate content

A2 = Coarse aggrercate content

P, = Apparent specific gravity of fine agpremate
Pg = Apparent specific gravity of coarse agmrepate

Pc = Apparent specific gravity of cement

0,7¢ ¥ C + 2.7C + _6,3C -
1000 1000 % %.15 1000 x 2,75 1000 x 2,63

2.205 + C + 3,09C + 7.545C = 3150
C = 227.55 kg/m’

(a) Volume of 1 cube = (0.15)° = 0.003?575l3
Volume of 80 cubes = 0.5?'7m3
Quantity of cement reouired for

80 cubes of concrete = 0,27 x 227,55 = 61,50kg

Add 107 of waste = 67,.6kg
Natural sand = 2.7 x 67.6 = 182,50 kg
Crushed Granite = 6,3 x 6,7 = 425,90 kg,

tater = 0.7 x 67,6 = 47,30 kp

(b) Velume of 1 cylinder = 0,00530 m3
Volume of 80 cylinders = 0,424 m>
Quantity of cement reaquire? for

80 cylinders = 0./t24 x 227,55 = 96,50 kg
Add 107" for waste = 106,20 kg

Matural “nnd = 2,7 x 106,2 = 286,70 kg
Orushed Cranite = 6.3 x 106,2 = 699,10 kg
"“nter = 0,7 x 106,22 = 74,35 kg
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Mix Mo 2 The mix proportions are 1:2,7:6.,%/0,70

0. C -+ f': + 'J"'}a";‘ + 6L30 - q
1000 1000 x %.15 1000 x 2,75 1000 x 2,59

¥ 2,205C + C + 3,093C ¢ 8 7.6620 = 3150
€ = 225,64 kg/m3
(a) Volume of 1 cube = 0.003375m> (b) Voltume of 1 cylinder. =

00053m3
Volume of 20 cubes = 0.06'?51113 20 cylinders = 0.4061:13
Regquired Nuantity of cement for
(a) 20 cubes = 15,20ke (b) 20 ecylinders = 23,90kg
Add 107" for waste = 16.70 kg = 26,30 kg

Muantities of materials for: 20 cubes 20 cylinders

Cement = 16.7 kg 26,3 kg
Natural sanAd = 45,10 kg 71,0 kg
Recycled Zoarse

‘meregate 105.2 kg 165.7 kg
“later - 1.7 kg 18.4 kg

y Mix Yo 3: The mix proportions are: 1:2,7:6,3%/0,70.

Miantities of mnaterials for: 20 cubes 20 ¢ylinders
Tement = 16.7 kg 26.3 kg
Matural Snnd = 45,10 kg 71.0 kg
Qecveled “onrse ‘rrre-
pate = 105,20 kg 165.7 kg
“atexr = 11,70 ke 18,4 kg
Mix Yo 4: The mix provnortions are: 1:2,25:6.,75/0.7
0.7" 4 0 + 2. 255 o+ 6,750
1500 TOOD X 7.75 000 % 2.5 ™o % .50 =

2.505C 4 C + 2,5770 4 8,209C = 3150
C = 220,42 %g/m’

(a) Volume of 20 cubes = 0.0675m3 {b) Volume of 20 cylingers =
0.106 m

Reouired auantity of cemrnt for
(a) 20 cubes = 14,9 kg (b) 20 cylinders = 23,4 kg
24d 107" for waste = 16,4 kg = 25.70 kg
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OQuantities of Materials for: 20 cubes 20 cylinders

Cement 16.4 kg 25.7 kg
Matural “and 56.9 kg 57.8 kg
Recycled Conrse "goremate 110,7 kg 173.5 kg
Yater 1.5 kg 18.0 kg

Mix Mo 5: The mix proportions are 1:1.8:7.20/0.7.

O. O + f: + 1.Rf} o+ ?c?c =

2.505C + C + 2,062C + 8.,757C = 3150
C = 220,0 kg/m3

Reguired "uantities of cement for:

(a) 20 cube (b) 20 ecylinders
16.3 kg 25,65 kg
Natural sand 29.3 kg 46.2 kg
Recycled Coarse
‘magrerate 117.4 ke 184, kg
“ater 1.4 kg 18.0 kg
Bareln Troduction of Concrete

11 the concretes used were weirh batched nnd
mixed usinm a revolving and tilting drum type of mixer.
11 concretes were well mixed according to predetermined
gradation of agpgresates Tee Tig 3.1,

Concretes were cast in clenn nand oiléd cubic
and cylindrical moulds of sizes 150 mm x 150 mm and 150 mm
(Aiameter) x 300mm respectively. Castinm of concrete in
each mould was done in three layers and thorourth compaction

was ochieved usingm, a table vibrator.



Plate 11,

54

Screening and sizing of Aggregate for concrete
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Toncrete cubes nnd cylinders were removed from
moulds 24 hours after cast, labelled and cured under
water at room temperature till the Aay of tests,

*fter 90 Aays of ¢nst and curing, the original
granite concrete was processed into agpregates passing
a 20,0 mm sieve by sledge hammer and mechanical crushing
and sizing. The fines of the recycled concrete aggregate
were disregarded,

A1l concrete cubes nnd cylinders were weighed to
determine the bulk density.

Bulk density = lMass (Im)
Volume (m

%y

3-3 Tests

Some of the tests undertalren in the laboratotry in

resvect of this worls are mentioned in the foremoing.,

3-3-4 ‘bsorntion

Tha Aetermination of the nhsorption of 2 new aggregate
is essential bec~mne the ratne of ahgorption of asrregates
affects the water content of a mix.

