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PREFACE 

T H E book describes the propert ies of concrete , its manufac tu re 
a n d use in bu i ld ing a n d civil engineer ing construct ion. A 
scientific a p p r o a c h to the propert ies of mater ia ls a n d concrete 
has been un i ted wi th a prac t ica l a p p r o a c h to me thods of 
construct ion. 

T h e book is in t ended to be useful to the s tudent a n d g r a d u a t e 
engineer as well as a reference book for the site engineer . T o 
this end the theoret ical a n d pract ica l considerat ions have been 
combined in a degree found necessary in the Au thor ' s prac t ica l 
experience. 

T h e subject of concrete is vast a n d the l i te ra ture on it is 
extensive, b u t a selective hst of references for further s tudy of 
indiv idual aspects of the subject is provided . 

Informat ion is inc luded from m a n y sources b u t the A u t h o r 
has endeavoured to give credi t to these references. M a n y of the 
d iagrams , g raphs a n d i l lustrations a re based on publ i shed 
information, the source of which has in each case been acknow­
ledged. T h e plates to C h a p t e r 7 a re from pho tog raphs kindly 
m a d e avai lable by the C e m e n t a n d Concre te Association. 

I n the p repa ra t i on of this work the A u t h o r has h a d the 
advan tage of the generous he lp of his colleagues, b u t in 
par t i cu la r wishes to acknowledge wi th thanks the assistance of 
M r . R. G. D . Smi th -Gande r . I n add i t ion he expresses g ra t i t ude 
to his wife for he r efforts in the p r e p a r a t i o n of the script for 
pr in t ing . 

T . N . W . A. 



C H A P T E R 1 

THE PROPERTIES OF COHCRETE 

Introduction 
Concrete is a construct ional ma te r i a l which consists essentially 

of a b ind ing agent a n d a minera l filler. T h e b ind ing agen t is 
an hydrau l ic cemen t which develops its s t rength w h e n mixed 
wi th wa te r and , by hydra t ion , changes from a loose p o w d e r to 
a ha rd , bri t t le , stone-like mate r ia l . 

A n u m b e r of cements are in use, the most c o m m o n be ing 
o rd ina ry Por t l and . O t h e r cements in c o m m o n use are blast­
furnace slag, h igh a l u m i n a a n d super-su lphated cements . T h e 
manufac tu re a n d propert ies of these a re described in C h a p t e r 2. 

W h e n cement reacts wi th wa te r p a r t of the wa te r is chemical ly 
combined , b u t the r e m a i n d e r dries out , causing the set cemen t 
to shrink. T o overcome the d isadvantages of this shr inkage a n d 
to reduce the cost — for cement is relatively expensive — an 
iner t filler is used. This usually consists of large, m e d i u m a n d 
small pieces of rock combined wi th sand. I n p roper ly mixed 
concrete the filler is coated wi th a layer of cemen t paste , a n d 
the react ion of the cement wi th the w a t e r combines the whole 
mass in to concrete . 

T h e filler, or aggregate , as it is t e rmed , forms a b o u t 7 5 % by 
vo lume of the whole . Var ious mater ia ls m a y be used as 
aggregate , the most c o m m o n be ing na tu ra l ly occur r ing sand 
a n d gravel . M a n u f a c t u r e d aggregates a re also used, pa r t i cu ­
larly those of low densi ty ; cer ta in o ther aggregates a re used for 
special purposes, such as the shielding for a n a tomic reac tor . 
T h e var ious aggregates , their proper t ies a n d me thods of 
p repara t ion , a re described in C h a p t e r 2. 

Concre te is used for a wide var ie ty of purposes — as a 
foundat ion a n d s t ruc tura l ma te r i a l , as a waUing mate r i a l , a n d 
as a Hghtweight mate r ia l for insulat ion. I t is used for the 
construct ion of roads , airfields, bui ldings , wa te r - r e t a in ing 
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Structures, docks, ha rbours a n d sea defences. I t follows, there­
fore, t ha t all the various propert ies of concrete are of interest to 
the engineer, their relat ive impor t ance depend ing u p o n the 
use to which it is pu t . 

As a s t ruc tura l mater ia l , s t rength is i m p o r t a n t ; in const ruc­
tion, however, simplicity a n d control of manufac tu re a re 
necessary. For docks, ha rbour s a n d sea defences, resistance to 
seawater is requi red as well as s t rength. I n road construct ion, 
freedom from cracking a n d resistance to abras ion a n d frost a re 
impor t an t . T h e various propert ies of concrete can be a l tered 
by vary ing the propor t ions of the cement , wa te r a n d aggregate , 
a n d by choosing an app rop r i a t e aggregate . Th is p ropor t ion ing 
is known as mix design, a n d is described in C h a p t e r 3. 

Before the propor t ions of the various consti tuents can be 
decided, it is essential to know something of the general p roper ­
ties of concrete , a n d it is the purpose of the r e m a i n d e r of this 
chap te r to describe these. T h e first section describes the 
propert ies of the plastic concrete after mixing, a n d the second 
section deals wi th the propert ies of the set concrete . Var ious 
o ther propert ies are discussed la ter in the book, e.g. resistance 
to deter iora t ion is described in C h a p t e r 6. 

Before considering the general propert ies of concrete , its 
l imitat ions should be realized. I t m a y have a h igh compressive 
s t rength u p to 10,000 p.s.i. b u t has only a low tensile s t rength 
of abou t one- ten th of the compressive s t rength, a n d thus needs 
to be reinforced wi th steel to form a s t ruc tura l m e m b e r . Con­
crete also changes wi th age, its s t rength g radua l ly increases a n d 
it dries out . As it dries it shrinks, a n d hence it is cont inua l ly 
subject to slight changes in length wi th t ime. I t also expands 
a n d contracts wi th changes in t empera tu re . T o avoid excessive 
cracking which might result from drying, shr inkage or t empe ra ­
ture movement , steel-mesh mus t be provided in association 
wi th expansion jo in ts . Concre te is slightly p e r m e a b l e to 
moisture a n d d a m p a n d canno t be used in si tuations where 
complete impermeabiUty is requi red . 

T h e m a i n d isadvantage of concrete is t ha t the use of poor 
mater ia ls a n d inferior workmansh ip , together wi th ina t t en t ion 
to detai l in manufac tu re , result in a construct ion mate r i a l of 
little va lue or use. 
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Good concrete is m a d e from cement , aggregates a n d w a t e r ; 
poor concrete is m a d e from exactly the same mater ia ls . 

Properties of plastic or wet concrete 
Plastic concrete is a freshly mixed ma te r i a l wh ich can be 

cast in to various shapes. O n be ing al lowed to s tand it will set 
and take the shape of the m o u l d a n d r e m a i n rigid. 

T h e relative amoun t s of cement , aggregates a n d wa te r mixed 
together control the propert ies in the wet state as well as in the 
h a r d e n e d s ta te ; for example , the m o r e wa te r a n d cement t ha t 
is added , the wet ter a n d more fluid will be the concrete . 

T h e i m p o r t a n t propert ies in the plastic state are workabi l i ty , 
harshness or cohesiveness of the mix, resistance to segregat ion, 
a n d bleeding. 

Workability 
WorkabiHty is a character is t ic t ha t is familiar to engineers 

b u t is difficult to define. 
By workabiUty is usually m e a n t the ease wi th which concre te 

can be hand l ed from the mixer to its final ful ly-compacted 
position. This includes the facility wi th which it can be cha rged 
into a n d discharged from the conveying equ ipmen t , the ease 
wi th which it can be placed in the formwork, a n d the a m o u n t 
of v ibra t ion necessary for full compac t ion . N o n e of these 
propert ies can be measured by any prac t ica l m e t h o d a n d in 
fact workab ih ty never is measured , a l though the compac t ing 
factor a n d Vee Bee a p p a r a t u s are used to measure cer ta in 
empir ical propert ies which are usually t e rmed workabi l i ty . 
T h e compac t ing factor a p p a r a t u s gives a measure of the in te rna l 
work requi red to compac t the concrete . T h e Vee Bee test was 
also devised to measure workabi l i ty b u t aga in only in the 
restricted sense of the in te rna l work of compac t ion . T h e equ ip ­
m e n t used to measure the compac t ing factor a n d V e e Bee 
degrees are shown in Pla te 1. 

Knowledge of the workab ih ty is most necessary in the 
p roduc t ion of a " well-designed " concrete mix. I t is the use of 
this knowledge tha t forms the a r t of mix design, because there 
are too m a n y variables which afifect workab ih ty for it to be 
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Plate I. Slump cone, compacting factor and vee bee apparatus. 

possible to link t h e m mathemat ica l ly . T h e following factors 
affect the workabi l i ty of concre te : 

the overall g r ad ing of the aggregate a n d the shape 
angular i ty a n d surface tex ture of the coarse a n d fine 
aggregates ; 

the quan t i t y of wa te r per cubic y a r d of concre te ; 
the ra t io of coarse to fine aggregate a n d thei r bu lk 

densit ies; 
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t he m a x i m u m size of the aggrega te ; 
the capac i ty of the aggregates to absorb water . 

A change in one p rope r ty of a n aggregate affects the o the r 
propert ies , so t ha t a change of g r ad ing will affect the bu lk 
density, the ra t io of coarse to fine aggregate a n d the w a t e r 
absorpt ion. 

T o apprec ia te h o w a concrete c a n b e ob t a ined wi th t he 
necessary workabiUty combined wi th o the r requ i red proper t ies , 
the effects of these var ious factors mus t be considered. 

Different types of aggregate p r o d u c e different degrees of 
workabi l i ty . T h e most workable concrete is p roduced b y using 
smooth r o u n d e d aggregate , pa r t i cu la r ly wa te r -worn gravels, 
such as those of say the T r e n t Val ley . T h e workabi l i ty is 
reduced w h e n flaky or e longated part icles or c rushed rock 
aggregates are used. 

T h e par t ic le shape affects the densi ty of packing . Th i s m a y 
be shown by car ry ing out a bu lk densi ty test on aggregates 
which differ only by their be ing r o u n d e d or angu la r . T h e r e is a 
direct re la t ion be tween angular i ty a n d workabi l i ty : a n increase 
in angular i ty reduces workabi l i ty . Increased flakiness a n d 
elongat ion also reduces workabi l i ty , b u t the effect of angu la r i ty 
is grea ter t h a n t ha t of ei ther of these. T h e m e a s u r e m e n t of 
angular i ty of single-sized aggregates , a n d the use of this 
figure in the design of mixes is described in C h a p t e r 3 . 

T h e absorpt ive capac i ty of a n aggrega te also has a n effect on 
workabil i ty, in t ha t a non-sa tu ra t ed aggrega te wi th h igh 
absorpt ion will t end to reduce the avai lable wa te r in a mix , 
b u t this factor is only of secondary i m p o r t a n c e in most site work . 

T h e surface texture of the aggrega te is also k n o w n to have 
a n effect on bo th the workabi l i ty a n d the s t rength of the 
concrete , b u t the difficulties of measu r ing it a n d app ly ing the 
results a re such t ha t this factor c anno t be t aken in to account . 

T h e effect of the g rad ing is no t cons tant b u t depends u p o n 
the cement a n d wa te r content . T h e g r ad ing is of little impor ­
tance in r ich mixes b u t becomes m o r e i m p o r t a n t w h e n lean 
mixes of h igh workabi l i ty a re r equ i red . I t is of less i m p o r t a n c e 
wi th r o u n d e d aggregates a n d is m o r e i m p o r t a n t for c rushed 
rock aggregates . Examples of the var ia t ion of workab ih ty wi th 
g rad ing a re given in Figs. 3.3 to 3 .11 . 
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For any one value of the wa te r / cemen t ra t io there is one 
propor t ion of sand to coarse aggregate t ha t produces the 
greatest workabih ty , b u t this can often be de te rmined only by 
exper iment . Fo r cont inuous gradings , the p ropor t ion of sand 
m a y be 30 to 35 per cen t ; for gap-g raded concretes, the 
p ropor t ion m a y be 28 to 30 per cent . 

Segregation 

This is the mechan ica l re-sort ing of the concrete in to its 
const i tuent par t s . T h e large aggregate is separa ted from 
the cement m o r t a r a n d becomes devoid of fine ma te r i a l . 
Segregat ion is caused by b a d hand l ing a n d p lac ing wh ich 
breaks u p the cohesion of the mass of concrete . Chutes , 
conveyor belts a n d o ther methods of d ischarging concrete in to 
a coned h e a p cause segregation. T h e coarse stone rolls d o w n 
the h e a p a n d segregates a t the bo t tom. 

Segregat ion can also be p roduced by over -v ibra t ion ; this 
causes the large aggregate to sink to the bo t t om a n d displace 
the fine m o r t a r upwards , b u t such segregation usually only 
takes place wi th very wet mixes, really unsui table for v ib ra t ion . 

Bleeding 
Bleeding is the separa t ion from the wet concrete of 

wa te r or wa te r a n d cement , a n d m a y be associated wi th wet 
segregation. T h e sohd part icles of coarse a n d fine aggregate 
settle, wi th a consequent rise of the wa te r or a w a t e r / c emen t 
mix ture . This produces a weak surface which in the case of a 
road slab will dis integrate . Bleeding is usually due to too m u c h 
wa te r a n d a lack of fine mater ia l , a n d can be r emed ied by 
propor t ion ing the mix to inc lude more sand a n d if necessary 
more cement . Bleeding m a y also take place by the escape of 
cement slurry from between the jo ints of the formwork. Th i s 
results in unsightly honeycombing a n d can be r emed ied only 
by be t te r construct ion of the formwork. 

Properties of hardened concrete 
T h e propert ies of concrete in the plastic state are i m p o r t a n t 

only in the construct ion stage, whereas the propert ies of 
concrete in the h a r d e n e d state are i m p o r t a n t for the r e m a i n d e r 
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of its life. I n pract ice , however , it is impossible to consider 
bo th sets of propert ies separately, as they affect each o ther . 
T h e y are so in te r twined t h a t they always have to be considered 
together , a n d in a t t emp t ing to a t t a in one p rope r ty a c o m p r o ­
mise has to be m a d e in the o ther proper t ies . For example , h igh-
s t rength concrete wi th low shr inkage can be achieved only by 
the use of a low rat io of wa te r to cemen t a n d a h igh p ropor t ion 
of large aggregate . Such a mix will p robab ly be harsh a n d 
unworkab le in the plastic state. If it is to be p laced in th in 
sections it needs to be workable a n d somewha t cohesive, a n d 
a large aggregate canno t be used. T h e workabi l i ty will have 
to be increased, the mix m a d e r icher in cement , a n d the tota l 
wa te r conten t increased, all of wh ich will t end to increase the 
shr inkage. 

T h e m a i n propert ies of h a r d e n e d concrete a re s t rength , 
permeabi l i ty , shr inkage, elasticity a n d creep. T h e y all change 
wi th t ime a n d depend upon , or a re affected by, the mois ture 
content of the concrete . 

I n bu i ld ing construct ion, s t rength , elasticity a n d c reep a re 
i m p o r t a n t ; in wate r - re ta in ing s t ructures , r educed shr inkage 
a n d h igh impermeab i l i ty a re as i m p o r t a n t as s t r eng th ; in a 
road slab, s t rength a n d resistance to de ter iora t ion a re equal ly 
impor t an t . T h u s it is impossible to say t ha t one p rope r ty is 
more i m p o r t a n t t h a n ano ther . However , as the s t rength of 
concrete increases, t he o ther proper t ies of concre te improve , 
so s t rength is often considered as the most i m p o r t a n t p rope r ty 
of concrete , a n d to some extent there is justif ication for this 
view. 

Strength of concrete 

T h e s t rength of concre te is its resistance to r u p t u r e , 
and m a y be measured in a n u m b e r of ways. T h u s we have 
the s t rength in compression, in tension, in shear a n d in 
flexure. All these define s t rength by reference to a m e t h o d of 
test ing; some methods de te rmine basic proper t ies of the 
mate r ia l whilst others do not . Concre te is a br i t t le ma te r i a l 
wi th a compressive s t rength a b o u t ten t imes its tensile s t rength . 
W h e n it fails u n d e r a compressive load the failure is essentially 
a mix ture of crushing a n d shear failure. T h e mechanics of 
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failure a re no t yet fully unders tood , b u t a n app rox ima t ion to 
the failure load can be m a d e by assuming t ha t the concrete , 
in resisting failure, generates b o t h cohesion a n d in te rna l 
friction. I t can be shown tha t wi th such an assumpt ion the 
basic shear s t rength is given by the C o u l o m b equa t ion 

s = c -\- σ t a n φ 
where 

s = shear s t rength 
c = cohesion 
σ = i n t e r -g ranu la r stress 
φ = angle of in te rna l friction 

T h e shear s t rength m a y be de te rmined by subject ing 
concrete to three-dimensional load ing in a t r iaxial compression 
test ; the concrete is loaded in compression in two direct ions 
a t r ight-angles, whilst be ing loaded to failure in the th i rd 
direct ion. T h e results of such a test show t h a t the resistance 
to failure increases as the la tera l load ing increases by a b o u t 
three or four t imes the la tera l loading, so t ha t concre te wh ich 
migh t fail a t 3000 p.s.i . w i thou t la tera l loading would fail a t a 
stress of 6000-7000 p.s.i . wi th a la tera l loading of 1000 p.s.i . 
See Fig. 1.1. I n o ther words a concrete cyl inder immersed in a 
Uquid a t a pressure of 1000 p.s.i. would fail a t a compressive 
stress of 6000-7000 p.s.i. whereas , if tested in air, it wou ld fail a t 
3000 p.s.i . I t follows from this t h a t where concrete is la teral ly 
res t ra ined it will fail a t a h igher stress t h a n w h e n unres t ra ined . 

T h e tr iaxial test measures a basic p rope r ty of the m a t e r i a l ; 
i t is difficult to car ry out , however , a n d it is easier to measure 
the s t rength of concrete by a tensile, flexural or compression 
test, the most usual of which is the compression test. 

Tensile Strength. I n the simphfied methods of design descr ibed 
in the Code of Pract ice C P 114 it is assumed t h a t concrete does 
no t resist tension. Since cracks a re caused by shr inkage, 
concrete canno t be relied u p o n to resist tension d u r i n g flexure, 
b u t a t the same t ime concrete does possess a tensile s t rength . 
Its tensile s t rength is approx imate ly 10 per cent of the com­
pressive s t rength, b u t m a y va ry from a b o u t 8 pe r cent to 
20 per cent depend ing u p o n its age, the type a n d quaUty of 
the cement , a n d the aggregates . 

Tens ion tests used to be carr ied ou t on br iquet tes , b u t the 
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results depended too m u c h u p o n the opera tor ' s own personal 
abil i ty to be of m u c h va lue . O t h e r forms of test have been 
carr ied out , b u t the simplest is the tensile test on a concrete 
cylinder. Th is is performed by spli t t ing the cyl inder longi tu­
dinal ly by load ing it in compression a long its length . Th i s 
produces a tensile failure vert ical ly across the d i ame te r of the 
cylinder. 

Flexural Strength. T h e s t rength of concrete for pavemen t s a n d 
roads is often specified as a flexural s t rength . T h e flexural 
s t rength is k n o w n as the modu lus of r u p t u r e , a n d is d e t e r m i n e d 
from tests on b e a m s : 

modu lus of r u p t u r e = 

whe re 
Ρ = load to cause failure 
L = span be tween suppor ts 
b = w id th of b e a m 
d = d e p t h of b e a m 

T h e beams , 28 in. long a n d 6 X 6 in . cross-section, or 16 in. 
long a n d 4 χ 4 in . cross-section, a re tested in b e n d i n g u n d e r 
th i rd-poin t load ing a n d the stress de te rmined . 

Concre te of p a v e m e n t qua l i ty m a y have a compressive 
s t rength of 4000 p.s.i. in which case the modu lus of r u p t u r e will 
be a b o u t 600 p.s.i. see Fig. 1.2. 

Compression Strength. T h e compression s t rength is the max i ­
m u m load per un i t a r ea sustained by a concrete spec imen 
before failure in compression. I n this coun t ry the usual test 
is the crushing of a 6 in. cube in a compression mach ine , 
loaded a t the ra te of 2000 p.s.i. pe r m i n u t e . 

T h e test is s imple to ca r ry ou t a n d the results, a l t hough 
difficult to in te rpre t in te rms of ac tua l s t rength , are associated 
wi th a large a m o u n t of bu i ld ing a n d engineer ing exper ience. 

M a n y of the i m p o r t a n t proper t ies of concrete improve wi th 
increase in s t reng th ; density is m o r e or less increased, porosi ty 
a n d permeabi l i ty a re reduced , a n d resistance to de te r iora t ion 
increased, so t ha t s t rength m a y be used as a cr i ter ion of qual i ty . 
I t is this fact combined wi th the use of the compression s t rength 
in s t ruc tura l design t h a t has p laced the compression s t rength 
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in the u n i q u e posit ion of be ing used as a cr i ter ion of concre te 
qual i ty , whereas in fact, the qua l i ty of concrete is a measure 
of its uniformity of s t rength a n d workabi l i ty (see C h a p t e r 5 
on qual i ty control ) . 