The absorntion of an n~rpecnte ig Aetermined by
measurinm the increase in wei~sht of an oven Ary sample,
after 7 hours immersion in wnter Ghe surface moisture
being removed), T™e rotio of the incresse in weirht to
the weirht of the Ary sample expressed as n percentage
mives the absorption of the sample,

The absorption per cent for the coarse aggregates used

in this wor are stated in the chapter four of this

thesis,
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The determination of specific mravity is described
in BS 812: samples of the armremate were immersed in
water, stirred to remove air bubbles, and allowed to stand
for 24 hours, The samples were then removed and fanned
to a gsurface dry condition and weighed.

The Pycnometer is the vessel usually specified to
be usedl in the determination of specific gravity test.

It is usually a one-litre jar with a water tight metal
conical screwtop havinm a smnll hole at the apex. The
pycnometer can be filleA with water so as to contain
prescisely the same volume ecverytime,

The calculation is based on the followinms:

C = weirht of the saturnted and surface Ary sample.

B =« weirht of vessel full of water

A = weight of the vessel with the sample topped
up with water

B = (A=2) = weicht of the water occupvine the same volume
as the snampnle of ngorerate,

Specific Gravity = C
D=t 4+ C

The results of snecific gravity test are miven in

chapter four of this thesis,

5.7).3 ﬂllum‘p Tegt

The test was freouentlyr mentioned in previous wor's
on map ~rade”? conecrcte, Tt was found to be inade~unte for
measurinm the workability but suitable for excercising
control of mixture chnracteristics, ™he vehe test was
found to be a superior method of measuring workabhility of
dry mixtures but the anparatus wasnot available in the

laboratory at the time of testinm and as such conld not be used,



The detaileAd Aescription of the procedure for
carrvinm out thia test is contnined in B 5 1881, The mould
for the slump test is a frustum of » cone, 305 mm high,

An inspection of +the internnl surface of the conical apparatus
is first made to ensure that it is clean, Ary and free from
particulate attachments, Tt is placed on a smooth surface
base plate made of steel or polyvianyl chloride with the
smaller openine at the top. Tt is then filled with
representative sample of conerete in three layers, each
layer being tamped 25 times wvith 16 mm diameter steel rod;
The top 1level is struek off by means of a screedinpg and
rolling motion of the tampin® roi, The mould is carefully
raised in a vertical direction anA the slump measured, If
shear or collapse slump occur the test is repeated,

The slump obtained is mentioned in chapter four of

this thesis,

3e3.4 Compreasion Magt

The compressive strenrth teat was carried out as
specified in ™ 7 1881; DPart 4: 1970 methods of testins
concrete for strenpgth,

The crushing londs of cubes apecimens were obtained
from the comnression machine after the crushing of each cube,
Cubes for ix no 1 were crushed after 28 and 90 days curing,
Cubes for mix no 2 to 5 were crushed after 7, 28 and Q0 days
curinm. A total number of 1820 cuhen of size 150 mm x 150 mm

X 150 mm were erushed all together,



Plate IV

Plate V

Cube Crushing Test

Cylinder Splitting Test
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The compressive strenmth is determined by dividing
the failure load by the surface area of the cube.

i.e. compressive strenmth = Lond at TPailure (V)
Surface ares (mmz)

A summary of the compressive strength test results
for all the mixtures are shovm in table 4.3,

A chief Technolopist and his team of two assistants
were directly involved in the ovneration of the compression
machine, ensuring that all precautions necessary to give the
best results were stricily complied with,

The details of results obtained from compressive

strength tests are showm in ‘ppendix I,

Be3e5 Tensile “trensth

Tensile strenth test was carried out in accordance
with specifications of . C 1881: Part 4: 1970 Methods of
besting concrete for strencth,

The cylinder splittin~ test method was adopted for
the purnose of this worlk. In this test, a concrete
¢ylinder , is placed with the axis horizontal between the
platens, of a testin machine, and the load is applied and
increased wntil failure by shlittin~ alon~ the vertical
Aiameter tnke plnce, Yarrow strips of particle board
of about 7 mm thiek hy 25 mm wide uszed as pnckinm materisl
ware in*ter noan? hetween the erylinder ant the platens.,

™e strenrtth is expressed in terms of 27
RLU

Mable 4,4 sboz the sumnary of tests results. Other

Actnils are in anpendix IX,



Plate VI

Centralizing the narrow strip of particle board
between the cylinder and the platen before test,

Plate VII

Observing and recording of failure loads,
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Chapter &

oo nintals s Tal T‘\--wﬂTrrmft ARNT™S “Tﬂrn]r*ﬁ'rﬂrv

The summaries of the results of the various tests
nerformed arc nresented below, ™e Aetailed results of the
major tests (Monnile and compressive strencth tests) are to be

found in the appendices.

441 "olected Thygien] Tronertics of ‘rrrerates

Table 1,1 shows some physicnl oroperties of sampresates
used in the concrete production. The recyvcled concrete had an
avernre anhsopotion of /4,77, and 2,59 apparent specific gravity.
*s previously found by Tuck (1977, the specific pgravity of
aggrenate made from recycled concrete tends to be lower and its o
absorption tends to he hirher than these properties of
conventionnl ap~remates, These Aifferences hnve not caused

any problems in the use of recycled concrete as ngmremate,

n,2 S51lump

The slumps and cement contents of the five mixtures Aare
shown in table £,2, The cemont content of the Zontrol Mixture 4
was 22?.55kg/m5, mix %, % and 5 had slichtly lower slump than
Aesired, The cemen* content of these mixtures can be increased

to inerease workability.

4,% Compnresszive “trensth

e averare comnreasive strenmtha of ench mixture for
ages of from 7 to 90 Aays are showm in Table /+,% andA Tig, 4.1,
The comprehensive details o these results nre to be found

in Apvendix I.



Table 4,1: Physicnl Tronertiecs of Aepmrerates

Parin Orushed . - Crushed
MNranite River Sand C oncrete
(20,0-10.0mm)
*‘bsorption ~ 0.36 0.G5 4.7
“pecific Gravity 2,h% 2,75 2.59

hle 4,.2: Tnlectrd Thraien)l Tronerties of Tive Concrete

T wrdyyim
¥ Tares

fal

= enent

re m

M"ixture lump, mm fontent
ke /m”>

”i:’. 4: ',‘,...n.:_,.._ "TT"_T-H-."(": r":"\"']l\‘i"f; -\ﬂd;!

finn manAa 10 = 20 207,55

Mix 2: Continnously ~rade? Tecycloed

conerete anl fine sand 0 = 10 296,64
:‘-i‘x :'\: 1"1 an r-r_'-.\."u -‘." 'YCn-nC"F ':‘;1

concrete and fine nand 0 - 10 225,64
Mix 4 Gap rraded Meexeclod

N

concrete and fine sand w 10 220,42

»
i~
du
\
-y

nan mraded Taegrelad

concrete and fire san? 5 =« 10 220,0



63

Previous works on recycled concrete was confined to
determining the physical properties, compressive strength,
and stregs-strain datn for continuously pgraded mixtures.
Conclusions arrived nt in these works and those reached in
this report of map-graded mixtures where comparable, are in
good agreement,

It has already been mentioned that the percentase of
fines has a limitins effect on the compressive strength of
concrete produced usines recycled conrse and fine aggrepates
in a mixture., Tn this cnse where river sand was used as
fine armmrernte a reduction of fine agpr~rerates content of the
control mix by five percent 4id not show any nppreciable
effect on the compressive strength, A further reduction dy
five percent in mix 5 caused a Adecrease of about %67 in
compressive strength,

The intent of mixtures 41 and 2 was to Aetermine whether
mix 2 having the same mix characteristics as mixture 1 but
containing a recycled concrete npmrepate produced using the
same proportions as in mixture 41 will show any appreciable
improvement over previous reports of this nature, The
compressive strencth for mix 2 showed about 25% decrease
in strenpgth as compared to mix 1.

It was intended that mixture % be a remake of mixture

2 with paps introduced in the am~rermate grading as the only



variable., The effect of the map mrading of mixture 3 was
to inereasec i*s comnrescive strenrmth rhout uv/mm? over
that of mixture 2 about 25 inecrense in compressive
strength, PFurther comnarison of the comprescive strength
of mixture 3 with thnat of mixtutes /4 ~nd 5 involvesa the
variahle of f£ine snnd con*ent, ™owever, in hoth casesn
the compressive strenmth of mirture 3 was hicher than

that of the other mir'ures,

Time. 4.2 srouws the relationshin hetwen comprennive
stron~th n~nd wet Aensity, The renults obtaine? corfirms
the fact that when 211 other *hirmg are enunl comoressive
strenTth is proportionnl to Adennity of conerete,From Tableg 4,2
and 4.'5 it may he naddneed that hi~h gcement econtent is not
necessar¥ly a rumarantoe for hirch stren~th., ~“ement content
coupled *ri+h improvel ~palin~ sghould imnrove strencth,

The cement content for mixture & is 220,42 Koifm s This
value is about 7 kg/m3 less than the value for mixture 1,
5 kg/m3 less than for mixtures 2 and 3, and about the same for
mixture S, From the computed compressive strength results
shown in Table 4,3, it arpears that mixture 4 would produce a

more economical concrete than the other mixtures, especially

where large volumes of concrete is required,



Table 4,3:

Summary of Tests
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results for “ompressive “trength

Mix] Yo of Mix
"o specimens DTODOT- “ube 1omprnﬂ51ve Strencth
Tested tion (?y (M/mm=)
uvr:.lr-b‘nt

'vernre 7dnys | 28days| 90days

Wensity

'!fp:/m )
1 5 1:2,7:6,3/0.7 24:09,0 nd 19.6 21.9
2 5 1:2.71663/0.7 2104,0 1.6 | 13.0 16.4
) 5 1:2.7:6.3/0.7 2140,0 123 14,4 20.1
4 5 132.2536475/0.7 2152,0 13 13.8 19.9
5 5 1:1.812.2/0.7 1999,0! B4 2.9 12.9

Table 4 ,4:

Summary of tests results for ten

sile strength

ix o, of THix & o g
: rline tt Tens
To “pecimens Pronor-= Cv1i Ezpngléh ing Tensile
Mested tion (by ")'”pg
weirht) i

‘verace 28 days 90 day

Tensity

e /m2
1 5 1:2.7:6.3/0.7 20443 ,0 2.l 2t
2 5 1:2.7:6.3/0.7 2152,0 1.8 2¢1
3 5 1:2.7:663/0.7 216%,0 1.8 2.4
! 5 1¢62.2516,.75/0.7 21770 “} g7 2,2
5 5 4:1-8:?-?/0.7 '?On'?.o 104 '1.6
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Mixture 2, 2 continuously rraded recycled concrete
gained about G6/' of the compressive strength of the control
mixture 1 in 28 dsys snd 757 in 90 Aays; Mixture 3, a gap
graded recyeled concrete gnined about 737 of the compressive
strentth of the control !lixture 1 in 22 Aays and 927 in 90
days. Indicating that map sraded recycled concrete mixtures
have hipher rates of strength development when compared with
continuously ~raded mixtures of equivalent water cement ratio

or mixture characteristics.