Most s t ruc tura l concrete is p ropor t ioned to have a s t rength 
of 3000-4500 p.s.i. a t 28 days. W i t h a factor of safety of 3 , 
this gives permissible design stresses of 1000 to 1500 p.s.i . 
Prestressed concrete is usually requ i red to have a s t rength of 
7000-8000 p.s.i . a t 28 days . I n pre- tensioned prestressed 
concrete there is a further r equ i remen t , name ly the s t rength 
a t the t ime of release of the wires, wh ich is usual ly 5000-6000 
p.s.i. a t 3 days after casting. 
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Fig. 1.3. Relationship of compressive strength and water/cement 
ratio for ordinary Portland cement. 

T h e compression s t rength of mass concrete m a y be only 
1000-2000 p.s.i. a n d of dry- lean concrete 500-1000 p.s.i . 

T h e s t rength of concrete increases wi th t ime a n d t e m p e r a ­
tu re . A given s t rength m a y be achieved by keeping the 
concrete for a long t ime a t a low t e m p e r a t u r e or a shor ter t ime 
a t a h igher t empe ra tu r e . For n o r m a l t empera tu res of cur ing 
u p to say 60°C, there is a re la t ionship be tween the s t rength 
of concrete a n d the p roduc t of t ime X t e m p e r a t u r e . Th i s 
p roduc t is t e rmed the ma tu r i t y . A t t empera tu res o the r t h a n 
n o r m a l a m b i e n t t empera tu res the behav iour is different. Sau l 
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has shown tha t a t low t empera tu res once concrete has r eached 
a cer ta in init ial s t rength a t a t e m p e r a t u r e above freezing, 
t hen it cont inues to gain s t rength even d o w n to — 10°C. 
P l o w m a n has re la ted the s t rength of concrete a t a given 
ma tu r i t y to the s t rength of concrete at 28 days w h e n cured a t 
64°F ( s tandard condit ions of cur ing B.S. 1881) a n d has 
taken 11°F as the t e m p e r a t u r e be low which concrete does no t 
cont inue to increase in s t rength once it has h a r d e n e d . T h e 
relat ionship devised by P l o w m a n is useful for ca lcula t ing the 
s t rength of Por t l and cement concre te a t var ious ages once the 
s t rength a t a given m a t u r i t y is known . T h e equa t ion a n d 
g r a p h for car ry ing out such a calcula t ion is given in Fig. 1.4. 

A t h igh t empera tu res , there is no t the same direct re la t ion­
ship, b u t there is still a re la t ionship be tween the s t rength 
result ing from any one m a t u r i t y a n d t h a t of concrete a t 28 days 
cured a t 64°F. Th i s has led the A u t h o r to develop a m e t h o d 
of testing concrete a t early ages after boi l ing to pred ic t the 
s t rength a t 28 days. 

T h e effect of s team cur ing of concre te is discussed in 
C h a p t e r 4. 

T h e direct re la t ionship of s t rength to m a t u r i t y varies w i th 
the composi t ion of the concre te a n d the type a n d quaUty of the 
cement . Typ ica l var ia t ions of s t rength wi th t ime for different 
cements a re given in Fig. 2.2. 

Influence of Various Factors on Strength, W a t e r : T h e influence 
of var ious factors on the s t rength of concre te has to be t aken 
in to accoun t in the successful p ropor t ion ing of the componen t s 
of a mix to achieve the desired proper t ies . T h e first factor is 
the influence of wate r . T h e s t rength is largely de t e rmined b y 
the ra t io of wa te r to c e m e n t ; the h igher the w a t e r / c e m e n t ra t io , 
the lower the s t rength . As the a m o u n t of wa te r increases above 
tha t necessary for comple te hyd ra t i on of the cemen t (water / 
cement ra t io of a b o u t 0-22 to 0-25) it mere ly produces a m o r e 
porous s t ruc ture a n d results in a decrease in s t rength . Concre te 
wi th a wa te r / cemen t ra t io of 0*25 c a n n o t be m a d e , because i t 
canno t be fully compac ted . T h e re la t ion be tween s t rength a n d 
wa te r / cemen t ra t io first de t e rmined b y A b r a m s is in fact m o r e 
compl ica ted t h a n tha t shown in Fig. 1.3. T h e r e is no t j u s t a 
single re la t ion bu t a n u m b e r of relat ions. For example , as the 
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mix becomes wet a n d very workable , the s t rength falls off from 
tha t which would be predic ted from Fig. 1.3. Similarly, as the 
mix becomes too d ry it becomes impossible to c o m p a c t fully, 
a n d aga in the s t rength is less t h a n would be expected. If, 
however , the mix propor t ions are changed so t ha t the concrete 
is ne i ther too wet nor too dry , then wi th in these limits the wate r / 
cement ra t io curve holds good. I t can be shown tha t the 
a m o u n t of air in the concrete affects the s t rength, a n d tha t 
s t rength is p ropor t iona l to the ra t io of cement to wa te r plus air, 
see Fig. 2.14. 

I n fresh concrete , the aggregates conta in w a t e r ; if the 
aggregates a re d ry w h e n p laced in the mixer, they absorb 
wa te r a n d leave less avai lable for mix ing wi th the c e m e n t ; if 
the aggregates are sa tu ra ted a n d conta in wa te r in the interstices, 
this will m a k e the mix wet ter . Between these two condi t ions 
there exists one in which the aggregates ne i ther de t rac t from 
nor a d d to the wa te r a d d e d for mixing wi th the cement . Th i s 
is w h e n the aggregates are sa tu ra ted inside b u t d ry on the 
surface, i.e. sa tura ted , surface dry , a condi t ion s imple to 
specify b u t difficult to measure accurate ly . As far as s t rength 
is concerned, the effective wa te r / cemen t ra t io is the ra t io of the 
a m o u n t of water , added to a mix w h e n the aggregates a re 
sa tura ted surface dry , to the a m o u n t of cement . 
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T h e effect of absorpt ion of wa te r by the aggregates is impor ­
t an t w h e n different aggregates are used a n d w h e n the aggrega te / 
cement ra t io is changed , a n d in the l abora to ry w h e n tr ia l 
mixes a re be ing m a d e . Most of the difficulties concern ing the 
effective wa te r / cemen t ra t io in a tr ial mix can be resolved by 
car ry ing out tr ial mixing using the proposed aggregates in a 
condi t ion closely app rox ima t ing to their condi t ion on the site. 

T h e s t rength is affected not only by the wa te r / cemen t ra t io , 
b u t also by the total quan t i t y of wa te r used per un i t vo lume , 
so tha t if the wa te r / cemen t ra t io is m a i n t a i n e d cons tan t b u t 
the mix propor t ions var ied so t ha t less wa te r is requ i red pe r 
cubic ya rd of mix, then tha t mix will be s tronger. T h e increase 
m a y be of the order of 250 to 500 p.s.i. in favourable cases. 

Aggregates : T h e size a n d shape of the aggregates , a n d the 
aggrega te /cement ra t io all affect s t rength. A mix con ta in ing 
large aggregate u p to 1 | in. size will have a h igher s t rength 
t h a n a mix conta in ing smaller aggregate , a n d a concre te 
conta in ing crushed rock will have a h igher s t rength t h a n a 
similar concrete m a d e wi th a rounded aggregate . These facts 
can be explained by visualizing the failure of concrete as be ing 
due to a shear ing act ion th rough the m o r t a r . I t follows t h a t 
shear ing th rough the aggregate will take place if this forms the 
weakest pa th , bu t the shear p a t h will be r o u n d the aggrega te 
if the aggregate surface is smooth a n d the resistance genera ted 
r o u n d the aggregate is less t h a n t h a t t h r o u g h it. T h e shear 
force a n d hence the s t rength will also be larger if the aggrega te 
forms a larger p ropor t ion of the whole , or if la rger aggrega te 
is used. T h e larger the ra t io of aggregate to cement , the h igher 
is the s t rength for the same wa te r / cemen t ra t io a n d workabi l i ty . 

Mix ing , Placing, C o m p a c t i n g a n d C u r i n g : T h e s t rength of 
concrete is also affected by the efficiency of mixing, p lac ing, 
compac t ing a n d cur ing . Poor mix ing results in a b a d dis t r ibu­
t ion of the coarse a n d fine aggregates t h rough the mix, so t ha t 
some par t s are lean a n d some par t s r ich in cemen t m o r t a r . 
T h e lean par t s a re not fully compac ted , whilst the r ich par t s 
m a y be over -compacted , result ing in some wet segregat ion. 
Poor p lac ing also results in an u n e q u a l d is t r ibut ion of the 
various par ts of the mix . For example , if concrete is d r o p p e d 
th rough a mesh of reinforcing bars , the bars will act as a filter 
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a n d the coarse aggregate will be separa ted from the fine. 
Similarly, if concrete is d r o p p e d freely from m o r e t h a n 8 ft, 
or is al lowed to form cones at the b o t t o m of the formwork, lean 
patches devoid of m o r t a r will be formed, which no a m o u n t of 
compac t ion will t u r n in to concrete . 

P roper compac t ion is essential for the deve lopment of the 
full s t rength. Wel l -compac ted concrete m a y conta in | to 1 pe r 
cent of air voids ; normal ly compac ted concrete p robab ly con­
tains 1 | to 2 pe r cen t ; the air conten t reduces the s t rength (see 
Fig. 1.5), every 1 per cent of air voids r educ ing the s t rength by 

30 40 50 60 70 

Reduction in compressive strength, 7o 

Fig. 1.5. Effect of air voids on compressive strength. 

a b o u t 5 per cent . U n v i b r a t e d concrete m a y conta in 5 pe r cent 
of air voids, a n d in such a n u n c o m p a c t e d state m a y have a 
s t rength only two-thirds o f t h a t possible. Concre te which is too 
wet to be v ibra ted , because v ibra t ion would cause wet segrega­
tion, will still conta in some air voids t r a p p e d r o u n d the aggrega te 
particles so t ha t besides hav ing a low s t rength due to a h igh 
wa te r / cemen t ra t io , i t has an even lower s t rength because of 
incomple te compac t ion . 

D r y mixes of low workabi l i ty , if adequa te ly compac ted b y 
vibra t ion, have h igher s trengths t h a n more workab le mixes 
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with the same wa te r / cemen t ra t io . Th i s m a y be d u e to t he fact 
t ha t the n o r m a l re la t ion be tween s t rength a n d w a t e r / c e m e n t 
ra t io is based on a concrete which has 1 | to 2 pe r cent a i r voids 
present . W i t h a dr ier mix, i t is possible by pro longed v ib ra t ion 
to reduce the air voids to below 1 pe r cent wi th a consequent 
increase in the s t rength . 

I m p r o p e r cur ing will also result in a lower s t rength , a n d it 
is therefore essential t h a t cur ing be car r ied ou t p roper ly . P rope r 
cur ing depends u p o n the presence of sufficient mois ture a n d 
hea t to ensure t ha t the cemen t is adequa te ly h y d r a t e d . I t 
follows, therefore, t h a t the cur ing t ime in win te r will be longer 
t h a n in summer , a n d a m i n i m u m of 7 days in win te r a n d 3 in 
s u m m e r is often necessary. 

The Compression Strength Test, I t has a l ready been men t ioned 
t h a t the 6 in. cube is used to de te rmine the compression s t rength 
of concrete . Th i s size of cube is used on site work whe re the 
large aggregate does no t exceed \ \ in . Fo r concrete con ta in ing 
2 or 3 in. aggregate , 8 a n d 10 in . cubes a re sometimes used, b u t 
where the cube size is less t h a n 4 t imes the size of the la rge 
aggregate it is usual to r emove the la rge aggrega te before 
m a k i n g cube specimens. 

For l abora to ry work, w h e n the aggrega te does no t exceed 
f in. , 4 in. cubes a re sometimes used ; the cube s t rength increases 
wi th a reduc t ion in the cube size, however , so t h a t 4 in . cubes 
give a compression s t rength some 5 to 10 pe r cent g rea te r t h a n 
6 in . cubes. Th is s t rength is p ropor t iona l ly r educed for cubes 
larger t h a n 6 in . (see Fig. 1.6). O n the Con t inen t the usua l 
size of cube is a b o u t 8 in. 

T h e compression s t rength m a y also be de t e rmined from 
concrete cylinders. T h e usual size is 6 in. d i ame te r by 12in. 
long. T h e cylinders a re loaded in the compression m a c h i n e in 
m u c h the same m a n n e r as for cube crushing, b u t whereas 
cubes a re c rushed be tween faces cast in the mou ld , cylinders 
must be capped a t the ends, a n d this is usual ly done wi th h igh 
a lumina cement . CyUnders of concrete m a y be cut from ei ther 
p la in or reinforced concrete using a d i a m o n d drill , a n d the 
compression s t rength de t e rmined after the ends have been 
capped . T h e length of the cyUnder affects the results, a n d 
wherever possible the length should be be tween 2 a n d 3 t imes 
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Fig. 1.6. Strength of cubes of various sizes as per cent of 6 in. cubes. 

the d iameter . If the length of the cyl inder is less t h a n this, the 
measured s t rength increases as the length is r e d u c e d ; this can 
be corrected by using Fig. 1.7. Since the compression s t rength 
of 6 in. cubes a t 28 days is the usual cr i ter ion of s t rength , t hen 
a further correct ion mus t be m a d e if tests a re car r ied ou t a t 
o ther ages. I n addi t ion , the s t rength as measured from a 
cyl inder is less t h a n t ha t from a cube , a n d it is necessary to 
correct for this (see Fig. 1.8). 

Al though a t first sight the compression test appears to b e a 
s imple one, i t is in fact, difficult to assess the s ta te of stress wh ich 

llOi 
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leads to failure. T h e stress d is t r ibut ion in a cyUnder wi th the 
height equa l to twice the d i ame te r is less complex , in t h a t t he 
midd le half of the specimen is subject only to compressive 
load ing ; in the cube test, however , the load a t failure is affected 
by factors such as the friction be tween the concre te a n d the 
platens of the testing mach ine , a n d the size of bo th the aggrega te 
a n d the cube . T h e characterist ics of the testing m a c h i n e also 
affect the results, a hyd rau l i c - r am type of m a c h i n e giving u p 
to 10 per cent h igher cube s t rength t h a n a m a c h i n e in which the 
load is appl ied t h rough a prov ing r ing. Fr ic t ion in the bal l a n d 
socket jo in t of the load ing platens m a y also affect the load by 
5 pe r cent . 

T h e ra te of loading has some effect, a n d the usual r a t e of 
loading is 2000 p.s.i. pe r m inu t e . A t 60 p.s.i . pe r m i n u t e the 
s t rength is reduced by 12 per cent , a n d a t 60,000 p.s.i. pe r 
minu t e the s t rength is increased by the same a m o u n t . Since the 
o ther factors a l ready men t ioned have a grea ter effect on the 
s t rength, however , slight var ia t ions in the r a t e of load ing a re 
no t i m p o r t a n t . 
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Fig. 1.8. Relationship of compressive strength of cube and cylinder. 

T h e m i n i m u m var ia t ion in the s t rengths of ident ica l cubes 
m a d e u n d e r excellent l abora to ry condit ions is a b o u t 300 p.s.i . 
for concrete wi th a nomina l s t rength of 3000 p.s.i . 

Elastic Properties of Concrete 
N o mate r i a l is completely rigid, a n d like o the r mater ia l s 

concrete distorts u n d e r the influence of appl ied forces. If, w h e n 
the appl ied force is removed , the ma te r i a l complete ly recovers 
its original shape , t hen it is said to be perfectly elastic. Concre te 
is only par t ia l ly elastic, since it suffers from creep d u r i n g loading . 
Elasticity is measured by the modu lus of elasticity (Young 's 
Modulus ) which is a measure of the resistance to deformat ion . 
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Modulus of Elasticity. T h e modu lus of elasticity is defined as 
the ra t io of the change of stress to the change of elastic s t r a in : 

^ un i t stress _ P\A 
~ un i t s t ra in e\L 

T h e stress-strain d i a g r a m m a y be p lo t ted from a tension or 

5 0 0 0 

Fig. 1.9. Stress/strain curves for different mixes. 
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Fig. 1.10. The different modulus of elasticity. 

a compression test. I t is a curved line, ind ica t ing tha t concre te 
is imperfectly elastic; the strain increases wi th the length of 
t ime for which the load acts, a n d repea ted loading a n d un load ­
ing also increases the strain for a given stress. I n add i t ion the 
stress-strain curve varies wi th the compressive s t rength (see 
Fig. 1.9). 

I t is nevertheless convenient in s t ruc tura l analysis to t rea t 
concrete as t hough it were in fact a n elastic mate r ia l , the 
modulus of elasticity then varies accord ing to how it is calcu­
la ted. I t can be calcula ted in three ways : (see Fig. 1.10) it m a y 
be considered as the slope of a t angen t d r a w n to the stress-strain 
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curve t h rough the origin, in which case it is k n o w n as the ini t ial 
t angen t m o d u l u s ; secondly it can be de t e rmined as the slope of a 
t angen t a t a n y poin t on the stress-strain curve , a n d expressed 
as a t angen t m o d u l u s ; or it can be ca lcula ted as the secant 
modulus , which is the slope of a line d r a w n from the origin to 
any poin t on the stress-strain curve . 

T h e init ial t angen t modu lus is of va lue only for low stresses, 
a n d the t angen t modulus mus t be de t e rmined graphica l ly from 
the stress-strain cu rve ; the secant modu lus is therefore m o r e 
general ly used, because it c an be ca lcula ted from the ac tua l 
deformation at any one t ime. T h e modu lus is usually deter­
mined from compression tests on concrete specimens, because 
the tensile test carr ied out on br iquet tes is inaccura te . 

Concre te has a tendency to creep even u n d e r very smal l 
loads, a n d the slower the ra te of load ing the grea te r is the 
cu rva tu re of the stress-strain d i a g r a m a n d the lower the modu lus . 
Most loads on concrete are of long d u r a t i o n so t h a t in measur ing 
the modu lus it is reasonable to app ly the load slowly a n d to 
pe rmi t the creep to be inc luded in the observed s train. Creep 
appears to be re la ted to shr inkage, however , a n d it is often 
difficult to ensure t ha t the s train measuremen t s inc lude only 
elastic s train a n d creep, a n d not shr inkage. Since shr inkage 
depends u p o n the ra te of d ry ing a n d the size of the specimen, 
an exact de te rmina t ion of the tota l s t ra in u n d e r such c i rcum­
stances is impossible a n d the result can only be a n a p p r o x i m a ­
tion. O n the o ther h a n d , in prestressed concrete work it is 
essential to measure the total m o v e m e n t inc lud ing t ha t due to 
shr inkage. 

T h e de te rmina t ion of Young ' s M o d u l u s by static load ing is 
subject to errors due to the impossibili ty of a t t a in ing uniform 
loading du r ing the test; strains on one side of a cyl indrical 
specimen m a y be twice those on the o ther side. These difficulties 
can be overcome by measur ing the modu lus of elasticity by 
d y n a m i c methods , i.e. by the appl ica t ion of a sonic impulse 
wave. Such waves p roduce almost neghgible s t ra in in the 
specimen a n d the va lue of the modu lus de t e rmined by this 
me thod corresponds to the t angen t modu lus a t zero stress; in 
consequence it is g rea te r t h a n the secant modulus . 

T h e elastic modulus m a y also be measured by de te rmin ing 
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the deflexion of a p la in concrete b e a m in bend ing . T h e 
measured value of the modu lus is t hen the same as t h a t 
de te rmined from a static compression test. 

For loads u p to 50 per cent of the u l t imate , the modu lus 
de te rmined from a tension test is a b o u t 10 per cent greater t h a n 
tha t de te rmined from a compression test. T h e modu lus of 
elasticity in shear varies from 0-4 to 0-6 of the modu lus in 
compression. 

Poisson's Ratio. W h e n compressed longi tudinal ly , mater ia ls 
cont rac t longi tudinal ly a n d expand lateral ly, a n d vice versa ; 
the ra t io of la teral s t ra in to longi tudina l s t rain is k n o w n as 
Poisson's ra t io . 

For isotropic elastic mater ia ls the theoret ical va lue of Poisson's 
ra t io should be 0-25. For concrete , values r ang ing from 0-10 to 
0*30 have been measured , b u t there is no consistent va r ia t ion 
wi th the s t rength, richness or aggregate g rad ing . Some tests 
show tha t Poisson's ra t io is larger for low stresses t h a n for h igh 
ones, a n d a commonly assumed figure is a b o u t 0-15 for a 
concrete wi th a compressive s t rength of 3000 p.s.i., b u t see 
Fig. 1.11. 

Shrinkage of Concrete 

Concre te changes in vo lume wi th change in its wa te r con ten t ; 
since most concrete tends to d ry ou t after casting, this change 
usually results in shr inkage, b u t u n d e r cer ta in condit ions a n 
increase in vo lume occurs. 

Shr inkage m a y take place whilst the concrete is still plastic 
due to condit ions of r ap id dry ing before sett ing, b u t more 
usually the shr inkage takes place due to slow changes in wa te r 
content du r ing the life of the concrete after it has set. 

Plastic Shrinkage. Plastic shr inkage is the shr inkage which 
occurs before the concrete is set or has a t t a ined a n y signifi­
cant s t rength. T h e pr inc ipa l cause of such shr inkage is the 
rap id evapora t ion of wa te r from the concrete surface, a n d 
in consequence it is most likely to occur in slab a n d 
pavemen t construct ion w h e n subject to ho t sun or d ry ing 
winds. 