I b Tensile “trength

-

The averare tensile gtrengths of each mixture for apges

of from 28 to 90 Aays are shown in Mable 4,4 Other details
of these results are to be found in appendix II,

It is apnarent tha* the tensile strenesth of recycled
concrete is lower than that of corventional concrete of the
same mixture characteristics., It is nlso evident that the
tensile strenmth of gap mraded recycled concrete is higher
than continuously mraded recvele? concrete of eouivalent
mixture characteristics,

The tensile strength of concrete is usually very low
ond the results obtnined ir this wors tends to support this
fact anl falls within the acceptable rance of 5.0 to 12,57

of the cube crushing strength,
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4,5 Characteristic “trensth

The characteristic erushing strenpth fk may be

expressed in terms of the standard deviation ¢ by the

relationship:
e * 9. téie
"here
e
d = i(x-x)
n -1

X = the strength of a sample

X = narithmetic mean of the sample strengths.

n

i

number of samples,

Values of characteristic strengths estimated for
ranges of crushing strenmths results obtained are shown in
Table 4,5, *‘n attempt to apnly the same anclysis on
values of splitting strenmths results obtained is shown
on Table 4.6.

From the results computed for compressive strengths
and shown in Table 4.5, it appears that the characteristic
strength of mixture 4 was higher than that of the other

recycled mixtures,
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4.6 Graphs

Graphs illustrating the relationships betwe~n variousg
parameters of eoncreteproperties have heen shown in Figs 4.1
to 4.3, Tt wonld be obsearmred that tre curves in Firg 4.1 ana
4.3 show 8lirht Aeviatirng from standard enrves 0® non~rete
strensth develpmment with aege ag arawn rrevirnaly in Pig g2

(Pare 24), The vroaonn fom thin e mrohahly dvue tn the low
¢omrresaive strencth valnes ohtaired far a1l arecimensg at
28 days matuvrity, The srecimena were cagt Avrine the
firast week nf Necem-er, 197°0,1t that time the wenther was
gt il) relatively warm. About a week 1-ter the ecold harmattan
weather set in, became zuvere in the early weeks of January
and remained cold t hrou-hout the months of vYanuary and most
of february. The weuther changed arain from cold to warm
during the lust week of February and t emuerature continued
to rise slowly up to the raining season.
The 7th day strenrths were obtained in December while the
temrerature was ~ti11 warm and cortrirutive to the wirch rate
of strensth development racorded, ™he 28th day st rencthsg
were obtained in mid Jarvary acter tre temreratinre wad falilen
and the wveather bhecame anvaraly crld faw nver a ravind nf
two wenlkgy thig drop in t amrewatyre ravw have retariag the
rate of strencth devalopment, The 9°th dav strencthe wene
obtained in early M-pnh after the transit ion “ror the cnld
harmattan to the warm waather rrrceedineg the vainine seaenng,
These variations in temraratures Inrine the reriod of curing
and testing may have beon the root cause of the sgliesht
deviaticns observed in Firg 4.1 and 4,3 when ecompared to
standard curves of this nature.
Temverature readinss of the weather changes were not taken

during the period of testing,



Table u‘t 5:

Summary of “tntistical Analysis of “trength

O™ Concrete Cubes
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i ‘e Mean Standard =
ix Days “trenmth Nevintion tg;g:g;c
.:'.Y,"'I]'l'frl2 d" 1 5 64 d ’Ttreggth
- M /mm
(x)
1 28 19,56 1750 2.87 16.69
.0) 21,86 1350 s 19.65.
2 11,64 1422 2.0 9,64
2 28 135,04 04560 0,92 12:12
90 16, %6 0,569 0.9% 15.43
2 17,08 Nn,790 1.°29 10.79
3 28 14,40 0,940 1. 54 12.86
0 20,10 1,445 2,37 17,73
7 1130 0.917 1.50 9.8
4 28 13,76 0,450 0.74 13,02
a0 19.90 0,6 s P 18,35
2 8,50 0224 0.37 8e13
5 28 0.88 1.010 1.66 8,22
Q0 12,30 0,784 1.29 11.01
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Table 4,6: “ummary of “tatistienl A‘nalvais of “trensth

of Conerete “viinders

" x Age Mean Standard
- Days “trength Neviation
(%), =
"/mm_ d‘J 1.64d W - 1.64d’
1 28 2426 0.261 043 1.93
90 2.70 0.469 0.77 1.93
2
90 -"}':1“) O.’I‘gl‘ O.’)'j '1.85
F)q 4.“‘” Oc"()” ﬁ.')’j 1.57
5
. 2726 0. 251 0041 195
PR 172 0,268 0. 44 1.28
i
90 2,16 0,416 0.68 1,48
28 10444 0.23%0 0.38 1.06
5
20 1.58 04342 0.56 1.02
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Chapter 5

AOPTATIIATONA 3T DTRVIPT TN AMT e

Be1 Conclusions

Based on this work the followinm conclusions appear
valid:
A, Gap=-graded recycled concrete, though of a relatively
stiffer and dricr mix, can be placed and finished
satisfactorily using mechanical vibrators to ensure

that full compaction is achieved,

b. ™o uze of gap=graded recycled cencrete
at piven water-cement rntio and ampremate-cement
ratio recuire? no a’i*tional cement than that for

continmiously rraded recyeled mixtures,

Ce The use of low-strenmth recyeled corncrete as
agrregate need not bhe Aetrimental to the compressive
strenrcth of corerote mixztures that contnin this

aggrerate,

a. The use of pnp=craded amerepates in recyeled
concrete production ia effrective in inerensine
the strenrths of concrete mixtures that contain
fine sand as fine arm~prernte and 25 to 30" sand

content,

. "ith rerards to 90 dAays compreassive strencth results
obtained, it coul?® be shovm that the tendency of
concrete containin~ recveled concrete as armemrepate
o be at lower stroncith for enunl water-cement

ratio thar controls made usine similay nmrremate
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can be overcome with no increase in cement content
or sacrifice of workability, by introducing gaps in

the grading of the mixtures.

The data presented here indicate that the compressive
and tensile strenpgths of a map-~graded recycled
concrete are hirher than continuously graded recycled

concrete of similar mixture characteristics.

Overall consideration of present data and that found
in the literature review indicates that ~ap grading
of recyecled conerete is a pranctical and economical

procedure,

5.2 Necommendations

"{1hin the premises of this investimation, it is

recommended thnt:

e

Ce

Pecvele? conerntec mav he rmap=rraded in order to

improve its compressive strerngth,

Cap=graded rceveled concrete cnan be used for nll
conatruction where continuously praded reeyeled

conernte hns heen used ur to now,

Investimations shoull be carried out on ways of
reducin~ the cement content without sacrificing
the comprernive stronnth of map—rmraded precyecled
concrote, Min may be posnsible by (i) considerineg
the speecific surface area of agmmrer~ates anplied

to mix pronoriionin~, (ii) employinm the optimum
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mix design method proposed by Shu=t'ien Ii

and V Ramakrishnan (See Aopendix IV).

M™arther research worl: should be carried out on
other propertinss of map-rraded recycled concretes
such as on modulus of elnasticity, mnchorage bond
strength, shear, creep nn? shrinkage properties
as soon n3 necescnry equipment are available in

the laboratory.

Barriers to the use of recycled concrete such as
failure to mention it as » cntemory of manterials
alons with ~ravel, crushed stone, etc should be

removed,
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APPENDIX 1

RESULTS OF COMPRESSIVE TESTS

Table 5,1 3 28 = Pay compression test for Mix No 1

MIX | AGE OF MARK NEIGHT | BENSITY | MAX CRUSH | COMPRE=-

NO | SPECIMEN | ON KG KG/ms LOAD KN SSIVE
(pAY) SPECIe STRENGTH
MEN N /mm2

A11 8.1 2400,0 480.0 21,33

A12 8.3 2459,0 480.0 2133

p 28 A13 8.1 2400,0 440,0 19,56
A14 8.0 2370,0 400,0 17.78

A15 8.1 2400,0 400.0 17.78

Average | 8,1 2406,0 440.0 19.60

Table 5,2 : 90 = Pay Compression test for Mix No 1

MIX | AGE OF MARK WETIGHT | PENSITY | MAX CRUSH | COMPRE=-
NO | SPECIMEN .CN KG KG/m3 LOA®D KN SSIVE
(BAY) SPECI= STRENGTH
MEN N/mmz
A21 8.1 2400,0 480,0 21,33
A22 8,2 2430,0 540,0 24,00
1 90 AZ23 8,0 2370,0 460,0 20,44
A24 8e2 2430,0 480.0 21,33
A25 8.2 2430,0 500,0 224,22
Average | 8,1 2412,0 492 .0 21,90
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Table 5,3

7-day compression test for mix No 2
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MIX| AGE OF MARK WEIGHT PENSITY | MAX CRUSH= COMPRE=
NO| SPECIMEN ON KG KG/mB ING SSIVE
(PAY) SPECI= LOAD KN STRENGTH
MEN N/mmz
A31 = 2133,0 280,.0 12.4
A32 . 2104.0 270,0 12,0
2 7 A33 . 2104,0 220,0 9.8
A34 . 2074,0 250,0 11,1
A35 . 2133,0 290,0 12.9
Average| 7,1 2110,0 | 262,0 11.64
Table 5,4: 28 - day compression test for mix Ne 2
MIX AGE OF MARK WEIGHT DENSITY | MAX CRUSH- COMPRE-
NO SPECIMEN 0 KG Kc/m3 ING SSIVE
(BAY) SPECI=- LOAD KN STRENG'I'H
MEN N/mm2
Ad1 e 2133,.0 320,0 14.2
A4?2 o0 2074,0 290,0 12.9
2 28 A43 P | 2104,0 300,0 13,3
Ad4 o1 2104.0 280.0 12.4
A45 " 2104,0 280,.0 12.4
Average| 7,1 2104.0 294,.0 13.0