W a t e r absorpt ion from the concrete by a d ry sub-soil or 
sub-base m a y also cause plastic shr inkage as, for example , in 
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Fig. 1.11. Variation in Poisson's ratio due to water/cement ratio, type 
of aggregates and aggregate/cement ratio. 

concrete floors const ructed on top of d ry ha rdco re . H e r e , 
however , the ill effects of such shr inkage, name ly the format ion 
of wide deep cracks, is usually overcome by subsequent 
t rowell ing of the concrete . 

Plastic shr inkage usually results in s t ra ight , wedge-shaped 
cracks or cracks wi th a crow's foot pa t t e rn . T h e y m a y extend 
t h rough the d e p t h of the concrete a n d usual ly develop i m m e ­
diately on the d i sappearance of the wet sheen on the concrete 
surface. 

T h e corrective measures necessary to p reven t plastic shr inkage 
are all concerned wi th the prevent ion of evapora t ion from the 
concrete surface. T h e y inc lude the appl ica t ion of a m e m b r a n e 
cur ing c o m p o u n d to the concrete surface immedia t e ly after 
finishing, covering it wi th wet hessian, kraft p a p e r or po ly thene 
sheeting, or spraying wi th water . I n cer ta in cl imates sun-shades 
or wind-breaks m a y be necessary. 

Plastic shr inkage cracks c a n be r emoved from the concrete 
by re-vibra t ing or re - t rowelhng the surface 3 to 4 hours after 
casting. 
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Fig. 1.12. Diagram of effect of wetting and drying on shrinkage. 

T h e shr inkage of concrete , or r a the r its vo lume change d u e 
to the effect of mois ture , is caused by the chemical combina t ion 
of the cement wi th wa te r a n d the changes in mois ture con ten t 
of the concrete mass. T h e hyd ra t i on of the cemen t produces a 
gel which binds the particles of aggregates together . As h y d r a ­
t ion occurs p a r t of the wa te r is absorbed by the gel a n d this 
causes some cont rac t ion of the tota l vo lume of cemen t plus 
water . 

W h e r e the concrete can d ry out , wa te r flows from the gel 
t h rough the minu t e pores a n d capi l lary channels , a n d there is 

Shrinkage of Set Concrete, If fresh concrete is al lowed to set a n d 
then d ry it will shrink, due to the changes which take place in 
the cement paste du r ing hydra t ion a n d drying. Concre te cured 
u n d e r wa te r does not shrink — on the cont ra ry , it expands 
sUghtly. Again , if concrete is dr ied out it shrinks, b u t expands 
again u p o n subsequent wet t ing so as to regain p a r t of its 
original co lume (see Fig. 1.12). These vo lume changes are in 
addi t ion to the init ial vo lume change du r ing compac t ion or the 
final vo lume changes due to seasonal or o ther var ia t ions in 
t empera tu r e . 
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a reduct ion in the vo lume of the cemen t gel a n d a tota l decrease 
(or shrinkage) in the absolute vo lume of the sohds. Mos t of 
this is reversible, so t ha t on subsequent t ho rough sa tu ra t ion the 
concrete regains m u c h of the shr inkage. 

Since shr inkage is a three-d imensional m o v e m e n t d u e to the 
cont rac t ion of the cemen t gel, t hen aggregate , re inforcement 
a n d adjacent surfaces to which concrete is complete ly or 
par t ia l ly bonded all act as res t ra in ts ; thus concrete con ta in ing 
large aggregate shrinks less t h a n t h a t con ta in ing small aggregate , 
lean mixes shrink less t h a n r ich mixes, a n d reinforced concre te 
shrinks less t h a n p la in concrete . 

Intrinsic Shrinkage, T h e vo lume change which occurs in con­
crete sealed inside a large d a m — where it can ne i ther absorb 
nor give off wa te r — is known as intr insic or au togenous 
shr inkage. T h e concrete inside the d a m has a cer ta in w a t e r 
content , p a r t of which is absorbed d u r i n g h y d r a t i o n of the 
cement part icles. T h e ra te of hyd ra t i on a n d g rowth of the gel 
decreases wi th t ime b u t as hyd ra t i on takes p lace w a t e r is 
absorbed from the mass. This causes a reduc t ion in the vo lume 
of the concrete which is no t offset by the increase in vo lume of 
the cement gel. T h e result is shr inkage, due to the format ion of 
hydra t ion produc ts hav ing a smaller vo lume t h a n the or iginal 
cement a n d wa te r mix tu re . I n genera l this shr inkage is only 
a b o u t 0-01 per cent, i.e. abou t one-fifth of the a m o u n t which 
occurs due to the dry ing of the concrete , a n d it is usual ly of 
m u c h less impor t ance . 

If, instead of the mois ture conten t of the concre te r e m a i n i n g 
constant , wa te r is absorbed to replace t ha t used d u r i n g h y d r a ­
tion, then there will be no shr inkage due to absorp t ion of the 
wate r from the cemen t gel d u r i n g the cemen t hydra t ion , for 
the wate r used in hyd ra t i on will be replaced from outs ide t he 
concrete. T h e cement gel then increases in vo lume as m o r e 
water is d r a w n in to the concrete , a n d the ne t result is a vo lume 
increase. T h e condit ions for this to take place a re t h a t the 
concrete must be cont inuously cured in water , a n d its mass 
must no t be so large t ha t the wa te r is unab l e to p e r m e a t e the 
concrete fast enough to replace the w a t e r used in cemen t 
hydra t ion . 

Drying Shrinkage, W h e n concrete is h a r d e n e d a n d cu red 
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u n d e r wa te r a n d then al lowed to dry, shr inkage occurs. First 
the wa te r sa tu ra t ing the voids in the concrete dries out . Th is 
cont inues unt i l the total mois ture content is r educed by a b o u t 
half. F u r t h e r d ry ing results in wa te r be ing d r a w n ou t of the 
mass of small capillaries which p e r m e a t e the cement gel. 

This process cont inues on an ever-decreasing scale for a long 
t ime. T h e effect of d r a w i n g wa te r ou t of the gel is to cause it 
to shrink, the a m o u n t of shr inkage depend ing u p o n the reduc­
tion in wa te r content . If the concrete is completely dr ied the 
shr inkage is greatest a n d is equivalent to a m o v e m e n t due to 
a d r o p in t e m p e r a t u r e of 100°F. Subsequen t cycles of wet t ing 
a n d dry ing result in expansion a n d cont rac t ion of the concrete . 
After be ing dr ied the concrete never recovers its or iginal 
vo lume, however , even if aga in completely sa tura ted , because 
p a r t of the or iginal shr inkage is irreversible. 

I t is seldom tha t concrete is thoroughly d r i ed ; more often it 
suffers pa r t i a l d ry ing a n d par t ia l wet t ing, in which case it goes 
t h rough a cyclic vo lume change , the t r end of which is towards 
tha t caused by comple te d ry ing (see Fig. 1.12). 

Drying of Concrete, T h e ra te a t which concrete dries depends 
u p o n its permeabi l i ty , so t ha t all the factors t ha t affect p e r m e ­
abil i ty affect the r a t e of d ry ing ; for example , leaner mixes have 
a h igher permeabi l i ty a n d d ry quicker t h a n r ich mixes. Dry ing 
depends u p o n the mois ture m o v e m e n t t h rough the concrete , 
a n d this like the transfer of hea t depends u p o n the squa re of the 
p a t h length t h rough which the mois ture has to move , so t h a t 
th in concrete walls d r y ou t more rap id ly t h a n large masses. 
T h e ra te of d ry ing also depends u p o n the total mois ture 
conten t a t a n y stage. T h e flow of w a t e r to the d ry surface takes 
place t h rough the m i n u t e pores in the cement gel a n d in the 
capillaries t h a t p e r m e a t e the concrete . As the mois ture con ten t 
decreases, the suction pressure ho ld ing back the r e m a i n i n g 
mois ture increases, a n d the ra te of mois ture m o v e m e n t towards 
the d ry surface is reduced . I t can be calcula ted, as has been 
done by Car lson (1937), t ha t if a 6 in. slab takes 4 mon ths to 
d ry by 50 per cent then it will take 16 mon ths for a 12 in. slab 
to d ry ou t similarly (see Fig. 1.13). 

N o w concrete dries ou t in d e p t h only by a b o u t 3 in. in 
1 m o n t h (2 ft in 10 years) w h e n exposed to d ry air, so t ha t it 
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is doubtful whe the r the inter ior of a concre te mass ever dries 
ou t in the life of the concrete , for u n d e r cons tan t d ry ing con­
ditions the mois ture g rad ien t t h r o u g h the concrete , which was 
steep a t the s tar t of the d ry ing process, finally becomes very 
flat a n d a mois ture equ i l ib r ium wi th the su r round ing 
a tmosphere is a t t a ined . 

Various Factors which affect Shrinkage, T h e shr inkage of concre te 
depends on the cement , a n d different cements can p roduce 
widely differing a m o u n t s of shr inkage. T h e a m o u n t depends 
u p o n the chemical composi t ion a n d because of this one cemen t 
m a y shrink half as m u c h aga in as ano the r . I t is no t possible, 
however , to predic t the shr inkage characteris t ics from com­
parisons of the chemical analysis a l though it is known , for 
example , t ha t the h igher t he C 3 A ( t r i -calc ium a lumína te ) 
content , the grea te r will be the expansion u n d e r water , t he 
h igher the C2S (di-calcium silicate) con ten t the grea te r the 
dry ing shr inkage, whilst C3S ( t r i -calcium silicate), wh ich 
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contr ibutes most to early s t rength, results in a low shr inkage. 
W h e r e shr inkage is i m p o r t a n t , a sui table cemen t wi th low 
shr inkage can be selected only from the results of ac tua l tests, 
by measur ing the dry ing shr inkage of small bars of concrete 
m a d e wi th the different cements . (B.S. 1881 describes a sui table 
test) . R a p i d h a r d e n i n g Por t l and cement shrinks more t h a n 
o ther Por t l and cements , whilst sulphate-resist ing cement shrinks 
more t h a n o rd ina ry Por t l and cement . 

T h e finer the cement is g r o u n d the grea ter will be its d ry ing 
shr inkage whilst a t the same t ime the expansion on pro longed 
cur ing u n d e r wa te r will also be greater . Th i s does no t m e a n , 
however , t h a t of two cements the finer g r o u n d will shr ink more , 
because of the over-r iding effect of chemical composi t ion. T h e 
effect of fineness is only a secondary effect, less i m p o r t a n t t h a n 
the cement a n d wa te r contents of the concrete . Fineness has an 
indirect influence on shr inkage cracking, because the effect of 
fineness is to increase the ra te of hydra t ion of the cemen t a n d 
hence the g rowth of s t rength is m o r e r ap id . I n consequence 
the subsequent d ry ing shr inkage causes h igher stresses, because 
the concrete is less able to creep a n d so adjust itself w i thou t 
cracking to the deformations due to shr inkage. 

Aggrega te : T h e aggregate has a two-fold effect on sh r inkage : 
on the one h a n d it forms a k ind of semi-rigid skeleton which 
shrinks less t h a n the su r round ing cement paste , whilst it also 
disperses the paste a n d so reduces the shr inkage per un i t 
vo lume . R i c h concretes shrink more t h a n lean concrete . T o 
achieve m i n i m u m shrinkage, therefore, concrete should con ta in 
the m a x i m u m possible a m o u n t of large aggregate consistent 
wi th o ther desirable proper t ies such as workabi l i ty . 

T h e type of aggregate is i m p o r t a n t because its mois ture 
m o v e m e n t will affect the total sh r inkage ; aggregates such as 
sandstone, basal t , a n d some grani tes , which m a y swell or shr ink 
apprec iab ly wi th change in mois ture content , p roduce a 
concrete wi th more shr inkage t h a n concrete con ta in ing flint, 
gravel , dolomite or l imestone of low absorpt ion . I n d e e d some 
dolerites m a y have such a h igh mois ture m o v e m e n t as to result 
in d isrupt ion of the concrete . T h e minera l cha rac te r of the 
aggregate also affects the shr inkage ; h a r d , dense aggregates 
wi th a h igh modu lus of elasticity result in less shr inkage. 
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Besides the type of aggregate , the g rad ing is i m p o r t a n t . T h e 
g rad ing used should result in a mix wi th a h igh densi ty using 
the m a x i m u m size of aggregate . 

W a t e r / C e m e n t R a t i o : Shr inkage varies direct ly wi th the 
wa te r / cemen t ra t io , the h igher the wa te r / cemen t ra t io the 
greater be ing the shr inkage. For concretes wi th equa l wa te r / 
cement ratios, t ha t con ta in ing more wa te r per cubic y a r d 
shrinks more (see Fig. 1.14). 
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Fig. 1.14. Shrini<age — the effect of water and cement content and 
water/cement ratio. 

I n general , concretes wi th low wa te r / cemen t ratios a re usual ly 
rich mixes (i.e. wi th low aggrega te /cement ratios) b u t the 
a m o u n t of wa te r they conta in per cubic y a r d of concrete is h igh, 
because the cement conten t is h igh. I n such cases the lower 
shr inkage result ing from a low wa te r / cemen t ra t io is over­
ba lanced by the grea ter shr inkage due to the r ich mix a n d the 
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high total wa te r content , so tha t r ich mixes wi th low wate r / 
cement ratios m a y shrink more t h a n a lean mix wi th a h igher 
wa te r / cemen t ra t io . 

O t h e r Fac to rs : Reinforcement reduces the shr inkage of 
concre te ; the heavier the reinforcement the less is the a m o u n t 
of shr inkage. At the same t ime the position a n d a m o u n t of 
steel can control the occurrence of cracks d u e to sh r inkage ; 
l ight reinforcement is used to p reven t cracking which would 
otherwise occur . 

T h e size a n d shape of the specimen also affect the shr inkage 
a n d shr inkage cracks are often located at changes of section 
(see Plate 2) . T h e a m o u n t of shr inkage is r educed as the specific 
surface decreases. T h e ra te of shr inkage also increases as the 
ra t io of vo lume to surface a rea decreases, because it is easier 
for a specimen wi th a large surface a rea to d ry out . Cu r ing is 
i m p o r t a n t in helping to reduce shr inkage. I n a d e q u a t e cur ing 
or early exposure to a hot sun or d ry ing winds will increase the 
shr inkage. N o r m a l s team cur ing has little effect, b u t h igh-
pressure s team cur ing reduces shr inkage. 

I t is difficult to predic t the effect of admix tu re s ; those wh ich 
reduce the a m o u n t of mixing wa te r requi red , improve the 
workab ih ty , a n d a t the same t ime do not result in a loss of 
density, can usually be r e c o m m e n d e d . T h e behav iour of some 
admix tures varies wi th different cements , however , a n d the 
de te rmina t ion of the effect on d ry ing shr inkage by means of 
test blocks is to be r e c o m m e n d e d where no previous experience 
exists wi th the pa r t i cu la r admix tu re . T h e use of iner t mine ra l 
powders increases the shr inkage, a n d there is some indica t ion 
tha t the rep lacement of the cement wi th pozzolanic ma te r i a l 
(for example fly ash wi th a fineness equa l to or grea ter t h a n 
tha t of the cement) also leads to an increase in shr inkage. 

Creep 
For concrete , the relat ionship be tween stress a n d s t rain is not 

constant , as it is for an elastic mater ia l , b u t the s t rain increases 
wi th the length of t ime the concrete is u n d e r load. Th i s non-
elastic deformat ion or creep occurs more quickly a t first b u t a t 
a decreasing ra te d u r i n g the load ing per iod. If concrete is 
loaded quickly, as in a compression test, s t rain takes p lace . 
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Plate 2. Drying shrinkage crack located at change of section. 

which as long as the load does not cause fracture or cracking, 
pract ical ly d isappears w h e n the load is r emoved so t h a t the 
concrete re turns very near ly to its or iginal size. If, however , 
the load is ma in t a ined for some t ime a n d then r emoved the 
concrete does not r e tu rn to its or iginal size. I t r e tu rns a lmost 
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to its original size over a per iod of t ime, b u t even after this 
per iod it will still be deformed. Th is p e r m a n e n t deformat ion 
due to loading is called p e r m a n e n t creep. T h e deformat ion 
which d isappeared g radua l ly wi th t ime is k n o w n as recovery 
creep, or delayed elasticity, whilst the deformat ion which is 
recovered immedia te ly the load is removed is the elastic 
deformat ion. W i t h increasing t ime of loading, p e r m a n e n t a n d 
recovery creep p lay a more i m p o r t a n t p a r t in the deformat ion 
of concrete , so t ha t the behav iour of stressed concrete depends 
upon the previous history of strains d u r i n g its Ufe. 

T h e p e r m a n e n t creep consists of two p a r t s : t ha t d u e to the 
load only, a n d tha t due to load a n d t ime. T h a t due to load 
only, increases wi th , a n d is p ropor t iona l to, the stress, b u t is 
i ndependen t of the t ime for which the load is appl ied . I t is 
known as specific creep, a n d is quo ted as creep per un i t stress; 
it is a s t rain which is p ropor t iona l to stress, b u t which only takes 
place w h e n sufficient t ime is al lowed. T h e propor t iona l i ty of 
specific creep applies only u p to 0-33 to 0-5 of the u l t ima te 
s t rength of the concrete . 

T h e second p a r t of the p e r m a n e n t creep is due bo th to the 
stress a n d the t ime for which it acts . F o r small loads i t forms 
b u t a small p a r t of the p e r m a n e n t creep, even w h e n the stress 
acts for a long per iod of t ime. As the stress above 0-33 to 0-5 
of the u l t imate s t rength the deformat ion becomes less a n d less 
p ropor t iona l to stress a n d m o r e a n d more d e p e n d e n t u p o n the 
t ime for which the stress acts. 

Even u n d e r no load some creep normal ly occurs. Th i s is 
because concrete shrinks due to d r y i n g . T h e shr inkage induces 
in te rna l stresses a n d the in te rna l stresses cause creep, the effect 
of which is to redis t r ibute the in te rna l stresses in the concrete . 

Creep a n d dry ing shr inkage are re la ted p h e n o m e n a . U n d e r 
the act ion of sustained stress caused ei ther by shr inkage, or by 
loading of the concrete , the cement gel is subjected to forces 
which cause a vo lume change . W h e n bo th d ry ing shr inkage 
a n d loading occur together , as in prestressed concrete s t ructures , 
it is impossible to separa te their effects. Creep , in a loaded 
s t ructure subject to drying, is very m u c h grea te r t h a n in a 
similarly loaded s t ruc ture in a d a m p a tmosphere , a n d it is 
grea ter the more rapid ly the concrete is dr ied out . C reep a t 
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50 per cent relative humid i ty is 1 -5 times creep a t 70 per cent 
relative humid i ty . Since the ra te of d ry ing affects creep, it 
follows tha t the larger the mass of concrete the less will be the 
creep. T h e creep of mass concrete m a y be only a q u a r t e r of 
t ha t of a small l abora to ry specimen. 

Some explanat ions of the occurrence of c reep are based on 
the p h e n o m e n a of shr inkage. L o a d i n g of the concrete produces 
stresses in the gel, result ing in a change in the mois ture conten t 
consequent u p o n the genera t ion of pore -wate r pressure, and 
changes in the moisture content of the cement gel are accom­
pan ied by vo lume changes a n d hence creep. 

Ano the r possible cause of creep m a y lie in the same changes 
occurr ing in the set cement as cause the init ial irreversible 
shr inkage. O n this theory creep a n d irreversible shr inkage are 
indis t inguishable. 

Influence of Various Factors on Creep. 
Stress a n d R a t e of L o a d i n g : Creep starts as soon as the load 

is appHed. T h e ra te of loading has some effect on the creep 
b u t it is of minor impor t ance . 

Composi t ion of the Conc re t e : Creep is affected by the type 

Rapid hardening Portlond w / c 0-7 

; Irregular gravel aggregate loaded at 28 days to 600 
p.s.i. Stored in air at 6 4 ° F. Humidity 6 5 % . Shrinkage 
of non-loaded specimens deducted. 

T ime , yr 

Fig. 1.15. Creep — the effect of cement and water content. 
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of cement , the cement content (see Fig. 1.15), the mix p ropor ­
tions a n d the size a n d type of aggregate . T h e type of cemen t — 
its chemical composi t ion a n d fineness — affect b o t h the ra te 
a n d total creep a t any one t ime (see Fig. 1.16). Fineness is 

4 6 8 
T i m e u n d e r l o a d , w e e k s 

0 12 14 
(After A. M. Vi^ville) 

1.16. Effect of cement and relative humidity on creep strain. 

probab ly not as i m p o r t a n t as chemical composi t ion. R a p i d 
h a r d e n i n g Por t l and cement concrete m a y have a ra te a n d tota l 
creep twice t ha t of o rd ina ry Por t l and cement concrete . Low 
hea t cement also creeps more t h a n o rd inary Por t l and , a n d the 
creep is greater for coarse cement (which is the reverse of the 
case for o rd ina ry Por t l and cemen t ) . H i g h a lumina cement has 
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a total creep somewhere be tween the two, b u t unl ike P o r t l a n d 
cement the ra te of creep does no t decrease for a n u m b e r of years . 