Table 5.5 ¢ 7 =

day Compression test for mix Ne 3
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MIX |AGE OF MARK WEIGHT BENSITY |MAX CRUSH= | COMPRE=-
NO |SPECIMEN ON KG KG/m3 ING SSIVE
(PAY) | SPECI=- LOAD KN STRENGTH
MEN N/mmz
X31 o0 2074.0 250.0 11,1
X32 el 2104,0 27040 12.0
3 7 X33 . 2104,0 270.0 12.0
X34 i (™ 2163,0 300.0 13.3
X35 7.1 2104,0 300,0 12,0
Average | 7,10 2110,0 278.0 12.08
H-.
Table 5,6 : 28 day Compression test for mix Ne 3
MIX } AGE OF MARK WEIGTH PENSITY jMAX CRUSH= | COMPRE~
NO SPECIMEN ON KG KG/m3 ING SSIVE
(BAY) SPECI= LOA® KN STRENGTH
MEN N/mm2
xX26 o 2193,.0 340,0 15.%
X27 T+3 2163,0 350.0 15.6
3 28 X28 o1 2104,0 320.0 14,2
X229 o 2074,0 300.0 13,3
X20 . 2074,0 310.0 13.8
Average| 7,2 21224,0 324,0 14.4
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Table 5.7 ¢ 7 - day Compression test for Mix Ne 4
MIX | AGE OF MARK WEIGTH lE.‘NSI%’Y MAX CRUSH— | CCMPRE=-
NO APECIMEN ON KG KG/m ING SSIVE
(PAY) | SPECIw LOA® KN | STRENGTH
MEN N/mmZ
Y31 7.0 2104,0 250,0 11,1
Y32 6.9 2044,0 | 250.0 11.1
4 7 Y33 7.0 2074,0 240.0 10,7
Y34 7.4 2193,0 290,0 12,9
Y35 7.1 2104.0 240,0 10.7
Avarage| 7,10 2104,.0 254,.0 11.3
Table 5,8 3 28 - day Compression test for mix Ne 4
MIX | AGE OF MARK WEIGTH BPENSTTY { MAX CRUSH= | COMPRE~
NC SPECIMEN ON KG KG/m3 ING LOAD SSIVE
(PAY) | SPECIw~ KN STRENGTH
MEN N/mm2
Y36 7el 2104.0 320.0 14,2
Y37 742 2133.0 300.0 13.3
4 28 Y38 7el 2104,0 300.0 13.3
Y39 740 2074,0 320.0 14,2
Y30 762 2133.,0 310.0 13.8
Average| 7.10 2110.0 310.0 13.8
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Table 5,9 ¢ 7 - day Compression test for mix No 5
MIX | AGE OF MARK WEIGTH PENSITY| MAX CRUSH= | COMPRE= \
MD SPECIMEN ON KG KG/m3 ING LOAD SSIVE
' (PAY) | SPECI=- KN STRENGTH
MEN N/mmz
221 6.4 1896,0 190.0 B.4
222 6e5 1926,.0 200,0 849
5 7 223 645 1526,0 190.0 B.4
224 6.7 1985,.,0 18040 8.4
225 6.7 1985,0 180.0 8.4
Average 6.6 :944.0 ‘19000 8.5
Table 5,11 3 28 day Compression test for Mix Ne 5
MIX | AGE OF MARK WEIGHT PENSITY | MAX CRUSH= |COMPRES=
NO SPECIMEN ON KG ﬁ,m3 ING LOAD SIVE
(PAY) | SPECI= 7 KN STRENGTH
MEN N/mm
226 6.4 1896,0 200.0 8.9
227 6.8 2015,.0 240,0 10,7
5 28 Z28 6548 2015,0 220,0 9.8
229 6.7 1985,0 200.0 8.9
f')r. ,.Q C44.0 250.0 11.1
1991.0 222,0 9.9

Averaq1 6.7




Table 5,12 :

90 —~ day Compression test for Mix No 2
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MIX | AGE OF MARK WEIGHT PENSITY | MAX CRUSH= | COMPRE=
NO SPECIMEN ON KG KG/m3 ING LOAD SSIVE
(PAYS)| SPECI- KN STRENGTH
MEN N/mm2
A51 o3 2163.0 380,0 16,9
A52 o1 2104,0 360.0 16,0
2 90 AS3 .0 2074,0 370.,0 1644
AS4 7.0 2074,0 350.0 15.6
ASS 7.0 2074,0 380,0 16.9
Average] 7,1 2098,0 368,0 1i0.4
Table 5,13: 90 - day Compression test for mix No 3
MIX | AGE OF MARK WEIGHT DENSITY | MAX CRUSH= |COMPRE-
NO SPECIMEN ON KG KG/m3 ING LOAD SSIVE
(DAYS) | SPECI- KN STRENGTH
MEN N/mmz
X3a1 7e2 2133,0 430.0 19,1
X22 7.6 2252,0 490,0 21.8
K 90 X23 7e3 2163,0 430.0 19.1
X24 746 2252.0 470,0 20.9
X25 7.2 2134.0 440,0 19,6
Average | 7.4 2187.0 452,0 2041
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Table 5,14 ¢ 90 - day Compression test for mix No 4

MIX | AGE OF MARK WEIGHT PENSITY| MAX CRUSH=| COMPREw-

NO SPECIMEN ON KG KG/ 3 ING LOAP SSIVE
(BAYS) SPECI= = KN STRENGTH

MEN N/mm2

Y21 .4 2193,0 430,0 19.1

Y22 a3 2163,0 430,0 19.1

4 90 Y23 3 2163.0 440,0 19.6

Y24 o3 2163,0 460,0 20.4

Y25 5 2222.0 480,0 21,3

Averagel 7,4 2181,0 448,0 19.9

) Table 5,15 ¢ 90 - day Compression test for mix Ne 5

MIX | AGE OF MARK WEIGHT DENSITY | MAX CRUSH=| COMPRE-

NO SPECIMEN ON KG KG/m3 ING LOAP SSIVE
(DAYS) SPECI= KN STRENGTH

MEN N/mm2

Z31 Ted 2163,0 300,0 13.3

232 . 2074,0 280,0 12.4

5 =18 233 6.9 2044,0 280,0 12.4

Z34 6.6 1855.0 250,0 11.1

Z35 7.0 2074.0 280,0 1243

kverageL_7.0 2062,0 278,0 12.3




APPENBIX TIX

RESULTS OF TENSILE STRENGTH TESTS
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Table 6.1 ¢ 28 - day Cylinder Splitting test for mix Ne 1
MIX | AGE OF MARK WEIGHT PENSITY | MAX SPLITT=-] TENSILE
NO SPECIMEN QN KG KG/m3 ING LOAM® STRENGTH
{BAYS) SPECI~ KN K/mm2
MEN
B10 13.0 2452 .0 160.,0 .
311 13.0 2452.0 160,0 .
1 28 B12 12,6 2378.0 150.,0 .
813 13,0 2452,0 160,0 .
Bl4 12.8 2414,0 20040 .
Average| 12,9 2430,0 160.0 2.4
Table 6,2t 90 = day Cylinder Splitting test for mix Ne 1
MIX | AGE OF MARK WEIGHT PENSITY | MAX SPLITT=| TENSILE
NO SPECIMEN ON KG KG/ 3 ING LOAD STRENGTH
(DAYS) SPECI- m KN K fmm2
MEN mn
B1S 13.3 2509,0 240,0 3.
B16 13.0 2452,0 150.0 2e1
1 50 B17 12.9 2433,0 180,0 246
B18 13,2 2490,0 200.0 2.8
B19 13,2 24%0,0 180.0 246
Average| 13,1 2475,0 130.0 2.7
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Table 6,3 : 28 - day Cylinder Splitting test for Mix Ne 2
MIX | AGE OF MARK WEIGHT DENSITY | MAX SPLITT=| TENSILE
NO SPECIMEN ON KG KG/ 3 ING LOAD STRENGTH
(PAYS) SPECI- " KN K /men?
MEN .
B20 11,6 2188,0 140,0 2.0
B21 11,3 2131,0 120,0 1.7
2 28 B22 11.6 2188,0 150,0 2.1
B23 1145 2169,0 100.0 1.4
B24 11,7 2207.0 130.0 1.8
Average| 11,5 2177,0 128,0 1.8
Table 6,43 90 - day Cylinder Splitting test for mix No 2
MIX | AGE OF MARK WEIGHT BPENSITY | MAX SPLITT-=| TENSILE
NO SPECIMEN ON KG KG/m3 ING LOAD STRENGTH
(DAYS) SPECI=- KN K /m 2
MEN o
B25S 10,9 2056,0 140.0 2.0
B26 11,3 2131,0 160,0 .
2 90 B27 11.4 2150,0 160,0 .
B28 11.4 2150.0 140,0 .
B29 11.4 2150,0 140,0 2.0
Average| 11.3 2127.,0 148,0 271
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Table 6,5 1 28 = day Cylinder Splitting test for mix Neo 3
MIX| AGE OF MARK WEIGHT BENSITY] MAX SPLITT-— | TENSILE
NO SPECIMEN ON KG nu/mj ING LOAP STRENGTH
(PAYS) SPECI=- KN N/mz
MEN
X10 11.5 2169.,0 140,0 2.0
X11 11.7 2207.0 130.0 1.8
3 28 X12 117 2207.0 130.0 1.8
X13 11.5 2169,0 110.0 1.6
X14 11.8 2037.0 140.,0 2.0
Average| 11.2 2158,.,0 130.0 1.8
Table 6,6: 90 - day Cylinder Splitting test for mix Ne 3
MIX | AGE CF MARK WEIGHT DENSITY | MAX SPLITT= |TENSILE
NO SPECIMEN ON KG KG/ 3 ING LOAD STRENG
(BAYS) SPECI=- - KN N/mm
MEN
A15 11.4 2150,0 180.0 2.6
X16 1155 2169,0 160.0 2.3
3 90 X17 11.4 2150,0 140.,0 2.0
X18 1.7 2207,0 180.0 2.6
X19 11.5 2169,0 16040 263
Average | 11,5 2169,0 164.0 2.4
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Table 6,7 3§ 28 - day Cylinder Splitting test for Mix Ne 4
MIX | AGE CF MARK WEIGHT PENSITY | MAX SPLITT=| TENSILE
NO SPECIMEN ON KG KG/m3 ING LOAD STRENGTH
(DAYS) SPECI= KN N/mm2

MEN
Y10 11.6 2188.0 140,0 2.0
Y11 1153 2131,0 140,0 .

4 28 ¥i2 11.8 222640 110,0 .
¥13 11.8 2226.0 100,0 .
Y14 11,6 2188,.0 110,0 .
Averag{ 11.6 2192.0 ‘120.0 1.7

Table 6,8 : 19

- day Cylinder Splitting

test for Mix ne 4

MIx | AGE OF MARK  |WEIGHT | DENSITY |MAX SPLITT= | TENSILE
NO | SPECIMEN | ON KG kG/m3 |ING LOAD STRENGTH
(DAYS) SPECI- KN -
MEN -
Y156 11,8 2226,0 140.,0 2+0
Y16 T1.% 2094,0 160,.0 2:3
4 S0 17 11.5 2245,0 200,0 2.8
Y18 1%:4 2150.,0 140.,0 28
16 111 2094,0 120.0 TaV
t?erage 11.4 2162,0 152.,0 il




Table 6.9; 28 -
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day Cylinder Splitting test for mix Ne 4

MIX | AGE OF MARK WEIGHT DENSITY| MAX SPLITT-= | TENSILE
NO SPECIMEN ON KG Ff”/mB ING LOAD STRENGTH
(DAYS) SPECI= o KN N/mmz
MEN
Z10 1341 2094,0 120.0 1.7
Z11 11,3 2131.0 110.0 1.6
S 28 212 1351 2094,.0 80.0 11
213 10.3 1943,0 100.0 1.4
Z14 110 2075,0 100.0 1.4
Average| 11,0 2087,.0 102.0 1.4
Table 6.11 3 90 - day Cylinder Splitting test for Mix Ne 5
MIX| AGE OF MARK WEIGHT DENSITY |MAX SPLITT=| TENSILE
NO SPECIMEN ON KG h_ﬁ/mB ING LOAD STRENGTH
(DAYS) SPECI=- = KN N/ 2
MEN o
215 10.9 205¢€,0 120.0 p Py
216 11 .4 2150,0 140,0 .
218 11.4 2150,0 120,0 .
Z19 11.4 2150,0 100.0 .
Average 11.3 21.27.0 ‘11200 1-6
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APPENDIX IV QObtrired foam Shutien and Eﬁma.[zlslmﬂ_n_um