Creep is affected by the type of aggrega te in m u c h the same 
m a n n e r as is shr inkage — sandstones a n d basalts m a y p roduce 
large amoun t s of c reep ; lesser a m o u n t s result from using flint 
gravel or low-absorpt ion hmes tone . Creep is r educed by using 
a large aggregate a n d ensur ing a small voids ra t io in m u c h the 
same m a n n e r as for shr inkage. 

T h e effect of the wa te r / cemen t ra t io is t h a t the creep increases 
wi th increasing wa te r / cemen t ra t io . Creep is less for h igh 
aggrega te /cement ratios, a n d it increases wi th increasing r ich­
ness of the mix, b u t the effect is masked largely by the over­
r id ing effect of the wa te r / cemen t ra t io which results in creep 
being greatest wi th lean or weak mixes w h e n the wa te r / cemen t 
ra t io is h igh in order to achieve a workab le concrete . 

T h e cur ing history of the concrete also affects the c r eep ; 
there is less creep w h e n the cemen t is m o r e completely hyd ra t ed , 
a n d therefore wa te r -cured concrete should show less creep t h a n 
concrete cured in air, bu t concrete which has been dr ied so t h a t 
the init ial irreversible d ry ing shr inkage has t aken p lace shows 
less creep t h a n concrete kept fully immersed in wate r . Since 
creep is reduced as the cement is more fully hyd ra t ed , it is less 
the la ter the age a t which the concrete is loaded. 

T h e effect of admixtures general ly is to increase the c r eep ; 
where it is impor t an t , however , the effect of any pa r t i cu la r 
admix tu re should be de te rmined by test. 

Consider ing all the various factors which affect creep such 
as the a m o u n t , ra te a n d t ime of loading , the chemical a n d 
physical propert ies of the cement a n d aggregates , together wi th 
the mix propert ies a n d cur ing condit ions of the concrete , it is 
not surprising tha t difficulty has been exper ienced in expressing 
creep by a ma thema t i ca l equa t ion . A n u m b e r of formulae have 
been proposed, b u t one of the simplest to use, which assumes 
tha t the creep follows a hype rbohc equa t ion , is 

_ m,ts 
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Aggregate 
Sands tone 1-67 
Basalt 1-38 
Gravel 0-99 to 1-07 
Q u a r t z 1-01 
Limestone 0-5 to 0-72 

Thermal Expansion 

Var ia t ions in t e m p e r a t u r e cause concre te to expand w h e n 
the t e m p e r a t u r e rises a n d cont rac t w h e n the t e m p e r a t u r e falls. 
Coefficients of t he rma l expansion of 5-5 a n d 6-0 X 10~^ per °F 
are commonly used, a l though values va ry ing from 3 4 to 
9-2 X 10-e have been recorded, depend ing u p o n the type of 
aggregate a n d the me thod of storage of the concrete . T a b l e 1 
summarizes the effect of var ia t ion of aggregate on a 6:1 concrete . 

T h e coefficient of expansion depends largely on the type of 
aggrega te ; concretes m a d e wi th silicious aggregates have the 
highest coefficients, while those m a d e with l imestone have the 
lowest va lues ; concretes conta in ing igneous rocks have a 
coefficient be tween the two. 

T h e coefficients of expansion of d ry a n d sa tu ra ted concretes 
are the same, b u t a re lower t h a n those of par t ia l ly dr ied 
concrete , so t ha t concrete cured in air has a h igher t h e r m a l 
expansion t h a n concrete kept in water . T h e cur ing history has 
little effect on the coefficient of expansion, a n d age appea r s to 
have only a minor effect. Different types of cement have little 
effect u p o n the coefficient except where the concrete has been 
stored in water , w h e n concrete m a d e wi th high a l u m i n a cemen t 

where = creep strain in mi lhonths 
/ = t ime u n d e r load in days 
s = stress in p.s.i. 

rric = u l t imate creep in mil l ionths per p.s.i. 
Tie = t ime in days w h e n e, = mJ2 

rric is known as the creep coefficient a n d is a useful index for 
compar ing different concretes. 

Values of πι^ d e p e n d u p o n the var ious factors given above , 
b u t for concrete wi th a wa te r / cemen t ra t io of 0-59, cured for 
28 days a n d then loaded a n d stored a t 50 per cent humid i ty , 
the following values have been r epo r t ed : 
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TABLE 1.1 

COEFFICIENT OF THERMAL EXPANSION OF ORDINARY PORTLAND 
CEMENT CONCRETES WITH VARIOUS AGGREGATES 

39 

Aggregate 
Coefficient of Expansion (per°F) 

Aggregate 
Air Storage Water Storage 

Blastfurnace slag 5-9x10-« 5-1x10 -6 

Dolerite 5-3 4-7 

Foamed slag 6-7 5-1 

Gravel 7-3 6-8 

Granite 5-3 4-8 

Limestone 4-1 3-4 

Quartzite 7-1 6-8 

(Bunnell & Harper) 

has a lower expansion t h a n concrete m a d e wi th Po r t l and cement . 
T h e results of tests m a d e on a 6:1 gravel concrete a re shown 
in T a b l e 2. 

TABLE 1.2 

COEFFICIENT OF THERMAL EXPANSION OF CONCRETES 
W I T H D I F F E R E N T C E M E N T S . ( G R A V E L A G G R E G A T E ) 

Cement 
Coefficient of Expansion (per °F) 

Cement 
Air Storage Water Storage 

Ordinary Portland 7-3x10-« 6-8x10-« 

Portland blastfurnace 7-9 6-9 

High alumina 7-5 5-9 

(Bunnell & Harper) 
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Permeability 

Concrete is a slightly porous mater ia l , in which water t ightness 
a n d impermeabi l i ty are often as i m p o r t a n t as s t rength . T h e 
permeabi l i ty a n d absorpt ive capac i ty affect the life a n d va lue 
of concrete which is subject to dis integrat ing agencies, a n d in 
hydrau l ic s t ructures, low permeabi l i ty is necessary to ensure 
water t ightness . 

PermeabiUty mus t be dist inguished from absorp t ion ; p e r m e ­
abil i ty is t h a t p roper ty which permits the passage of wa te r 
t h rough the concrete w h e n subject to pressure whilst absorp t ion 
is the abil i ty of concrete to t ransmi t wa te r by capi l lary a t t r ac t ion 
w h e n the wa te r is not u n d e r pressure. 

W h e n concrete is mixed, ext ra wa te r is a d d e d over a n d above 
t ha t requi red for hydra t ion of the cement in o rder to give the 
concrete sufficient workabi l i ty . I n addi t ion , air is e n t r a p p e d 
du r ing mixing, a small a m o u n t of which canno t be r emoved 
even by pro longed v ibra t ion . 

T h e cement paste is a n i m p e r m e a b l e mate r ia l , b u t it is 
r iddled by a mass of capillaries, often in te rconnected , so t h a t 

0-8, 

10-'^ I0- ' 
Permeability, cm/sec 

Actual results depend upon water content per yd.» Aggregate/cement 
ratio. Aggregate type, size and grading. 

Fig. 1.17. Approximate relationship of permeability and water/ 
cement ratio. 

the concrete is inherent ly pe rmeab le . I ts permeabi l i ty is, 
however , of a relatively low order (IO-12 cm/sec) , similar to 
t ha t of pudd l e clay (see Fig. 1.17). T h e capillaries which exist 
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are formed du r ing compac t ion , wh ich causes the wa te r to rise 
a n d so form channels . Some wa te r is t r a p p e d be low the 
aggregate part icles, while some fills the pore spaces be tween 
the cement part icles. 

H y d r a t i o n of the cemen t produces a gel which tends to fill 
the wa te r voids a n d to decrease the permeabi l i ty , a l though the 
voids are never complete ly e l iminated . Incomple t e cur ing or 
al lowing the concrete to d ry ou t d u r i n g hyd ra t i on increases the 
porosity, so t ha t comple te a n d tho rough cur ing is necessary to 
ensure low permeabi l i ty . 

Factors Affecting Permeability. Those factors which affect the 
s t rength of concrete usually affect the pe rmeab i l i ty ; for example , 
factors such as the quan t i t y a n d composi t ion of the cement , 
aggregate a n d water , together wi th any admix tures . 

T h o r o u g h mixing, comple te compac t ion a n d p rope r cur ing 
are all r equ i red to ensure wa t er t ightness. As regards the 
const i tuent mater ia ls , h ighly porous aggregates lead to concre te 
of h igh p e r m e a b i h t y whilst dense aggregates wi th low porosi ty 
result in a more i m p e r m e a b l e concrete . Aggregates should be 
of first-class qual i ty of their k ind, a n d dense ma te r i a l should be 
used if avai lable (for example , fine-grained basalts a n d h a r d 
l imestone ins tead of coarse-grained sandstones) . P rope r 
g rad ing of the aggregates is necessary to ensure a d e q u a t e 
workabi l i ty , a n d it is i m p o r t a n t to ensure t h a t there is sufficient 
fine mate r i a l present to fill the voids a n d p roduce m a x i m u m 
density. T h e effect of w a t e r / c e m e n t ra t io is to r educe the 
permeabi l i ty . T h e permeabi l i ty increases as the voids ra t io 
increases, b u t if the wa te r / cemen t ra t io is too low for comple te 
compac t ion then the effect of the low wa t e r / c emen t ra t io in 
reduc ing permeabi l i ty will be m o r e t h a n offset by incomple te 
compac t ion . 

T h e wa te r con ten t pe r cubic y a r d of concre te also affects the 
pe rmeab ih ty , which increases wi th a n increase in wa te r . T h e 
wa te r con ten t is affected by b o t h the richness a n d the wa te r / 
cement ra t io , a n d for m i n i m u m permeabi l i ty it is essential to 
adjust the richness a n d wa t e r / c emen t ra t io so t h a t the w a t e r 
conten t is a m i n i m u m consistent wi th a d e q u a t e workab ih ty . 
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Watertightness and Crack Control 
T h e water t ightness of concrete is dependen t no t only u p o n 

its impermeab i l i ty b u t also u p o n its shr inkage. A l though highly 
impe rmeab le concrete can be m a d e wi th a low wa te r / cemen t 
ra t io a n d a mix r ich in cement , this produces excessive shr inkage 
a n d results in a n u m b e r of shr inkage cracks. I n consequence 
the leakage of wa te r is grea ter t h a n would occur in a s t ruc ture 
constructed wi th leaner concrete of h igher permeabi l i ty . 

T h e most serious m a t t e r in p reven t ing the pene t ra t ion of 
wa te r is the cracking of the concrete . Ne i the r a n in tegra l 
waterproofer nor a workabi l i ty aid will affect this. A p a r t from 
those due to s t ruc tura l movemen t , cracks are due to d ry ing 
shr inkage. T h e permeabi l i ty decreases b u t the shr inkage 
increases as the richness of the concrete increases. T o reduce 
shr inkage, concrete should be m a d e m o r e lean, a n d this increases 
the permeabi l i ty . T h e o p t i m u m rat io of aggregate to cemen t 
for m i n i m u m cracking wi th m i n i m u m richness appea r s to be 
6 : 1 , b u t this, of course, depends u p o n the type of aggrega te used. 

T h e shr inkage of concrete which occurs in d ry ing canno t be 
prevented , b u t it can be reduced by efficient cur ing . Since 
shr inkage canno t be prevented , ne i ther can the t endency for 
the concrete to crack. If concrete is of uniform s t ruc tu ra l 
s t rength a n d thickness, shr inkage cracks usually a p p e a r a t 
regular intervals , for example , every 3 or 4 ft in 18 in . beams , 
a n d every 12 ft in a concrete wall 4 ft thick. I t is preferable to 
p rede te rmine the posit ion where cracks will occur a n d t hen to 
p reven t ingress of wa te r by the provision a t the posit ion of the 
cracks of water-stops in the form of, say, p .v .c . w a t e r ba r . T h e 
posit ion of a crack can be p rede te rmined in the design stage by 
a reduc t ion of the thickness of the section (since cracks occur 
a t the thinnest sections), or it can be done in the cons t ruc t ion 
stage by the format ion of construct ion jo ints (since cracks occur 
where the shear s t rength of the concrete is lowest) . T h e a m o u n t 
of cracking a n d the shr inkage can be reduced to a m i n i m u m if 
the concrete is p laced in a l t e rna te bays a n d is efficiently c u r e d ; 
these bays should be al lowed as long a t ime as possible for 
shr inkage to take place before the fiUing-in bays a re concre ted , 
so tha t m u c h of the init ial shr inkage will have t aken place 
before concret ing is comple te . 
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Fig. 1.18. Variation of thermal conductivity with density. 

Thermal Conductivity 

T h e r m a l conduct iv i ty is a measure of the r a t e of h e a t transfer. 
I t is i m p o r t a n t in th ree s i tuat ions: w h e n consider ing the dissipa­
t ion of hea t from a massive concrete s t ruc ture , w h e n consider ing 
the hea t - re ta in ing proper t ies of concrete walls, a n d also in the 
alHed p rob l em of mois ture condensa t ion or sweat ing. 
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T h e ra te of dissipation of hea t is a function of b o t h t he 
conduct iv i ty a n d the density, whilst the transmission of h e a t 
a n d the condensa t ion p rob l em depend u p o n the in t e rna l a n d 
external t empera tu res , the relat ive humid i ty , the mass o r 
thickness of the concrete a n d its conduct iv i ty . Typ ica l values 
for t h e r m a l conduct iv i ty a re given in Fig. 1.18. 

F r o m this it is a p p a r e n t t h a t to reduce the conduct iv i ty the 
concrete mus t be m a i n t a i n e d d ry a n d its density r educed , i.e. 
a large p ropor t ion of air mus t be incorpora ted ei ther in the form 
of a i r bubbles or as l ightweight aggregate . Th is leads to the 
use of a l ightweight concrete , the proper t ies of wh ich are 
considered in C h a p t e r 8. 

T h e t he rma l conduct iv i ty varies wi th the aggregate , a n d 
there is a rule of t h u m b tha t the coefficient of conduct iv i ty is 
a b o u t twice t ha t of the aggregate used. 
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C H A P T E R 2 

CONCRETE MATERIALS 

Cement 
C e m e n t is a b o n d i n g agent , in this book defined as a powdered 

ma te r i a l t h a t chemical ly reacts wi th w a t e r ; it ha rdens on d ry ing 
a n d is used wi th a sui table aggregate to form concrete . 

T h e cement most commonly used is o rd ina ry Po r t l and 
cement b u t there are a n u m b e r of others , of which some have 
only l imited or special use. T h e m a i n groups of cements a r e : 
Portland cement formed from b u r n i n g a mix tu re of clay a n d l ime. 
High alumina cement manufac tu red from a mix tu re of l ime a n d 

bauxi te . 
Slag cements in which g ranu la t ed blastfurnace slag forms one of 

the m a i n ingredients . 
Natural or pozzolanic cements formed from na tu ra l ly occur r ing 

mater ia ls , usually of volcanic origin, which will reac t wi th 
l ime to form cement i t ious mater ia ls . These cements a re of 
no im por t a nce in this count ry , a n d are no t discussed further . 

Special cements: these a re usually manufac tu red from one or 
m o r e of the above groups a n d have a special b u t usually 
l imited use, e.g. expand ing cements . 

Portland cement 
Manufacture 

Por t l and cement is m a d e by in t imate ly mix ing together clay 
a n d l ime, a n d then b u r n i n g the mix tu re a t a h igh enough 
t e m p e r a t u r e to form a cHnker. T h e chnker is t hen g round , 
together wi th a small a m o u n t of gypsum, in to a powder . 

G r o u n d shales or slate m a y be used instead of clay a n d cha lk ; 
or mar l , which is a mix tu re of clay a n d chalk, m a y be used 
instead of l imestone. W h e r e such calcareous mater ia ls are 
unob ta inab le o ther mater ia ls m a y be used, for example coral 
in T r i n i d a d a n d oyster shells in the Gulf of Mexico . Alkali 

4 6 
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wastes are also util ized, par t icu la r ly those from the manufac tu r e 
of caustic soda, su lphur ic acid a n d a m m o n i u m su lpha te . 

C e m e n t works a re located where the two basic r a w mater ia l s 
a re easily ob ta ined . Fo r example , on the n o r t h K e n t coast a re 
located cement works which use chalk from the N o r t h Downs 
a n d alluvial m u d from the T h a m e s a n d M e d w a y . I n the 
Mid lands , cemen t works use lias l imestone a n d shale or oolitic 
l imestone a n d clay. 

T h e mixing a n d gr ind ing of the r a w mater ia ls can be done 
wi th the mater ia ls d ry (dry process) or by a d d i n g wa te r to 
p roduce a thick slurry (wet process). T h e wet process was the 
one originally used for the mix ing of the soft chalk a n d river 
m u d because the chalks used (those of n o r t h K e n t ) con ta ined 
bands of flints easily r emoved by separa t ing ou t in wash-mills . 
T h e d ry process is cheaper , b u t the wet process is preferable 
because of the more accura te control of the r a w mater ia ls . 
F igure 2.1 shows the various stages of manufac tu re . 

Dry Process, T h e d ry process consists of r educ ing the r a w 
mater ia ls , clay a n d l ime, to d ry pellets by passing t h e m 
separately th rough a b a t c h of crushers, d ry ing in ro ta ry driers 
as necessary a n d then storing in large silos. T h e chemica l 
composi t ion of the mate r i a l in each silo is de t e rmined a t 
f requent intervals a n d the q u a n t i t y t aken from each silo is 
p ropor t ioned to give the requ i red composi t ion w h e n fed to a 
pulver iz ing bal l or t ube mill . T h e pulver ized r a w feed m a y be 
further b lended, if necessary, in a b l end ing silo before be ing 
fed into the kiln. I n a b lend ing silo the powdered ma te r i a l is 
ae ra ted a n d flows like a l iqu id ; it is displaced u p w a r d s by the 
heavier non-ae ra ted mate r i a l on top , a mix ing act ion takes 
place a n d a uniform p r o d u c t is ob ta ined . 

Wet Process, T h e basic difference be tween the wet a n d d r y 
processes is t ha t in the wet process the r a w mater ia ls a re first 
mixed wi th wate r . Soft chalk a n d alluvial m u d are fed in to a 
wash-mill in the requ i red propor t ions , a n d mixed a n d ag i ta ted 
wi th wa te r to form a slurry. 

T h e fine mate r i a l passes ou t of the wash mill t h r o u g h screens 
in to a second wash mill or centrifugal screening mill , where it 
is further r educed in size. H a r d e r mater ia ls t h a n chalk a n d 
clay, such as l imestone a n d shale, a re crushed before be ing 
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Fig. 2.1 Manufacture of Portland cement. 

mixed wi th water , a n d are then fed wi th wa te r in to a t ube mill 
a n d reduced to a slurry of the requi red fineness. T h e slurry is 
th ickened to the requ i red consistence by passing t h r o u g h a 
hydro-separa tor where the processes of sed imenta t ion a n d 

Dry_process 

Limestone Cloy or shale 
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flotation are used to p roduce a thick c r eamy h q u i d . T h e 
chemical propor t ions of the slurried mater ia ls a re control led to 
give a constant l ime conten t and , where necessary, slurries from 
two or more slurry pits a re b l ended to p roduce a uniform 
mater ia l . F r o m the b lend ing t ank the s lurry passes in to a 
storage t ank where it is kept ag i ta ted by mechan ica l stirrers 
a n d compressed air . F r o m the storage t ank it is fed to a filter, 
where the wa te r is further reduced , a n d from here it is passed 
in to the kiln where it is first dr ied a n d then b u r n e d . 

T h e kiln, which is a long, refractory-l ined ro ta t ing steel 
cylinder, is ope ra ted cont inuously. T h e r a w mater ia ls a re fed 
in a t the u p p e r end a n d the b u r n e d clinker r emoved a t the 
lower end. As the mate r ia l passes d o w n the kiln it is dr ied, 
hea ted a n d then b u r n e d to a clinker using pulver ized coal. T h e 
t e m p e r a t u r e is control led to ensure t h a t the clinker does no t 
mel t . After passing t h rough the b u r n i n g zone the clinker, wh ich 
is a h a r d g r anu l a r mate r ia l , d rops in to a series of coolers, a n d is 
quenched by a blast of air . Th is air , w a r m e d by the clinker, 
is re-circulated a n d used for b u r n i n g the pulver ized coal. After 
cooling, the chnker is e i ther s tored unt i l r equ i red or passed 
s t ra ight to a ball or t ube mill for g r ind ing to a powder . 

T h e ease wi th which the clinker c a n be g r o u n d is influenced 
by its chemical composi t ion, the ra te a t which it was b u r n e d 
a n d cooled, its age, a n d the m e t h o d used for s torage. U n d e r -
b u r n e d chnker is easy to gr ind because of its h igh con ten t of 
free l ime, whilst over -burned clinker is h a r d a n d difficult. Q u i c k 
quench ing produces a tough glassy clinker which aga in is h a r d 
to gr ind, whereas slow quench ing makes for easy gr ind ing . 
Ageing of the clinker, especially if it can absorb mois ture , makes 
it tough a n d difficult to gr ind , a n d the mois ture causes sticking 
on the mill balls a n d screens. 

As the clinker passes to the g r ind ing mill a small q u a n t i t y of 
gypsum is a d d e d to i t to control the set t ing of the finished 
cement . O t h e r mater ia ls such as ca lc ium chlor ide, wh ich is 
used to p roduce super - rap id h a r d e n i n g Po r t l and cement , m a y 
also be a d d e d a n d g r o u n d in. 

T h e fresh cement powder , ho t from gr ind ing , is usual ly s tored 
for a per iod to cool, for there is a rooted object ion to using ho t 
cement . T h e r e m a y be no th ing de t r imen ta l in it, b u t it is good 
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R a n g e Average 
L ime ( C a O ) 59 to 6 7 % 

17 to 2 5 % 
6 4 % 

Silica ( S Í O 2 ) 

59 to 6 7 % 
17 to 2 5 % 2 1 % 

A l u m i n a ( A I 2 ) 3 to 9 % 7 % 
I r o n oxide (FcgOs) 0-5 to 6 % 3 % 
Magnes i a ( M g O ) 0-1 to 4 % 2 % 
Sod ium potash 0-5 to 1·3%ο 
S u l p h u r tr ioxide (SO3) 1 to 3 % 2 % 

These materials are combined in various chemical com­
pounds (Bogue, 1955) the four most important of which are: 

Tri-calcium silicate (C3S) 3CaO .S i02 
Di-calcium silicate (CI2S) 2Ca .Si02 
Tri-calcium alumínate (C3A) 3CaO .Al203 
Tetra-calcium alumino-ferrite (C4AF) 4CaO .Al203.Fe203 

The tri-calcium silicate (C3S) and the di-calcium siUcate 
(C2S), which together form 70 to 80 per cent of the whole, 
control the strength characteristics of the cement. 

A high percentage of C3S and a correspondingly low amount 

pract ice to allow it to cool before use, for then a n y small 
amoun t s of free u n c o m b i n e d h m e w i l l h y d r a t e a n d ca rbona t e by 
react ion wi th mois ture a n d ca rbon dioxide in the air . 

T h e m e t h o d of manufac tu re described above covers most of 
the p lants in opera t ion in this count ry . Some plants incorpora te 
var ious modifications which have been m a d e to improve the 
efficiency, these be ing usually designed to reduce the a m o u n t 
of wa te r requ i red in the wet process, to improve the control in 
the d ry process, or to reduce the a m o u n t of fuel r equ i red for 
b u r n i n g the clinker. For example , in the A C L (Alks-Chalmers : 
Lellep) process a slowly t ravel l ing g ra te a n d ro t a ry kiln a re 
used. T h e gra te is fed wi th pelleted r a w mate r i a l t h r o u g h wh ich 
pass ho t waste gases which d ry a n d p re -hea t the ma te r i a l . Th i s 
process allows a m u c h shorter kiln to be used a n d also uses less 
fuel, a n d so leads to a h igher fuel efficiency a n d a h igher o u t p u t . 

Chemistry of Portland Cement 

T h e chemical composi t ion of o rd ina ry Po r t l and cemen t is 
as follows: 
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of C2S will give a h igh early s t rength a n d will genera te consider­
able hea t in the process. T h e reverse combina t ion results in a 
slower deve lopment of s t rength a n d the genera t ion of less hea t . 
T h e t r i -calc ium a lumína t e (C3A) con ten t is i m p o r t a n t . I t is 
the least desirable c o m p o u n d ; it hydra tes rap id ly a n d produces 
considerable hea t du r ing the process, b u t a cemen t wi th a low 
percen tage of C3A will develop a h igh u l t ima te s t rength , will 
genera te less hea t of hydra t ion , will show grea te r vo lumet r i c 
stabil i ty, will have less t endency to cracking a n d will be m o r e 
resistant to acid a n d su lpha te a t tack, t h a n a cement wi th a 
h igh C3A content . 

T h e quan t i t y of l ime has to be carefully control led d u r i n g 
manufac tu re . A large l ime con ten t gives a slow-setting p r o d u c t 
wi th a h igh early s t rength , b u t a n excess m a y cause unsoundness . 
T h e a m o u n t of free l ime in freshly g r o u n d cemen t is usual ly 
a b o u t 3 pe r cent , of which jus t u n d e r 1 pe r cent m a y be 
u n h y d r a t e d . T h e a m o u n t of u n h y d r a t e d Ume is kep t to a 
m i n i m u m as its de layed h y d r a t i o n in set concre te m a y cause 
disrupt ion. 

A large silica a n d a l u m i n a con ten t p roduces a h igh-s t rength 
cement . A high silica con ten t gives slow sett ing, whilst h igh 
a l u m i n a produces a quick-set t ing cement . A cement w i th la rge 
amoun t s of a l u m i n a (approx imate ly 40 pe r cent) is descr ibed 
as a h igh a l u m i n a cement (q.v. infra) . 

I r on oxide combines wi th the l ime a n d the silica a n d is 
beneficial for those cements h igh in silica, for it causes a decrease 
in the C3A. I t also acts as a fusing agent , b u t if too m u c h i ron 
oxide is present the resul tant clinker is difficult to gr ind . I t is 
i ron which gives the grey colour to o rd ina ry Por t l and cement . 

Magnes ia is l imited in most British cemen t to a b o u t 1 pe r 
cent , as if present in large quant i t ies i t causes unsoundness . T h e 
alkalis, soda a n d potash, are of doubtful va lue a n d are kep t to 
a m i n i m u m . T h e y m a y p roduce efflorescence in the set con­
c re te ; if more t h a n 0-6 per cent is present , which is usual for 
British Por t l and cements , they will reac t wi th cer ta in aggregates 
(see p . 246) . 

T h e su lphur tr ioxide present is der ived pr incipal ly from the 
gypsum a d d e d to the clinker before gr ind ing , a l t hough some 
su lphur m a y be der ived from the coal used in b u r n i n g . S u l p h u r 
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compounds are undes i rable , as they tend to cause unsoundness 
of the cement . 

Cement Hydration 

W h e n mixed wi th sufficient water , cement becomes plast ic. 
Gradua l ly wi th t ime it loses its plasticity a n d becomes friable 
a n d canno t be m a d e to cohere if d i s tu rbed ; at the same t ime 
it has no s t rength a n d can be b roken be tween the fingers. In i t ia l 
set has taken place. If left longer, the mixed cement paste 
ha rdens unt i l it can be b roken only wi th difficulty a n d it has a 
h a r d stony texture . T h e t ime requ i red for init ial set measured 
by the Vica t needle test (B.S.I881) appears to be governed by 
the t ime necessary for the format ion of ei ther t r i -calc ium 
a lumína te (C3A) or t r i -calcium sihcate (C3S). Somet imes a 
false set m a y take place in which the cemen t paste sets in a few 
minutes , b u t on being re-mixed it aga in becomes plastic a n d 
does not suffer any loss of s t rength . H i g h t empera tu re s in the 
gr ind ing mills can p roduce this false set by causing the g y p s u m — 
a d d e d to control the set — to lose some of its water , wh ich gives 
a r igidity to the cement paste sufficient for it to a p p e a r to be set. 

Soundness 
Soundness of a cement indicates freedom from vo lume change 

or the cracking of the cement paste . I t is de t e rmined by a n 
empir ica l test (Le Cha tehe r test) in which cemen t paste is 
boiled in wa te r a n d any swelling or cracking is no ted . Exper ience 
has shown tha t cements which pass this test will not be u n s o u n d 
in concrete work. 

Unsoundness of the cement must no t be confused wi th 
unsoundness of the concrete , however , which m a y be due to a 
chemical react ion be tween cer ta in aggregates a n d cemen t (see 
alkali react ion of aggregates) . 

Seeding of Cement 
I t has been found t ha t g r o u n d cement paste m a y be used as 

a n admix tu re to increase the s t rength of cement . C e m e n t paste 
is m a d e from cement a n d wa te r a n d is al lowed to set, a n d the 
crystal g rowth p r o m o t e d by hea t t r ea tmen t . T h e resul t ing 
h a r d e n e d paste is g r o u n d in to a powder a n d then a d d e d to 
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concrete at the ra te of 2 per cent by weight of cement . Th i s 
resuks in an increase in s t rength a t 28 days of u p to 10 per cent . 
This increase is in addi t ion to any ob ta ined by the add i t ion of, 
say, ca lc ium chloride. 

I t appears t ha t the increase in s t rength is d u e to the seeding 
of the fresh cement paste wi th m i n u t e crystals which form 
nuclei for a r ap id crystal g rowth in the sa tu ra ted cemen t /wa te r 
solution. 

Setting and Hardening 

T h e most i m p o r t a n t p roper ty of concre te is the sett ing a n d 
h a r d e n i n g of the cement paste after be ing mixed wi th wa te r . 
T h e processes are complex a n d not complete ly de te rmined . 
M a n y theories have been proposed, a n d these inc lude the 
deve lopment of a gel film r o u n d the cemen t paste , the format ion 
of crystalline hydra t ion products , a n d the m u t u a l coagula t ion 
of components in the cement paste . 

T h e two m a i n theories a re the crystalUne theory a n d the 
gel theory, the older be ing the crystall ine theory of Le Chate l ie r 
wh ich dates back to 1882. Accord ing to this theory the set t ing 
a n d h a r d e n i n g is due to the locking together of a n in t e rg rowth 
of crystals (hence the crystalUne theory) . T h e a l te rna t ive 
theory is the gel theory proposed by Michael is in 1893. H e 
suggested tha t a colloidal non-reversible gel is formed in the 
sa tura ted solution which sur rounds the cemen t part icles . T h e 
coagulat ion of this gel causes the set t ing of the cement . 

These theories have now been largely in tegra ted in to a 
combined theory (Lea, 1956), accord ing to which , w h e n 
cement a n d wa te r are mixed in to a paste there is formed a 
super-sa tura ted solution from which a gel-like mass of crystals 
precipi ta te . M a n y of the cement grains are ei ther u n h y d r a t e d 
or only par t ia l ly h y d r a t e d a n d are su r rounded by hyd ra t i on 
products t h rough which wa te r has to diffuse to reach the 
u n h y d r a t e d core, a process which becomes slower wi th t ime . 

Whils t still in a plastic condi t ion the cemen t paste shrinks 
shghtly as wa te r is t aken u p in h y d r a t i n g the cement , b u t once 
the cement paste becomes rigid there is a small expansion due 
to the gel deposi t ing a r o u n d the cemen t grains a n d causing 
t hem to swell a n d so exert an expansive pressure. T h e init ial 
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set, which is observed in n o r m a l cement pastes some 2 to 4 
hours after mixing, occurs w h e n gel-like crystals growing from 
individual cement grains meet a n d form a more rigid lat t ice 
able to s tand a cer ta in pressure. 

T h e cement gel formed is in a n uns table state a n d has a 
tendency to shrink a n d give off wa te r so as to be reduced to a 
stable state. If the cement paste is kept submerged a n d cured 
cont inuously u n d e r wa te r this t endency to shr ink is offset by 
cont inued hydra t ion of the cement part icles a n d there is no 
measureab le change in the total vo lume of the cemen t pas te . 
If, however , the cement paste is al lowed to d ry out , t hen 
considerable shr inkage occurs, known as d ry ing shr inkage. Pa r t 
of this is irreversible b u t the r e m a i n d e r is reversible so t ha t the 
cement paste will swell aga in on be ing wet ted , a n d shrink on 
being dr ied . 

F ina l set, as specified in, say B.S.12, appears to have no 
chemical significance in the process of the format ion of gel-like 
crystals or in the con temporaneous g rowth of larger crystals. 
T h e format ion of a stable gel, or the g rowth of large crystall ine 
masses, is reckoned in te rms of mon ths as opposed to a ' ' f inal 
se t" of not more t h a n 10 hours for o rd ina ry Por t l and cement . 

Healing or Re-setting of Cement 
After mixing wi th water , m a n y of the grains of cemen t still 

r ema in u n h y d r a t e d even after long periods of cur ing . If a 
set cement paste is cracked a n d broken then u n h y d r a t e d 
cemen t grains are exposed, so tha t if the pieces a re fixed 
together a n d then cured in wa te r the exposed grains h y d r a t e 
a n d the pieces b ind together again . I t is p robab le t ha t after 
fine ha i r cracks have been caused by (say) shr inkage a n d the 
concrete is aga in cured u n d e r water , the hyd ra t i on of the 
exposed u n h y d r a t e d cement cores helps to close the cracks. 

Types of Portland cement 
I n this count ry there a re four m a i n types of Por t l and c e m e n t : 

o rd inary , r ap id ha rden ing , su lphate resisting a n d low hea t . 
I n addi t ion there is Por t l and blastfurnace slag cement , con­
sisting of 60 per cent o rd ina ry Por t l and cement mixed wi th 
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Fig. 2.2. Variation of strength with t ime for different cements. 

ground blastfurnace slag. Slag cements are described on 
page 62. O r d i n a r y Por t l and cement has a l ready been descr ibed. 

Rapid Hardening Portland Cement 

T h e difference be tween r ap id h a r d e n i n g a n d o rd ina ry 
Por t l and cement is t ha t r ap id h a r d e n i n g cement gains s t rength 
more quickly (see Fig. 2.2) . At 1 day a n d 3 days it should 
have the s t rength to be expected from o rd ina ry Po r t l and a t 
3 and 7 days respectively. R a p i d h a r d e n i n g cemen t m a y be 
p roduced by finer g r ind ing of the chnker , more i n t ima te 
mixing of the r a w mater ia ls , or be t te r b u r n i n g of the mixed 
mater ia ls . If the r a w mate r ia l exists in n a t u r e in a n in t imate ly 
mixed state — as is the case w h e n the basic ma te r i a l is a mar l , 
whose composi t ion needs ad jus tment mere ly by the add i t ion of 
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extra clay, or, as is usual , more chalk — then a r ap id h a r d e n i n g 
cement is p roduced . M a n y o rd ina ry Por t l and cements have 
propert ies similar to those of a r ap id h a r d e n i n g cement , a n d 
there is no rigid demarca t i on be tween the two cements . E x t r a 
r ap id h a r d e n i n g cement is also m a r k e t e d ; this is a r a p i d 
h a r d e n i n g Por t l and cement , to which 2 per cent ca lc ium 
chloride has been a d d e d to increase the ra te of ga in of s t rength 
in cold wea ther . 

Sulphate Resisting Portland Cement 

Concre te m a d e wi th o rd ina ry Por t l and cement m a y be 
adversely a t tacked by soil wa te r con ta in ing sulphates . T h e 
su lphate resistance of Po r t l and cement is increased if t he 
t r i -calc ium a lumína te (C3A) conten t is decreased, a n d this is 
done b y subst i tut ing i ron oxide for some of the clay (a lumina) 
du r ing manufac tu re . 

A p a r t from this change in chemical composi t ion the proper t ies 
of su lphate resisting Por t l and cement correspond closely to 
those of o rd ina ry Por t l and cement . T h e ra te of ga in of s t rength 
a n d the sett ing propert ies are a b o u t the s a m e ; to achieve this, 
su lpha te resisting cement is usually g r o u n d a little finer t h a n 
o rd ina ry cement to oflTset a n otherwise slower ra te of h a r d e n i n g 
d u e to the changed chemical composi t ion. Th i s ex t ra fineness 
m a y lead, in a r ich mix, to a slight increase in the a m o u n t of 
d ry ing shr inkage. 

Low Heat Portland Cement 
W h e n cement is mixed wi th wa te r its hyd ra t i on genera tes 

hea t in the same way as in most o ther chemical react ions. Th i s 
hea t m a y be a n advan tage or a d i sadvantage , accord ing to 
whe the r it tends to keep the concrete w a r m in cold wea the r , 
or to raise the t e m p e r a t u r e too high, as in the const ruct ion of 
large concrete dams where d u e to the mass of concrete the hea t 
of hydra t ion is not easily dissipated. 

H i g h t empera tu res cause t h e r m a l stresses, which m a y result 
u l t imate ly in the concrete cracking. These m a y be avoided by 
using a cement wi th a low ra te of hea t evolut ion a n d a low 
total hea t of hydra t ion . A low tr i -calc ium a lumína t e (C3A) 
content results in a decrease in the tota l hea t of hydra t ion , 
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withou t affecting the ra te of ga in of s t rength . If the t r i -calc ium 
silicate (C3S) is r educed a n d a t the same t ime the d i -ca lc ium 
silicate C2S is increased propor t ional ly , there is a large decrease 
in the ra te of hea t evolution, wi th a cor responding decrease in 
the ra te of ga in of s t r eng th ; the final s t reng th a t say 12 m o n t h s 
is no t affected, however . T o achieve a low hea t cement , 
therefore, the chemical composi t ion of the r a w ma te r i a l fed to 
the kiln is adjusted to give a low C3A a n d C3S con ten t wi th 
the app rop r i a t e ad jus tment in C2S. 

L ow hea t cement is avai lable only to special order , w h e n it is 
a r r anged for a works to t u r n over to p roduc ing such cemen t 
for a per iod of a few weeks. Since it is usually r equ i red in large 
quant i t ies for mass work, this m e t h o d of supply works well 
enough in pract ice . 

Low hea t Por t l and cement should no t be confused wi th a 
super-sulphate cement which has low hea t evolut ion a n d as 
such is sui table for mass concre te work. 

High alumina cement 
H i g h a l u m i n a cement is composed of a lumina , l ime, i ron 

oxide a n d a small a m o u n t of silica. I t is charac te r ized b y a 
r ap id deve lopment of s t rength due to the h igh a l u m i n a con ten t 
30 -45 per cent a n d the r ap id evolut ion of hea t on set t ing a n d 
ha rden ing . I t is h ighly resistant to su lpha te a t tack . 

I t differs from o rd ina ry Por t l and cemen t in t ha t la rger 
amoun t s of a l u m i n a are combined wi th the l ime. Th i s has two 
effects. D u r i n g manufac tu re , the mix tu re of a lumina , h m e a n d 
i ron oxide fuses in to a mol ten mass wh ich is more costly to 
gr ind t h a n the sintered clinker of Po r t l and cement . Secondly, 
the chemical composi t ion results in a very r ap id g rowth of 
s t rength so t ha t the cement a t ta ins the major i ty of its s t rength 
wi th in 24 hours . T h e British L igh tn ing , the F rench C i m e n t 
F o n d u , u n d e r which n a m e it is m a d e a n d sold in this count ry , 
a n d the Amer i can L u m n i t e , a re all examples of h igh a l u m i n a 
cement . 

Manufacture 

H i g h a l u m i n a cemen t is m a d e by mixing together the 
requ i red propor t ions of hmes tone a n d baux i t e a n d then hea t ing 
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the mix tu re to a h igh enough t empe ra tu r e , abou t 2600°F, unt i l 
chemical combina t ion takes place. I t is possible to sinter the 
mate r ia l to form a clinker as in the manufac tu re of Por t l and 
cement , bu t the t empe ra tu r e difference be tween chnker ing a n d 
fusion is so small t ha t in most processes fusion takes place a n d 
the mate r ia l is d r a w n off as a l iquid. T h e l iquid is cast in to 
pigs which , after coohng, a re crushed a n d g r o u n d to a powder . 

Whils t l imestone or chalk is c o m m o n enough , bauxi te , wh ich 
is an aggregate of a luminous minerals , occurs only in a few 
areas in the world in deposits which are commercia l ly workab le . 
F rance , I t a ly a n d Greece a re a m o n g the world 's largest 

Limesfone Bauxite 

Oversize 

Electric 
furnace IF " 4 
(used on 
continent) 

Pulverised coal 
Reverberatory 
open hearth 
furnace 

Bagging plant 

Τ 
Bagged supply 

Fig. 2.3. Manufacture of high alumina cement. 
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producers . All the baux i te for h igh a l u m i n a cement is i m p o r t e d 
into this count ry . Commerc ia l bauxi te which is composed of 
various a l u m i n i u m hydra tes also conta ins sihca, i ron oxide, 
t i t an ium oxide a n d clay as impur i t ies . 

T h e r e are a n u m b e r of different processes used to manufac ­
ture high a lumina cement . F igure 2.3 is a line d i a g r a m which 
shows the various stages of manufac tu re . A ro ta ry kiln furnace 
similar to t ha t used for Por t l and cemen t is used in the U . S . A . ; 
this differs from tha t used for p roduc ing o rd ina ry Por t l and 
cement in tha t the discharge end is t ape red to form a d a m a n d 
hence pe rmi t a pool of mol ten ma te r i a l to be formed in which 
comple te fusion can take place . T h e mix tu re of bauxi te , coke 
a n d hmes tone is fed into the furnace m u c h in the same m a n n e r 
as wi th n o r m a l blastfurnace opera t ion . O n the Cont inen t , 
par t icu lar ly where cheap hydro-electr ic power is avai lable , 
electric furnaces have been used, b u t in this coun t ry a n d in 
F rance the reverbera tory open h e a r t h furnace is the most 
c o m m o n . Pulverized coal is used as fuel a n d the feeding of 
r a w mater ia ls is a r r anged so t h a t the furnace gases passing 
th rough t hem drive off mois ture a n d ca rbon dioxide. T h e 
fused mater ia ls are t a p p e d off cont inuously a n d cast in to pigs. 
T h e ra te of cooling influences the set t ing t ime a n d ra te of 
h a r d e n i n g of the finished cement and , in addi t ion , the ease 
wi th which the crushed clinker can be g round . 