-

Optinun=-Mixture=Deaten Procodure

The sequentianl alept lor optioum mixture deslen of pap=praded roncrece
are as follows:

L (1) HKeke the reauired 28=dav comrressive stronnth. Turn to Fip. 1a,

Enter ac the "compressive atrenrth” value oan (ts ascale until his

the curve L Fig. l{a), dron to ahsarissa and note the "optirun .

coement content™ value. Then turn up until]l blt the eurve in Flp,

L(b), turn to the left seale and note the "water-cement ratia,”

(2) Turn to Fi¢, 2. Enter the Tontimum cement content” value on s
scale, turn up and reflect to the left scale, and note the “arpre=
gate-cement ratlo."

(1) Move to Fir. ), enter "watcr cement ratin” on fts ceale, turn un
and reflect to the left scale, and note the "Vehe tine.” i

(4) Usine resules of Steps (1), (2), and (3), ealculate welplits of
apgrepales amd water for each cuble vard af ecnncrete.

{3) Unless otherwise more accuratelv determined for piven coarde and

fine apprepates, they may be apportiencd by weleht as 0,875 cearse
and 0.365 finc and use sizc¢ ranpes piven in Table 2.

(6) Adjume water requirement with moloture content ol abscaro fon ranac=

ity of appreeates,

(7) Add appropriate %ind and amcunt nf additives as mix and service
conditions would require.

() Verify mix Jdeaipn by tests sl revice | necpnsary,

Cormentary on the Froposed Method and M'rocedure

The above procedure han been evolved from optimal teat rezalts presented
in Flen. L te 3, and Ia applicable to the type of coarar and fine averepates
used in this fnvestipgation, the mixes containing 5 percent {(hy woluoe) en=
trained air. For these mixes, the above procedure directly pliven the quan-
city of cement per cubic yard of cencrete, water-cement ratio. arrrepate=
cement ratio, the workabiliev in termw of Vebe tine, and the amourt ef vihra=-

tian time regulred Foy proper contnolidat tan,

When the speckfie pravities of the aepresated avallable are ronslderably
different [rom the ones used in this tuvestieation. the followine sliehtly
madifled procedure is recommended: (1) Determine the auantities of ce=cn:
and water from fieures 1{a) and 1{b), then (2) with a knowledre af the do-
sired air=content aod spectf e pravicten of the materlala o he anesdl, sal=
culate the absalute volume of arefevaten thar @111 be Yeguired to swradare a
cuble yard of convrete. The mixture proporilons so ebtained eould e veri-
fied by tests and revised Lf necesrarv.

Vel thwe vaefon frem 4 weennts (for

For the maturity of oplinum flxes
M =g | et rest ey ot vk

abvut SIM=pad ciomciete) o Y seronds (Lar abenat
correspond to slumps of 2 1/2 in, and 178 in. resncetlvely.,  The precent
laboratory atudics show that all these mixea can be pronerly consnlidaged
and well finished. Yith the avallability of eadern vibratine caufrrent,
there could be no prablem at tob attes o achiove full ronpaction,

Althouph L oot leom mixture desten provedare as been bovast an e
pradings of agpreeat riven in Table 2, for any lecally avallable anuadg

agprepates, it s evoplhisvized to ennduct nilo: tests to determine {f there
he better pap eradines fon coarse and fine arprevatos,




optimum
mixture
proportionlng

Table 1. optimal pata and Test Results for nan-ﬂrsdcd Concrete

HMaximum Hager= Approeate= 1R=Dav
size of Cement Coment Cement Vehe Compres=
Coarse Content Ratio Ratlio Time sive
Apgregate (Ly wE.) (by wt.) strenvth
{in.) (1b/eu vd) {sec) (rsi)
(1) (2) (3 (&) (5 (h)
1/2 825 0,35 3.40 9 7369
6595 n.45 4.50 7 h169
455 0.55 7.00 5 4784
LL5 0.65 7.00 4 37174
/4 765 0,35 1.75 a 6819
530 .45 6.00 7 5939
4D 0.55 5.50 4 4279
440 0,.h5 7.00 2 3499
1 725 0,3 4.20 g h5346
535 n.45 .00 8 5061
4l1% 0.55% 7.m0 7 L5n°
&0 n.65 8.00 5 3311
1 1/2 615 n,3% 4,50 ) K219
§41) N 45 .09 fa9 Hihl
430 0.5 1.50 4 K14l
365 0,65 9.n0 & Ihlk
Toble 2. Gap Gradinps of Coarne and Finc Appreeatef for Gan=Graded Concrete
Coarse Ampremate Fine Apmrepate
(63.5% by welpht)® {36.5% by weleht)®
Gleve Size (in.) 5i{eve Size {No.)
passinge Retained rassing Retained
112 1 4 ‘B
1 3ls ] 16
34 1/2 8 16
1/2 3/8 1h n

*These percentages were -xr:rimcntal results for the crushed 1imestone and
sand used in the authers’ investtrntton-. For different apprepates, the
optimum percentages mav be slightly different.
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