After p r i m a r y crushing a n d g r ind ing the powdered ma te r i a l 
is passed be tween magne t s to r emove a n y metal l ic i ron a n d is 
then passed to a tube or bal l mill for final fine g r ind ing . 
Because of its hardness the chnker is coarse g r o u n d in compar i ­
son wi th o rd ina ry Por t l and cement . N o addit ives are inc luded 
du r ing or after gr inding , the set t ing be ing control led by the 
ra te of cooling of the fused p roduc t . 

N o t only is the cost of the r a w mate r i a l h igher for h igh 
a lumina cement t h a n for o rd ina ry Por t l and , b u t so also a re 
the manufac tu r ing costs. I n add i t ion to the ext ra fuel r equ i red 
to fuse the mater ia ls , the cast pigs are h a r d to crush a n d gr ind 
so tha t g r ind ing costs are h igh. 
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Chemistry of High Alumina Cement 

T h e consti tuents of h igh a lumina cement a r e : 
A l u m i n a 3 0 - 4 5 % 
L ime 3 5 - 4 5 % 
Sihca 4 - 9 % 
I r o n oxide 0 - 2 0 % 
T i t a n i a 2 % 
Magnes ia 2 % 
Su lpha te 1 % 

T h e alkali conten t is less t h a n in Por t l and cement a n d has 
to be restricted, or else t rouble will occur due to the cemen t 
set t ing too quickly. 

Specifications (e.g. B.S.915) requi re a m i n i m u m a l u m i n a 
conten t of 32 pe r cent , a n d l imit the ra t io of a l u m i n a to l ime 
to 0-85-1-3 . 

T h e tota l hea t evolved d u r i n g hyd ra t i on is of the same o rde r 
as Por t l and cement , b u t most of i t is evolved wi th in the first 
24 hours . 

T h e chief c o m p o u n d s in h igh a l u m i n a cement a re var ious 
ca lc ium a luminates (CA, C3A5, C5A3, e tc . ) . These combine 
wi th wa te r to form h y d r a t e d mono-ca lc ium a lu mín a t e a n d 
h y d r a t e d a lumina . T h e present knowledge of h igh a l u m i n a 
cement chemis t ry does no t pe rmi t of a r eady calcula t ion of the 
var ious compounds formed in the h y d r a t e d cement . 

Hydration of High Alumina Cement 

O n hydra t ion of the cemen t grains a gelat inous mass com­
mences to form r o u n d the grains after a n h o u r or so ; this grows 
rap id ly wi th the format ion of crystals so t h a t after 24 hours the 
original grains of cemen t largely d isappear , to be rep laced by 
a gel a n d crystal s t ruc ture . 

H i g h a l u m i n a cement combines wi th more wa te r t h a n does 
Por t l and cemen t ; whereas the wa te r / cemen t ra t io for h y d r a t i o n 
of Por t l and cement is a b o u t 0-22, for h igh a l u m i n a it is a b o u t 
0-35 a n d d u e to incomple te hyd ra t i on m a y be 0-50. T h e r e 
is a reduc t ion in combined vo lume of solid a n d w a t e r b u t 
this cont rac t ion — which is near ly comple te after 24 hours — is 
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masked by the swelhng of the cemen t wh ich begins a t the t ime 
of final set. 

T h e sett ing t ime of h igh a l u m i n a is s imilar to t h a t of o r d i n a r y 
Por t l and cement . I t is affected by salts wh ich c a n change the 
p H value , an increase in p H cor responding to a n increase in 
sett ing t ime. Salts such as ca lc ium a n d sod ium hydrox ide , 
sodium ca rbona te a n d su lphate , a n d su lphur ic acid accelerate 
the set, whilst sod ium a n d potass ium chlor ide, hydrochlor ic 
acid, a n d organic mater ia ls such as glycerine a n d sugar , r e t a r d 
the set; in fact, sugar m a y even p reven t the set t ing a n d h a r d e n i n g 
entirely. 

Soundness 

H i g h a l u m i n a cement does no t suffer from unsoundness in 
the same way as does o rd ina ry Po r t l and cement , for it conta ins 
no free l ime a n d little su lphur t r ioxide wh ich are the sources 
of unsoundness in Po r t l and cements . H y d r a t e d h igh a l u m i n a 
cement can, however , be affected by a combina t ion of h igh 
t empe ra tu r e a n d h igh humid i t y which causes a n inversion of 
the h y d r a t e d ca lc ium a lumina tes . A t n o r m a l t empera tu re s the 
compounds CaO.AlaOs . lOHgO a n d 2CaO .Al2O3.8H2O a re 
p roduced . These c o m p o u n d s are m e t a stable a n d m a y change 
to 3CaO.AI2O3.6H2O. I f the concre te is kept d ry this change 
does not take place, a n d if the t e m p e r a t u r e is low the change 
takes place only very slowly a t grea t age. However , w h e n h igh 
t empera tu res are combined wi th h igh h u m i d i t y the change is 
r ap id a n d results in a g rea t loss of s t rength , see F igure 3.20. 

H i g h t empera tu res wi th h igh h u m i d i t y a re achieved if 
concrete m a d e wi th h igh a l u m i n a cement is cast in large masses, 
or if h igh a l u m i n a cement is used u n d e r t ropica l condi t ions, 
involving h igh humid i ty . 

Mixtures of High Alumina and Portland Cements 

T h e addi t ion of o rd ina ry Por t l and cemen t to h igh a l u m i n a 
cement reduces the s t rength of the la t te r a n d also accelerates 
the sett ing t ime. Ca lc ium hydroxide accelerates the set of h igh 
a lumina cement a n d this salt is formed w h e n Po r t l and cemen t 
is mixed wi th water . G y p s u m (calcium sulphate) w h e n present 
in large quant i t ies also accelerates the set, b u t in small quant i t ies 

http://2CaO.Al2O3.8H2O
http://3CaO.AI2O3.6H2O
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tends to r e t a rd it. I t follows, therefore, t ha t the addi t ion of 
small quant i t ies of o rd ina ry Por t l and cement will has ten the 
init ial set of h igh a lumina ceinent . Similarly the addi t ion of 
a small quan t i t y of h igh a lumina to o rd ina ry Por t l and cement 
will accelerate the set of Por t l and cement . W h e n sufficient 
Por t l and cement is a d d e d to h igh a l u m i n a cement the concen­
t ra t ion of the gypsum a n d ca lc ium hydrox ide become sufficient 
to cause w h a t is known as a flash set of the mix tu re . 

Slag cements 
Cements m a d e wi th slag m a y be divided in to two m a i n 

g roups : 
(a) mixtures of blastfurnace slag a n d Por t l and cement 

clinker g r o u n d toge ther ; 
(b) mixtures of blastfurnace slag a n d l ime g round together . 

T h e first g roup is the only one of impor t ance , a n d even of 
this g roup only one type of Por t l and blastfurnace cemen t has 
been used in any quan t i t y in this count ry . Increas ing interest 
is be ing shown, however , in two o ther types, name ly super-
su lpha ted cement a n d slag cement m a d e by the Tr ie f process. 
T h e second g roup of slag l ime cements are used now only in 
small quant i t ies on the Cont inen t . T h e y usually conta in from 
10 to 20 per cent slaked lime or 20 to 30 per cent of h y d r a u h c 
l ime a n d are inferior b ind ing agents , a l though the add i t ion of 
small amoun t s of gypsum can increase the s t rength of some of 
t h e m apprec iably . 

Blastfurnace Slag and Portland Cement Mixtures 
Distinction can be m a d e be tween three types of slag c e m e n t : 

Por t l and slag cement , slag Por t l and cement , a n d slag su lpha te 
cemen t ; in each of these the first n a m e d c o m p o u n d pre ­
dominates . 

T a b l e 2.1 gives the composi t ion of Por t l and blastfurnace 
cements in various countr ies . 

I n this coun t ry the t e r m Por t l and blastfurnace cement covers 
all mixtures of Por t l and cement a n d slag, conta in ing not more 
t h a n 65 per cent of g ranu la t ed blastfurnace slag. 

Blastfurnace slag is the mol ten flux from a blastfurnace 
ob ta ined as a by -p roduc t in the manufac tu re of pig i ron. T h e 
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slag is p roduced from the sihcate, argil laceous a n d calcareous 
consti tuents of the i ron ore together wi th the ashes from coke 
fuel. T h e m a i n componen t s are thus the same as those of 
Por t l and cement bu t the propor t ions a re different. T h e p ro ­
port ions depend u p o n the type of ore, the composi t ion of the 

TABLE 2.1 

Country Name 
Portland 
cement 

clinker (%) 

Granulated 
blastfurnace 

slag (%) 

Great Britain Portland blastfurnace cement 35 minimum 65 maximum 

U.S.A. Portland blastfurnace slag 
cement 

75-35 25-65 

Germany Eisenportland cement 
Hochofenzement 

70 minimum 
15-69 

30 maximum 
35-31 

France Ciment metallurgique de fer 
Ciment metallurgique de haut 
fourneau 

70-80 
25-35 

30-20 
75-65 

l imestone used as a flux, a n d u p o n the process of manufac tu re . 
For example , the slag from a ho t -b lown open h e a r t h steel­
works gives be t te r s t rengths t h a n t ha t from a steelworks using 
the T h o m a s process w h e n the same ore is processed. 

Slag is ob ta ined from the blastfurnace in a mol ten state, a n d 
is carefully t rea ted by r ap id chi lhng. Slowly cooled slag, such 
as a i r -quenched slag, is largely crysta lhne a n d has no hydrau l i c 
propert ies . R a p i d chi lhng produces a super-cooled glass a n d 
prevents c rys ta lhzat ion; it also has the a d v a n t a g e of g r anu la t i ng 
the slag, b reak ing it u p in to small part icles sui table for subse­
quen t g r ind ing to a powder . R a p i d chill ing m a y be achieved 
by al lowing the slag to r u n in to a t ank of water , b u t this 
produces a mate r ia l wi th a h igh wa te r con ten t a n d since it has 
to be dr ied before it can be g round , this is a d i sadvan tage . If 
the slag is quenched by a j e t of water , however , sui table 
g ranu la t ion can be achieved wi th ht t le residual water . T h e 
chemical composit ion affects the ease wi th which the slag can be 
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g r a n u l a t e d ; for example , those wi th a h igh a lumina con ten t 
g ranu la t e easily. I n its g r anu la t ed form blastfurnace slag is 
fairly stable a n d is unlikely to de ter iora te , except t ha t w h e n it 
contains large amoun t s of manganese oxide it is subject to 
long t e rm unsoundness . 

G r a n u l a t e d slag has little cement ing va lue unt i l i t is g r o u n d 
to a powder a n d mixed wi th a n act ivator . T h e ac t iva tor is 
usually ei ther Por t l and cement or gyspum a l though l ime, 
anhydr i t e , sod ium ca rbona t or caustic soda have all been 
suggested. Po r t l and cement is a n act ivator because it releases 
free l ime to reac t wi th the slag cement . 

Portland Blastfurnace Cement 
Por t l and blastfurnace cement contains no t m o r e t h a n 65 per 

cent of g ranu la t ed slag a n d is specified in B.S.146. Po r t l and 
cement is usually manufac tu red from the slag itself, which is 
used instead of clay or shale, b u t since it a l ready contains u p to 
50 per cent l ime, a smaller a m o u n t of l ime is necessary. T h e 
slag a n d l ime are b u r n t in a ro t a ry kiln in the m a n n e r descr ibed 
for Por t l and cement . After bu rn ing , the cemen t cl inker is 
mixed wi th u p to 65 per cent of dr ied g ranu la t ed slag a n d 
g r o u n d to powder in the usual type of bal l mill . 

Por t l and blastfurnace cement is similar in its general p roper ­
ties to o rd ina ry Por t l and cement , a l though concrete m a d e wi th 
it gains s t rength a t a slower ra te t h a n wi th o rd ina ry Po r t l and 
cement a n d evolves less hea t on hydra t ion . T h e hea t of 
hydra t ion is no t as low as low hea t cement , b u t it is m o r e 
suited for mass concrete work t h a n o rd ina ry Por t l and cement . 
T h e ra te of ga in of s t rength , however , is wi th in the limits of 
B.S.12 for o rd ina ry Por t l and cement . O w i n g to the slower r a t e 
of h a r d e n i n g a n d low hea t of hydra t ion , concrete m a d e wi th 
slag cement requires careful cur ing, especially pro tec t ion 
against too rap id dry ing a n d the effects of cold wea ther . 

H a r d e n e d Por t l and blastfurnace cement contains less free 
Hme t h a n o rd ina ry Por t l and cement a n d its hyd ra t i on p roduc t s 
are more stable. I t is usually g r o u n d m u c h finer t h a n o rd ina ry 
Por t l and cement a n d this tends to increase the workab ih ty . I ts 
specific gravi ty is a b o u t 3 -0. I t is of l ighter colour t h a n o rd ina ry 
Por t l and cement . 



C O N C R E T E M A T E R I A L S 65 

Slag Sulphate Cement 

G r a n u l a t e d slag cemen t m a y be ac t iva ted wi th gypsum or 
anhydr i t e , a n d such cements a re k n o w n ei ther as slag su lpha te 
cements or more usually, as super -su lphate cements , p r o b a b l y 
because they were first impor t ed in to this coun t ry from Belgium 
where they are known as ^'ciment me ta l lu rg ique su r su lpha t e " . 

T h e combined act ion of su lpha te a n d slag is no t easily 
unders tood a n d has no t been as well invest igated as t h a t of 
Por t l and cement . Slag su lpha te cements a re finely g r o u n d b u t 
they evolve less hea t of hyd ra t i on t h a n Po r t l and cement , a n d 
in fact they could be classified as low hea t cements a n d used 
where such cement is needed as in massive concrete work. 

T h e y requi re a m i n i m u m wa te r con ten t to develop thei r 
cement ing propert ies fully, b u t wi th increase in wa te r there is a 
g r adua l increase in cement ing efficiency, the peak be ing a t a 
ra t io of wa te r to cemen t of 0-6 to 0-7. 

T h e super su lpha te cements used in this coun t ry a re m a d e 
by gr ind ing a mixed mass of g r anu l a t ed blastfurnace slag, 
ca lc ium sulphate (ha rd b u r n t gypsum or anhydr i te ) a n d 
Por t l and cement clinker. T h e propor t ions a re usually 85 per 
cent g ranu la t ed slag, 10 per cent anhyd r i t e a n d 5 per cent 
Por t l and cement . T h e specific gravi ty of the cemen t is a b o u t 
2-9. T h e init ial set varies from \ to 2 hours a n d the final set 
from 1 | to 4 | hours . T h e cement is of whit ish colour, a n d 
produces a l ight-coloured concrete . 

O n l y slight quant i t ies of hea t a re evolved d u r i n g hydra t ion , 
a l though the shr inkage is slightly g rea te r t h a n for o r d i n a r y 
Por t l and cements . P rope r cur ing is essential wi th possibly, in 
addi t ion , the pa in t ing of the exposed surfaces of the concre te 
wi th l ime, to p reven t the format ion of a soft skin. 

Trief Cement 

Trief cement is a slag su lpha te cemen t p r o d u c e d by wet 
gr inding. T o p roduce slag su lpha te cements the g r a n u l a t e d 
slag has to be g r o u n d to a fine powder , a n d the re a re two 
me thods of do ing this. 

(a) D r y G r i n d i n g : T h e g r anu l a t ed slag, wh ich no rma l ly 
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contains abou t 10 per cent of mois ture , has to be thoroughly 
dr ied a n d then g round in the usual type of ball mill . 

(b) W e t G r i n d i n g : M . Trief, a Belgian, a n u m b e r of years 
ago pa t en ted a process for wet gr ind ing slag cement . T h e slag 
is g round in a ball mill wi th a b o u t 30 per cent wa te r a n d the 
slurry is fed in to storage vats wi th sufficient wa te r to p roduce 
a mix ture which can be agi ta ted to p reven t sedimenta t ion . T h e 
slurry m a y be p u m p e d direct from the vats to the b a t c h mixer , 
a n d there mixed with 30 per cent of Por t l and cement a n d the 
necessary aggregates to p roduce concrete . 

Ins tead of using Por t l and cement , the sett ing m a y be pro­
moted by add ing anhydr i t e as wi th slag su lphate cements , 
though work has yet to be carr ied out in this coun t ry on an 
extensive scale to de te rmine fully the effect of a d d i n g anhydr i t e . 

W h e n using Tr ief cement care is necessary in the fine aggre­
gates, because a slightly organic sand can inhibi t the sett ing of 
the cement , whilst in addi t ion difficulty m a y be experienced if 
the wate r content of the sand is too high. I t m a y then be 
necessary to a d d extra Por t l and cement to give the requi red 
wa te r / cemen t ra t io . 

Special cements 
Expanding Cements 

Concre te shrinks on drying, a n d this m a y result in cracking 
a n d even lead to s t ruc tura l unsoundness in wa te r re ta in ing 
s tructures . T o counte rac t the shr inkage a n d nullify its dis­
advantages the use of expand ing cements has been suggested. 
T o el iminate shr inkage the a m o u n t of expansion must equa l 
the no rma l shr inkage a t any one t ime. Th is means t ha t the 
expansion should take place du r ing the per iod w h e n the concre te 
is dry ing, b u t this is impossible. If concrete m a d e from expan­
sive cement is dr ied it undergoes a shr inkage of the same o rde r 
as n o r m a l concrete u n d e r the same condit ions, a n d like n o r m a l 
concrete it expands slightly on wet t ing. 

T h u s a l though it canno t be used to counte rac t shr inkage, 
expand ing cements have been used in u n d e r p i n n i n g work 
(Lossier, 1948) where there is difficulty in a r r ang ing for new 
concrete to car ry its share of the foundat ion load. 
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A 1 2 3 0 19-0% 
C a O 4 1 - 3 % 

FeaOs 5 -7% 
T Í O 2 0 - 8 % 
SO3 2 2 - 1 % 
Soluble S Í O 2 7 - 0 % 
Insoluble m a t t e r 2 - 8 % 
Loss on ignit ion 0 - 9 % 

This clinker was used for the manufac tu re of e x p a n d i n g 
cements in a mix tu re of o rd ina ry Po r t l and cement , which 
supplies the l ime. 

T h e examina t ion of this clinker showed t ha t it was composed 
of ca lc ium sulphate , ca lc ium a lumína t e a n d d i -ca lc ium sihcate, 
so t ha t the same expansion migh t be ob ta ined by a mix tu re of 
h igh a lumina cement a n d gypsum. 

Concre te conta in ing a mix tu re of su lpho-a lumina te a n d 
o rd ina ry Por t l and cement kept wet will expand , b u t there mus t 
be a t least 8 per cent su lpho-a lumina te present . O n dry ing , 
expansion will cease, b u t on re-wet t ing there is the possibility 
of further expansion. T o ensure t ha t the expansion can be 
controlled a stabil izing agen t is a d d e d to the cemen t mixtures . 
Th is is usually blastfurnace slag which reacts slowly wi th the 
calc ium sulphate a n d absorbs it by react ion. 

T h e a m o u n t a n d du ra t i on of the expansion can be control led 

T h e expansion of expand ing cements is due to the format ion 
of ca lc ium su lpho-a lumina te in the presence of h igh l ime 
concent ra t ion . This has to be u n d e r control led condi t ions , as 
the increase in vo lume would be de t r imen ta l to the concrete 
s t rength if the concrete were left to expand freely; in fact, 
uncontro l led expansion migh t even result in the d is rupt ion of 
the concrete . 

Magnes ium-su lpho- , a n d ca lc ium-sulpho-a lumina tes m a y 
bo th be used as expand ing agents , b u t the necessity for con­
trolled expansion results i non ly ca lc ium-su lpho-a lumina te be ing 
used in pract ice . Th is chemical is p roduced by the react ion of 
ca lc ium sulphate , a l u m i n a a n d l ime, a n d was first p roduced 
commercia l ly in a su lpho-a lumina te clinker wi th the following 
composi t ion (Lafuma, 1952): 
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Hydrophobic Cements 

H y d r o p h o b i c or waterproofed cements do not de te r iora te if 
s tored u n d e r d a m p h u m i d condi t ions, as would o rd ina ry 
Por t l and cement . Th is is shown in Fig. 2.4. H y d r o p h o b i c 
cements have in t e rg round wi th t h e m var ious organic mater ia l s , 
usually oils, fatty acids or metaUic stearates, which cause the 
cements to be wa te r repel lent . 

Manufac tu r e of the cement is the same as for o rd ina ry 
Por t l and cement , except t h a t the clinker is sprayed wi th a 
waterproofing mate r i a l before gr inding . T h e p ropor t ion of 
organic mate r ia l used is usually no t more t h a n 0*25 pe r cent by 
weight of clinker. T h e result ing cement powder repels wate r , 
b u t this p rope r ty breaks d o w n over a long per iod of exposure . 
Concre te m a d e wi th waterproofed cement also shows wa te r 

by vary ing b o t h the propor t ions of su lpho-a lumina te , blast­
furnace slag a n d o rd ina ry Por t l and cement , a n d also in 
g r ind ing of the su lpho-a lumina te a n d the slag. By g r ind ing the 
su lpho-a lumina te coarsely the expansion can be delayed so as 
to avoid p r e m a t u r e expansion which would reduce the init ial 
s t rength of the concrete . F ine gr inding , on the o ther h a n d , 
causes r ap id hyd ra t i on a n d expansion, a l though the to ta l 
expansion will be less. T h e ra te of ga in of s t rength of the 
Por t l and cement also affects the expansion, the h igher the 
s t rength the slower the swelling a n d the g rea te r the delay. 

Ca lc ium su lpho-a lumina te m a y be p roduced by manufac ­
tu r ing a su lpho-a lumina te clinker a n d then g r ind ing to the 
requ i red fineness, or by mix ing h igh a l u m i n a cement a n d 
gypsum. T h e la t te r is a cheaper m e t h o d b u t hmi ts the control 
of the expansion which can be achieved t h r o u g h control led 
g r ind ing of the su lpho-a lumina te clinker. T h e manufac tu r e 
of a su lpho-a lumina te cl inker in F r a n c e is as follows. T h e r a w 
mater ia ls are p r e p a r e d by wet -gr ind ing gypsum, baux i t e a n d 
chalk in the propor t ions of 50 per cent gypsum a n d 25 per cent 
each of chalk a n d baux i t e . This mix tu re is then b u r n e d to 
form a clinker in a ro t a ry kiln, using pulver ized coal. W h e n 
cool, the chnker is crushed a n d then g r o u n d to the requ i red 
fineness. 
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Results of tests on a concrete with w/c 0-50 A/C 6 0 : I 

Fig. 2.4. Effect of weathering exposure on O.P. and hydrophobic 
Portland cement. 

repell ing propert ies in t ha t the wa te r absorp t ion is less, b u t 
aga in this reduces wi th t ime. 

H y d r o p h o b i c cements are necessarily a i r -en t ra in ing cements 
in t ha t the mater ia ls used to wa te rp roof the cemen t have air-
en t ra in ing proper t ies ; for example , a n air con ten t of 6-5 per 
cent m a y be ob ta ined du r ing n o r m a l mix ing of a concrete wi th 
a wa te r / cemen t ra t io of 0-5. I n consequence the compression 
s t rength of concrete conta in ing h y d r o p h o b i c cements is m u c h 
lower t h a n tha t of one con ta in ing o rd ina ry Por t l and cement . 
Exposure tests which cause the g r a d u a l b r e a k d o w n of the 
hydrophob ic mate r ia l result in a ne t ga in of s t rength , in t h a t 
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the decrease in s t rength due to air-set is more t h a n offset by 
the increase in the s t rength due to the e n t r a i n m e n t of less a i r 
consequent u p o n the b r eakdown of the waterproof ing mate r ia l . 

I t is not possible to in tergr ind calc ium chloride wi th hyd ro ­
phobic cement to act as an accelerator a n d overcome the effect 
of the hydrophob ic addi t ive , because ca lc ium chloride is 
intensely hygroscopic a n d its effect is to nullify the h y d r o p h o b i c 
mater ia l . 

I t is sometimes c la imed t h a t h y d r o p h o b i c cements have a n 
improved resistance to su lphate a t tack . I n general , any 
increased resistance is t ha t due to air en t ra in ing , wh ich results 
in a reduced permeabi l i ty ; it is no t possible to increase the 
resistance of a cement to su lpha te a t tack merely by spraying 
the clinker wi th an organic c o m p o u n d . 

Aggregates 
A b o u t 75 per cent of the bu lk of concrete is composed of 

aggregate whose m a i n a t t r ibu te is its inertness, b u t it does no t 
have merely a passive role in concrete , ac t ing only as a filler. 
I t has an active role, a n d its characterist ics often control the 
behav iour of the concrete . Sui tab le concrete aggregates 
m a y differ widely in their propert ies , the differences be ing as 
grea t as those be tween the var ious cements . T h e y can be 
g rouped in var ious ways ; for example we can classify t h e m 
according to their origin in to igneous, sed imentary , or me ta -
m o r p h i c ; or accord ing to their density in to no rma l , heavy or 
hghtweight aggrega te ; or again , accord ing to the way in which 
they are p roduced , in to na tu r a l sands a n d gravels, crushed 
rocks, or manufac tu red aggregates . T o some extent these 
classifications ove r l ap ; thus sed imentary rocks inc lude n a t u r a l 
sands a n d gravels, a n d bo th these a n d crushed rocks form 
most of the n o r m a l weight aggregates . M a n u f a c t u r e d aggre­
gates include all the hgh tweigh t ones which are avai lable in 
this count ry . Aggregates are therefore described below u n d e r 
the following head ings : 

Igneous rocks 
1. Petrological classification | Sed imenta ry rocks 

M e t a m o r p h i c rocks 
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2. Sands a n d gravels 
3. Manufac tu red a n d l ightweight aggregates 
4. H e a v y aggregates ; these are described on page 305. 

Petrological Classification 

T h e r a w mater ia l from which n a t u r a l aggregates a re p ro ­
duced is rock. T h e r e are a large n u m b e r of different types, b u t 
all are composed of grains or mine ra l crystals. T h e proper t ies 
of a rock depend u p o n the composi t ion, g ra in size a n d rock 
texture , a n d these in t u rn depend on the m o d e of origin. T h e r e 
are three m a i n rock groups , igneous, sed imenta ry a n d me ta -
morph ic , each wi th a different m o d e of or ig in ; igneous rocks 
were formed from mol ten masses ex t ruded from the in ter ior of 
the ear th , sed imentary rocks from the b r e a k d o w n of o the r 
rocks, a n d m e t a m o r p h i c rocks from the a l te ra t ion a n d re-
composi t ion of sed imenta ry rocks so as to form new rocks. 

Igneous Rocks 

T h e propert ies of igneous rocks d e p e n d almost entirely u p o n 
the way in which the mol ten masses were ex t ruded . La rge 
deep-seated masses cooled slowly a n d developed a coarse 
crystalline s t ruc tu re ; smaller masses i n t r u d e d in to the stratifi­
cat ion in existing rocks cooled more quickly, developed a finer 
crystalline s t ruc ture a n d caused only slight a l te ra t ion to the 
su r round ing rock. Sills a n d dikes a re sheets of igneous rock 
formed be tween the b e d d i n g planes or in crevices of existing 
rock. Because they were th in they cooled quickly a n d have a 
very fine crystalline tex ture . Volcan ic mate r i a l e rup ted on to 
the surface of the ea r th , cooled extremely quickly, a n d formed 
super-cooled or glassy s t ructures , often chemical ly uns tab le . 
Volcanic mate r ia l wh ich was expelled full of gas has a vesicular 
texture like pumice a n d is fight in weight . M a n y volcanic 
rocks react adversely wi th a h igh alkali con ten t in o rd ina ry 
Por t l and cement . 

Granites a re roughly equ ig ranu la r rocks wi th mine ra l gra ins 
large enough to be detec ted by eye. T h e m a i n minera ls a re 
felspars a n d qua r t z . T h e colour ranges from whi te to grey or 
from pink to red, a n d the specific gravi ty from 2*61 to 2*75. 
T h e porosity is low, an average absorp t ion be ing 0-15 per cent 
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of dry weight . T h e crushing s t rength in the soHd, is a b o u t 
15,000 to 20,000 p.s.i. Gran i t e has a poor resistance to fire as 
it cracks a n d crumbles u n d e r hea t , p robab ly due to the large 
coefficient of expansion of the q u a r t z crystals. I t breaks d o w n 
by prolonged wea the r ing in to a mix tu re of clay a n d sand, the 
clay be ing a par t i cu la r form known as kaolini te . 

I n its non-wea thered form, grani te m a y be avai lable in large 
blocks wi th three planes of cleavage more or less a t r ight 
angles which, on crushing, tend to form cubical aggregate , the 
ideal form of crushed rock. 

Rocks associated wi th grani te commercia l ly , a re gneiss 
granodior i te , granuKte, pegmat i t e , q u a r t z diori te a n d syenite. 

Like the granites , gabbros, inc luding diori te , are formed of 
minerals more or less equa l in size a n d large enough to be seen 
by the eye, b u t they are chiefly i ron magnes ian minerals a n d 
felsparl. Gabbros are da rk grey, greenish, reddish or black 
rocks. T h e specific gravi ty is a b o u t 2-8 or 2-9, a n d an average 
soHd density is 178 lb /cubic ft. Gabbros are equa l to grani tes 
in their s t rength a n d du rab ih ty . 

Diorites are similar to gabbros , the dist inction be tween t h e m 
being based on the relat ive propor t ions of the minerals present . 

T h e dolerites are a t ransi t ional g roup of rocks be tween gabbros 
a n d basalts. T h e coarser gra ined dolerites g rade in to gabbros 
a n d the finer gra ined in to basalts . T h e y are equ ig ranu l a r 
rocks, r ang ing in colour from grey or da rk green to black. 
T h e i r chemical composi t ion is the same as gabbros , a n d the 
specific gravi ty varies from 2*9 to 3-3. T h e y are common ly 
found in dikes a n d sills in n o r t h e r n E n g l a n d a n d Scot land. 
T h e y are usually tough rocks well suited as aggregate , especially 
in mass construct ion. Some dolerites, however , suffer from a 
high moisture m o v e m e n t of the o rder of 0-04 per cent , which 
can p roduce concrete wi th a h igh shr inkage ; some conta in 
chlorophaei te which is readi ly oxidized a n d so can cause flaking 
a n d spalling. W h e r e there is no previous record of satisfactory 
service, dolerites for th in concrete sections should be avoided. 

Basalt is a da rk rock composed of minera l grains so m i n u t e 
t ha t they canno t be seen by the naked eye, or if percept ib le a re 
too small to be identifiable. T h e y range in colour from da rk 
grey, green or purp le to black a n d are composed of the same 
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minerals as rocks which would have solidified u n d e r diflferent 
physical condit ions in to gabbros or dolerites. 

T h e specific gravi ty is 2 -9 to 3 · 1. Basalt, be ing a fine-grained 
h a r d rock, is a good aggregate , w h e n in a firesh — as opposed 
to a wea the red — condi t ion. 

Porphyry is a commerc ia l t r ade g roup which includes micro-
grani te , q u a r t z - porphyr i te , a n d rhyol i te . I t includes in t ru ­
sive rocks whe the r or no t they conta in phenocrysts , it includes 
rhyolites even though they are no t porphyr i t i c . Felsite is 
typical of this g roup . I t is composed of minera l grains too 
small to be seen by the naked eye. These have the same 
composi t ion as those which u n d e r different condit ions wou ld 
have resulted in grani te . T h e specific gravi ty varies from 2 4 
to 2*65 a n d is general ly lower t h a n t h a t of g ran i te . T h e colour 
is l ight a n d m a y inc lude most colours except greys, greens or 
black. 

Sedimentary Rocks 

T h e industr ia l areas of this coun t ry a re close to areas of 
sed imenta ry rocks so t ha t these supply a major por t ion of all 
concrete aggregates . 

T h e der ivat ion of sed imenta ry rocks is somewha t as follows. 
Igneous rocks formed from the cooling a n d solidifying of l iquid 
masses may , in t ime, become exposed to the effects of wea the r ing 
a t the ea r th ' s surface. Al t e rna t ing hea t a n d cold breaks d o w n 
the rock, wa te r flowing over it dissolves some mater ia ls a n d so 
loosens or forms cavities in the surface, freezing a n d t h a w i n g 
a t t ack a n d b reak u p the rock so t h a t it is formed in to a loose 
mass, a n d percola t ing w a t e r removes some minera ls a n d causes 
the decomposi t ion of others . 

All these wea the r ing agencies p lay a grea te r or lesser p a r t 
in the b reak u p of solid rocks to form sediments . Rock frag­
ments a re sorted, t ranspor ted , a n d re-sorted by s t reams, rivers 
a n d the sea so tha t eventual ly they lose their ident i ty of origin. 
T h e y m a y be t ranspor ted m a n y miles unt i l finally they are 
re-deposi ted. O t h e r mater ia ls laid d o w n on top cause t h e m to 
be consolidated in to a single mass, or they m a y be cemen ted 
wi th chemicals deposi ted in the interstices so t h a t they form a 
new a n d diflferent rock — a sed imenta ry rock, der ived from the 
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destruct ion of previously existing rocks. For concrete aggre­
gates the two m a i n sed imenta ry rocks a re sandstones a n d the 
calcareous rocks, l imestone a n d dolomite . 

Sandstone is p a r t of the commerc ia l Gri ts tone g roup which 
includes breccias, conglomerates , grits a n d agglomerates , b u t 
the m a i n type of the g roup is u n d o u b t e d l y sandstone. I t is 
composed of grains of q u a r t z held together by a cement . T h e 
gra in size varies from 2 to 0-6 m m , b u t they g rade impercep t ib ly 
from conglomerates (consisting of cemented gravel or boulders) 
to siltstones. N o h a r d a n d fast division can be m a d e be tween 
these mater ia ls . 

Sand grains a re often pu re qua r t z , b u t they m a y also con ta in 
mica a n d other minera ls . T h e cement ing mate r i a l of a sand­
stone m a y be qua r t z , i ron-oxide, clay or ca lc ium ca rbona t e . 
T h e colour varies, a n d whi te , grey, yellow, red a n d b r o w n are 
c o m m o n ; this depends u p o n the cement , silica cemen t resul t ing 
in whi te a n d grey sandstones, a n d i ron oxide p roduc ing yellow, 
red a n d b r o w n sandstones. 

Mos t sandstones a re porous a n d somewha t pe rmeab le , the 
porosity vary ing from 5 to 30 per cent . T h e density in the solid 
is from 125 to 175 lb /cubic ft. a n d the crushing s t rength from 
1500 to 15,000 p.s.i. T h e h igh porosity results in a large 
mois ture m o v e m e n t on wet t ing a n d dry ing , a n d produces 
concrete which is more susceptible to shr inkage. Sandstones 
wi th a weak clay or i ron oxide cemen t b reak d o w n easily a n d 
are unsui tab le aggregates . 

Th ick -bedded sandstones which are uniform in tex ture a n d 
free from stratification are very sui table aggregates , b u t th in-
b e d d e d mate r i a l produces unsui table flaky aggregates which , 
if used, result in ha r sh mixes, difficult to compac t . 

T h e chief calcareous rocks a re limestone a n d dolomite. T h e y 
are composed of ca lc ium ca rbona t e ( l imestone), a n d the doub le 
ca lc ium-magnes ium ca rbona t e (dolomite) . T h e y r a n g e in 
colour from whi te to grey a n d black. I n tex ture they m a y be 
fine or coarsely gra ined , a n d firm a n d c o m p a c t or loose a n d 
porous . T h e specific gravi ty m a y va ry from 2-0 to 2-7 a n d the 
s t rength from 2500 to 40,000 p.s.i. T h e porosity m a y r ange 
from almost zero for b i tuminous Umestones to 25 p e r cent for 
loosely cemented ooUtic hmes tone . T h e finer-grained c o m p a c t 



C O N C R E T E M A T E R I A L S 75 

l imestones form excellent aggregates . I n genera l the m o r e the 
l imestone approaches da rk grey or b lack the h a r d e r a n d m o r e 
suitable it becomes. Dolomites are usually somewha t h a r d e r 
t h a n hmestones, a n d their specific gravi ty m a y reach 2 -9. 

Metamorphic Rocks 

W h e n sedimentary a n d igneous rocks are affected by the 
intense pressures a n d stresses which occur w h e n ea r th move­
ments take place, or by the grea t hea t a n d the chemical ly 
active gases a n d hquids from masses of hot igneous rocks, they 
are changed . T h e i r s t ruc ture a n d minera l composi t ion is 
a l tered so tha t they become new rocks, i.e. they are me ta ­
morphosed . M e t a m o r p h i s m is the antithesis of w e a t h e r i n g ; 
bo th processes cause changes in existing rocks; b u t wea the r ing 
breaks d o w n a rock whilst m e t a m o r p h i s m builds u p a new one. 

M e t a m o r p h i s m accomplished by h igh t empera tu res a n d 
pressures produces dense a n d massive rocks hav ing chemical 
a n d physical stability, such as marb l e , or s labby or flaky rocks 
such as shale. 

Schist is the g roup which includes slates. These rocks wi th 
folded a n d or iented s t ruc ture b reak d o w n in to flat flaky pieces 
which are undes i rable as concrete aggregates . Even those which 
break into a more cubical s t ruc ture show weakness. U n d e r the 
stresses of con t inued freezing a n d t h a w i n g or wet t ing a n d dry ing 
they break u p a long the planes of weakness, so t ha t in genera l 
rocks which have been strongly m e t a m o r p h i z e d by pressure 
are unsui table . 

O n the o ther h a n d , firm compac t rocks such as quar tz i t e a re 
sui table a n d it is only the massive rocks from the following 
groups which are used. 

Gneiss, which is charac ter ized by a roughly developed 
imperfect foliation, is inc luded in the gran i te t r ade g r o u p . I t 
includes a wide var ie ty of rocks, the character is t ic of which is 
a roughly paral le l a r r a n g e m e n t of the minera ls . Those which 
are useful as aggregates are solid a n d massive rocks whose 
general proper t ies resemble those of massive igneous rocks. 

Quartzite is a firm compac t rock, general ly a m e t a m o r p h o s e d 
sandstone wi th well cemented grains . Like sandstone it m a y 
range from almost p u r e q u a r t z to a mica-schist wi th a foliated 
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s t ruc ture . I n fact quar tz i t e , mica-schist a n d gneiss form a 
cont inuous series of rocks. T h e firm compac t rocks are sui table 
for concrete , b u t those conta in ing a h igh p ropor t ion of mica 
a re n o t ; mica causes planes of weakness whilst a t the same t ime 
it weathers bad ly a n d increases the porosity of concrete . 

Natural Sands and Gravels 

N a t u r a l sands a n d gravels a re the most common ly used 
mater ia ls . T h e y are der ived from the wea the r ing of rocks, so 
t ha t they are composed of the more resistant minerals . T h e y 
m a y be classified by reference to the m e t h o d by which they 
were deposited as follows: s t ream-bed , ter race , mar ine , wind­
b lown a n d glacial deposits. 

Stream-bed deposits are mater ia ls ob ta ined from the beds 
of existing s t reams a n d rivers. Like all deposits wh ich have 
been t ranspor ted a n d deposi ted by r u n n i n g wa te r they have a 
heterogeneous composit ion, the complexi ty of which increases 
progressively wi th the dis tance from the source, as m o r e rock 
formations a re t raversed. T h e final proper t ies of a s t ream-bed 
deposit depend u p o n the a m o u n t of deg rada t ion a n d wea the r ­
ing, a n d the sort ing effect of the s t ream. 

Terrace deposits a re older deposits of ma te r i a l previously 
laid d o w n as s t ream-bed deposits. W h e n the flood p la in of a n 
old r iver is uplifted by ea r th m o v e m e n t then the r iver cuts in to 
its own flood pla in , first deepen ing its bed a n d then g radua l ly 
forming a new pla in not as wide as the previous one . P a r t of 
the old flood p la in is left as a te r race . Th is k ind of deposit is 
especially well developed in the T h a m e s Val ley where te r race 
deposits are the sources of sand a n d gravel . F lood-p la in 
deposits are the finer mater ia ls such as fine sand, silt a n d 
clay deposited outside the n o r m a l s t ream bed of a river, d u r i n g 
periods of flood. T h e y va ry in extent a n d type of mate r ia l , 
a n d if they con ta in sui table aggregates then t ho rough washing 
is necessary to remove the silt a n d clay. 

Marine deposits, in pa r t i cu la r beach gravels, form i m p o r t a n t 
sources in some places, b u t beach sands are usually too m u c h 
of a single size to be i m p o r t a n t . Mos t beach gravels a re post­
glacial deposits formed in place by the act ion of waves a n d 
currents , as a result of which only d u r a b l e r o u n d e d mater ia ls 
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are deposi ted. W h e r e efflorescence is de t r imenta l , vigorous 
washing is necessary to clean off the salt con tamina t ion . 

Wind-blown sands a re often extensive in a rea b u t a re usual ly 
of ht t le va lue for concrete . T h e y are often single sized a n d m a y 
even be composed largely of shell f ragments . W h e n they a re 
not composed of friable mate r i a l they m a y be used toge ther 
wi th a single-size coarse aggregate to form a gap -g raded 
mater ia l . 

Glacial deposits are usually heterogeneous a n d erra t ic deposits 
formed du r ing the Ice Age a n d deposi ted by the receding ice 
sheets. T h e y occur over the British Isles n o r t h of a l ine j o in ing 
Bristol a n d the m o u t h of the T h a m e s , a n d are well deve loped 
in East Anglia . A l though m a n y deposits a re of no va lue , be ing 
mixtures of clay, sands a n d gravels in te rmingled wi th boulders 
a n d rock flour, some deposits con ta in sufficient sand a n d gravel 
to be wor th exploit ing. Extensive processing is usual ly 
necessary, a n d a h igh wastage can be expected. 

Sand, Sand for concre t ing is ma te r i a l hav ing a gra in size 
vary ing from ^ in. to N o . 100 mesh sieve. A t the u p p e r l imit 
it grades impercept ib ly in to fine gravel a n d a t the lower l imit 
to silt. T h e t e rm refers only to the g rad ing , b u t q u a r t z is the 
most c o m m o n minera l . M a n y o the r minera ls m a y be present 
depend ing on the rocks from which the sand was der ived, b u t 
often the r ema in ing minerals do not a d d u p to m o r e t h a n a few 
per cent of the total . Fe ldspar is the most a b u n d a n t ma te r i a l 
after qua r t z , whilst occasionally o ther minera ls m a y be present 
in large quant i t ies , for example ca rbona tes formed from sea 
shells or cora l ; such sands a re usual ly described as shell-sand 
or coral sand. Sands t ha t have u n d e r g o n e long t r anspor ta t ion 
in wa te r before deposit ion are largely of q u a r t z , the less 
resistant minerals hav ing been e l iminated . T h e shape of sand 
grains varies, wind-b lown particles be ing highly r o u n d e d 
whereas water-deposi ted sands are angu la r . R o u n d e d sands 
are referred to colloquially as "soft" sand — a reflection of the 
feel of the sand a n d not the hardness of the sand grains . 

Sands m a y occasionally be coated wi th o ther mater ia l s some 
of which m a y be de t r imen ta l as, for example , o rgan ic m a t t e r 
der ived from h u m u s or pea t . I r o n oxide is a c o m m o n mine ra l 
coat ing which has no grea t effect on the resul t ing concre te . 
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Sea sands are usually coated wi th ca lc ium a n d magnes ium 
chloride which cause efflorescence. Sands are often found 
associated wi th gravels, a n d m a y sometimes conta in silt. If 
there is more t h a n 10 per cent of silt then the sand will usually 
need washing before use. 

Gravel, Grave l used for concrete is mate r ia l vary ing from 
abou t \ \ in. d o w n to ^ in. T h e m a x i m u m size m a y v a r y ; it 
m a y be f, \ \ or occasionally 2\ or 3 in. Grave l larger t h a n 
3 in . is seldom used. 

T h e larger gravel consists of ind iv idua l pieces of the p a r e n t 
rock, b u t the smaller mate r ia l is often composed of only one 
mater ia l , qua r t z . Such qua r t z gravel has usually been der ived 
from a quar tz i t e s t ra ta , from qua r t z veins, or the smaller 
pebbles m a y be single crystals der ived from granites . 

I n the south of E n g l a n d m u c h of the gravel is composed of 
flint a n d chert . T h e origin of these is not entirely clear a l though 
they are known to occur a long the bedd ing or jo ints planes in 
the chalk a n d so have been der ived from these formations. T h e 
sand associated wi th flint a n d cher t gravels is usually q u a r t z 
a n d not flint fragments. Gravel formed of ind iv idual pieces 
of rock is generally p i t ted as a result of the removal of the softer 
or more easily a l tered minerals . A p a r t from flint, gravel is no t 
usually composed entirely of one ma te r i a l ; more often it 
consists of m a n y different rocks, a l though gravels from one 
mate r ia l m a y occur in river valleys, par t icu lar ly in the south 
of Eng land . 

Elsewhere the gravel deposits are var ied, often be ing mate r i a l 
which was deposited dur ing the Ice Age which has been re­
worked a n d t ranspor ted by m o d e r n rivers. This is t rue of the 
glacial gravels of Yorkshire, the T r e n t Val ley a n d C a m b r i d g e 
which conta in , for example , mate r ia l derived from Scottish 
rocks. 

The winning of concrete aggregates 
T h e vast majori ty of concrete aggregates used in this coun t ry 

are ob ta ined by placing an order for delivery wi th the local 
supphers , bu t the explorat ion for a n d exploi tat ion of aggregates 
is still impor t an t , par t icu lar ly for civil engineer ing work in 
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more remote regions. I n the M i d d l e East , Africa, I n d i a a n d 
o ther Asian countries the successful u n d e r t a k i n g of const ruct ion 
work is often dependen t u p o n the locat ion of a d e q u a t e supplies 
of suitable aggregates . For major projects the explora t ion for 
aggregates necessitates a geologist a n d possibly a geophysicist 
to car ry ou t geological a n d resistivity surveys. T h e explora t ion 
for aggregates in this coun t ry is usually on a more modes t 
scale. T h e service of a geologist m a y be necessary where bed­
rock deposits are to be exploited a n d explora tory borings a re 
to be pu t d o w n to prove the extent a n d var ia t ion of the deposit . 

For the majori ty of jobs , however , all t h a t is requi red is a 
visit to the quarr ies or pits whose samples, prices, avai lable 
mater ia ls or o ther considerat ions m a k e it likely t ha t the mate r i a l 
will be sui table. Such visits are i m p o r t a n t ; from w h a t he sees 
the engineer will be able to de te rmine whe the r the works will 
supply regular quant i t ies , if there are likely to be any hold-ups 
due to lack of facilities, whe the r the aggregates will be washed 
or screened proper ly , a n d whe the r they m a y be c o n t a m i n a t e d 
before delivery due to poor stockpiling. A visit m a y also 
indicate tha t the suppHer is in a posit ion to offer some o ther 
service, such as pre-mixed g raded aggregates , not otherwise 
called for by the consumer because of lack of knowledge tha t 
such a service existed. 

W h e n a consumer has found the supply best suited to his 
needs it is advan tageous to stick to it. T h e concre t ing g a n g get 
used to the a p p e a r a n c e of the aggregates a n d a re able to h a n d l e 
t hem bet ter , whilst the mixer dr iver is more easily able to 
control the mix because he has the ' ' feel" of it, a n d in fact 
there is an increase in the concrete qual i ty . 

T h e winn ing a n d processing of aggregates requires the same 
degree of skill a n d " k n o w - h o w " on the p a r t of the pit or q u a r r y 
m a n a g e r as does the mak ing a n d using of concrete . T h e con­
crete engineer should know the processes involved so t h a t he 
can apprec ia te the difficulties a n d more sensibly word a 
specification which will ensure the dehvery of proper ly g r a d e d 
mater ia l . 

Concrete Aggregate Production 

T h e extent and type of workings a re first de te rmined , a n d 
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then vegetat ion topsoil a n d ove rbu rden are removed, together 
wi th any con tamina t ed layer or s t r a tum of wea the red rock. 
T h e usual mechanica l e q u i p m e n t such as dozers, scrapers or 
draglines together wi th t ipper lorries will be requi red for this 
work. After removing the overburden , the deve lopment of the 
pit a n d processing of the mate r ia l depends on its type, i.e. 
whe the r the deposit is a sand a n d gravel or a rock q u a r r y . 

Sand and Gravel Deposits, T h e working of sand a n d gravel 
deposits varies sUghtly, depend ing u p o n whe the r it is above or 
below the wate r table as is shown in Fig. 2.5. I n a d ry pi t the 
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Fig. 2.5. Flow diagram for gravel and sandpit. 

mater ia l is excavated by face shovel or d r a g h n e a n d loaded on 
to a conveyor belt a n d conveyed to p r i m a r y screens. I n wet 
workings the mate r ia l is removed by suction p u m p s or by a 
bucket excavator , and is then ei ther p u m p e d by pipel ine or is 
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Plate 3. Washing aggregate on vibrating screen. 

d u m p e d in barges which car ry the ma te r i a l to the processing 
p lan t where it is r emoved by suct ion p u m p s to a de -wate r ing 
p lan t . 

T h e mate r i a l from the pi t is screened to remove oversize 
ma te r i a l ; it is then washed a n d screened in to the requ i red sizes, 
a n d finally the sand is de-watered . I n some pits work ing d i r ty 
deposits the p r i m a r y screening takes place after washing. T h e 
p r i m a r y or scalping screens remove all oversize ma te r i a l or 
rejects. These a re t hen crushed in a cone crusher wh ich dis­
charges on to the conveyor collecting the mate r i a l from the 
p r i m a r y screens. This conveyor carries all the ma te r i a l to a 
washing a n d screening p lan t . High-pressure je ts of w a t e r 
remove a n d break d o w n the clay, silt a n d fine ma te r i a l . T h e 
sand a n d silt is r emoved by wash ing t h r o u g h screens of sui table 
mesh ei ther in a ro ta ry ba r re l washer or on a v ib ra t ing screen, 
a n d the wash wa te r carries away the sand, silt a n d d i r t to a 
de-water ing a n d separa t ing p lan t . I n the de-wate r ing p lan t , 
by means of a ba l anced counterf low of wa te r , t he silt, rock-flour, 
a n d ma te r i a l finer t h a n a N o . 100 sieve, is r emoved from the 
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Plate 4. Sand de-watering and separating plant. 

regraded mate r ia l can be p roduced (see Pla te 5) . By re­
a r r ang ing screens various bulk gradings can be suppl ied such 
as f to ^ in. or 1¿ to fe in. T h e ma te r i a l is screened on 
incl ined v ib ra t ing screens which have almost entirely replaced 
the revolving d r u m screen. T h e advan tage of the incl ined 
screen is t ha t be t te r screening is ob t a ined ; this is because the 
coarse mate r ia l is removed first, whereas wi th the d r u m screen 
the fine mate r ia l is r emoved first. 

IncHned v ibra t ing screens a re efficient if fed proper ly . If fed 

sand a n d the de-watered sand is deUvered to the stockpile. 
Meanwhi l e the coarse mate r ia l passes over a series of screens 

a n d is sorted into single-size coarse aggregates, usually in the 
grades 1 | in. to f, f to | , | to ^ in. mater ia l , a n d whence by 
re -combining single size mater ia ls in various propor t ions a 
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Plate 5. Regrading aggregates by re-combining single-size material. 

at too h igh a ra te or wi th the screen a t too grea t a n angle a 
large quan t i t y of mate r ia l passes over the screen which ough t 
to pass th rough . If the angle of i nchna t ion is too flat, however , 
the screen m a y be b h n d e d wi th ma te r i a l only slightly bigger 
t h a n the screen size. 

I n most p lants only one g rade of sand is p roduced , consisting 
main ly of part icles lying be tween ^ in. a n d N o . 100 sieve, b u t 
some large plants p roduce two or three grades . T h e g rad ing 
characterist ics of the fine aggregate wi th in the limits set by the 
p l an t is a m a t t e r of n a t u r a l occurrence a n d general ly the 
manufac tu re r can only control the u p p e r a n d lower limits of 
sizes. O n larger jobs , or those in which special gradings of 
sand are requi red , the sand can be re -graded by a hydrau l i c 
separa tor . This works on the pr inciple of e lu t r ia t ion in t ha t a n 
u p w a r d flow of wa te r will car ry wi th it cer ta in par t ic le sizes 
depend ing u p o n the mass of the pa r t i c l e ; o ther separa tors a re 
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Fig. 2.6. Flow diagram for crushed rock aggregate. 

the requi red size, while a t the same t ime p roduc ing part icles 
near ly cubical in shape. T h e type of rock, its bedd ing , j o in t i ng 
a n d cleavage, all affect the extent to which a cubica l shape c a n 
be achieved, a n d it is necessary to exercise careful selection to 
avoid unsui table mate r ia l . 

used in which the wa te r flows ou twards as in a centrifuge. 
Special sand gradings can be p roduced , b u t the process is 
economic only if the original sand before re -grad ing conta ined 
abou t 70 per cent of useful mate r ia l . 

Crushed Rock Aggregate, T h e p roduc t ion of coarse aggregate 
from qua r r i ed rock is a sequence of crushing, screening, reject­
ing a n d re-crushing to ob t a in the yield of the par t ic le sizes 
requ i red (see Fig. 2.6) . T h e objective is to crush the rock to 

Rock from quorry 
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Rock, from the qua r ry , is passed over a ' ' g r izz ly" — a 
series of inchned bars be tween which drops aU mate r i a l smaller 
t h a n abou t 4 in. inc luding ove rbu rden a n d dir t . T h e hunks of 
rock are then crushed in p r i m a r y j a w crushers a n d reduced to 
a b o u t 6 in. T h e y are then reduced in secondary a n d ter t iary 
crushers to the requ i red sizes. After crushing the mate r i a l is 
screened into separa te sizes by v ib ra t ing inchned screens, a n d 
then carr ied by belt conveyors to stockpiles. 

Secondary crushers m a y be gyra tory or cone crushers, 
a l though these tend to p roduce th in flaky mate r ia l . I m p a c t 
crushers, on the o ther h a n d , p roduce a more cubical aggregate 
t h a n is possible from the " s q u e e z e " type of crusher such as 
j a w or gyra tory crushers which reduce rock size by a squeezing 
pressure. A n i m p a c t crusher splits the stone a long the gra in , 
or by i m p a c t breaks it directly across the gra in , a n d so produces 
aggregate which is somewha t s t ronger t h a n the p a r e n t ma te r i a l 
because most weaknesses are removed by the m e t h o d of impac t . 
Unfor tuna te ly wi th mater ia ls hav ing a free silica conten t over 
5 pe r cent, the h a m m e r wea r m a y be very high. 

T h e condit ions which favour the p roduc t ion of good cubical 
aggregate a r e : 
(1) low reduc t ion ra t io , especially in the final stages of c rushing 

(this is i m p o r t a n t wi th gyra tory a n d roller crushers b u t no t 
so i m p o r t a n t wi th i m p a c t breakers which p roduce aggrega te 
of a good shape even at h igh reduc t ion ra t ios ) ; 

(2) the removal , by scalping, of the chippings a n d fines 
formed in p r i m a r y crushing (this also reduces wear on the 
crusher a n d prolongs the hfe of the crusher faces); 

(3) the use of cor ruga ted crushing surfaces, which should be 
discarded w h e n worn . 

The influence of aggregates on concrete 
Strength, T h e crushing s t rength of average rock aggregates 

is h igher t h a n the s t rength of the concrete m a d e wi th t h e m . 
T h e m a x i m u m crushing s t rength of concrete is a b o u t 10,000 to 
15,000 p.s.i. which is a b o u t the m i n i m u m s t rength of average 
rock aggregate , which varies from a b o u t 10,000 to 50,000 p.s.i . 
T h e b o n d be tween the cement a n d aggregate controls the 
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concrete s t rength wi th all b u t the weakest aggregates . W e a k 
aggregates, such as weakly-cemented sandstones, some e x p a n d e d 
clays and Hghtweight mater ia ls such as vermicuHte, p lace a 
l imit on the a t t a inab le s t rength. 

Al though the aggregate b o n d controls the s t rength this does 
not m e a n tha t failure does not take place t h rough the aggrega te ; 
where the bond is s t rong then the shear s t rength which c a n be 
mobihzed a r o u n d the surface of the aggregate m a y exceed the 
shear s t rength across the aggregate , a n d in such a case the 
failure p lane lies t h rough the aggregate . But where the b o n d 
is poor the failure will be a long the surface of the aggregate 
part icles. 

Surface Texture, T h e b o n d s t rength be tween cement a n d 
aggregate is affected by the surface texture a n d cleanliness of 
the aggrega te ; the rough texture of crushed rock aggregate 
produces a h igher s t rength t h a n the smooth surface of w o r n 
uncrushed gravel , b u t this m a y be offset by the fine coat ing of 
dust p roduced du r ing the crushing process. I n addi t ion , on 
those sites where control is not strict the ext ra wa te r necessary 
to give crushed rock aggregates the same degree of workab ih ty 
as concrete wi th r o u n d e d aggregate m a y result in lower s t rengths 
t h a n would otherwise be an t ic ipa ted . 

A l though the surface texture reflects the or iginal in te rna l 
s t ructure a n d composi t ion of an aggregate , these are of little 
pract ica l significance except, for example , in so far t ha t the 
or ienta t ion of gra in s t ructure in cer ta in rocks m a y p roduce 
flaky aggregates . Particles wi th very smooth surfaces do not 
p roduce a good b o n d wi th cement paste, a n d this tends to 
reduce the s t rength, b u t the effect m a y be ofifset by a reduc t ion 
in the wa te r / cemen t ra t io following the increased workabi l i ty 
ob ta inab le with such rounded aggregates. 

E longated a n d flaky aggregates, if present in apprec iab le 
quant i t ies , will affect the s t reng th ; thus micaceous or slaty 
mater ia l , besides reducing workabil i ty , also reduce the s t rength 
by p roduc ing planes of weakness. T h e a m o u n t of flaky aggre­
gate which will cause a reduct ion in s t rength depends u p o n 
the richness of the concre te ; it is abou t 10 per cent in a 6:1 b u t 
15 per cent in a 4^:1 concrete . 

High ly wea thered or decomposed surfaces are undes i rab le 
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because they m a y be easily de t ached froni the sound core of 
rock, thus reduc ing bond , a n d also because wea the red mater ia ls 
are usually highly porous a n d absorpt ive . A h m i t e d q u a n t i t y 
of wea the red aggregates c a n be to lera ted, however , b u t 
apprec iab le amoun t s , above say 5 per cent by weight , will 
reduce the s t rength a n d resistance to de ter iora t ion . 

Bond Characteristics and Surface Coatings, T h e capac i ty for 
bond ing wi th the cement pas te is one of the most i m p o r t a n t 
a t t r ibutes of an aggregate a n d the surface tex ture is p r o b a b l y 
one of the most i m p o r t a n t single proper t ies of a n aggregate 
which affects the concrete s t rength . Unfor tuna te ly the adhesion 
be tween cement paste a n d aggregate is influenced by several 
complex a n d poorly unders tood physical -chemical p h e n o m e n a , 
in addi t ion to the physical a n d mechan ica l processes inhe ren t 
in the pene t ra t ion of the cemen t paste in to the aggregate voids. 

A n aggregate should be clean a n d free from u n w a n t e d 
mater ia l , whe the r it be chemical impur i t ies , rock flour or o the r 
surface coatings. Surface coatings a re usuaUy de t r imen ta l 
because the aggregate b o n d is reduced , a n d organic m a t t e r 
which is a c o m m o n coat ing of sands m a y reac t de t r imenta l ly 
wi th the cemen t a n d delay the set. I n this coun t ry there is 
little t rouble due to react ive aggregates , b u t elsewhere m a n y 
n a t u r a l coatings conta in react ive minera ls , e.g. o p a h n e silica, 
which react wi th the cement alkalis. 

T h e usual coatings are clay, silt a n d organic ma t t e r . Aggre­
gates coated wi th these mater ia ls can be m a d e satisfactory by 
washing bu t even so, f requent inspect ion after washing is 
necessary to ensure t ha t they do not still con ta in clay balls or 
organic ma t t e r . 

Some aggregates m a y be encrus ta ted wi th ca lc ium ca rbona t e , 
i ron oxide a n d pe rhaps gypsum. If the ca lc ium c a r b o n a t e is 
firmly adhe red to the aggregate it m a y improve a n d not r educe 
the b o n d s t rength, b u t i ron oxide m a y cause s ta ining a n d may , 
by oxidat ion , cause excessive vo lume change in the concre te . 

Impurities, Sands , par t icu lar ly those in Scot land, m a y 
conta in organic ma t t e r , the presence of which will somet imes 
be indica ted in the ' O r g a n i c " test by the reac t ion of caust ic 
soda to p roduce a b r o w n colour. However , i ron-bear ing 
minerals also p roduce similar colour ing a n d some organic 
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m a t t e r appears not to react , so t h a t the caustic soda test is 
faUible. Suspect aggregates must be c o m p a r e d wi th aggregates 
of known pur i ty by compression tests on concrete cubes. 

Sea-shore sands m a y conta in u p to 5 or 6 pe r cent of sea 
salts a n d so result in heavy dosing of the concrete wi th chlorides, 
par t icu lar ly ca lc ium chlor ide. I n a concrete wi th 30 per cent 
sand this is equivalent to 10 per cent of the cement con t en t ; 
this is five t imes more t h a n the usual dosage of 2 pe r cent , a n d 
some difficulties m a y occur wi th too rap id hydra t ion a n d 
p r e m a t u r e stiffening of the mix. 

Clay or silt is a c o m m o n impur i ty found in m a n y sands a n d 
gravel aggregates, a p a r t from fine coatings on the aggregate 
part icles themselves. A small a m o u n t of silt is no t harmful 
provided it can be wet ted by the wa te r b u t mica , for example , 
is no t wet ted so tha t cement canno t adhe re to i t ; hence it lies 
in the concrete wi thou t b o n d a n d this encourages dis integrat ion. 
For this reason gran i te dust should not be used as a fine 
aggregate because it is de t r imenta l ly enr iched wi th mica flakes 
from the crushing process, a n d in crushed gran i te rock the 
a m o u n t of dust should be reduced to below 5 per cent by weight . 

Coal sometimes occurs in na tu r a l sands a n d gravels, a n d 
as little as 4 per cent is sufficient to cause failure of the concre te . 
Powdered coal absorbs wa te r a n d oxygen a n d in so do ing 
increases in vo lume. 

Volume Change on Wetting and Drying, Excessive mois ture 
movements in aggregates lead ing to large shr inkage are a 
cause of deter iora t ion. L a m i n a t e d aggregates con ta in ing clay 
a n d cer ta in limestones a n d sandstones m a y suffer from excessive 
shr inkage, as h igh as 0-06 per cent . T h e excessive mois ture 
m o v e m e n t (0Ό4 per cent) of some dolerites has a l ready been 
ment ioned , on page 72. 

Porosity, T h e size, a b u n d a n c e a n d cont inui ty of pores in a 
rock, i.e. its porosity, is one of its most i m p o r t a n t proper t ies . 
T h e porosity of a rock affects its s t rength, wa te r absorpt ion 
a n d permeabiHty, a n d these in t u rn control the d u r a b i h t y of 
the aggregate in its resistance bo th to freezing a n d t h a w i n g 
a n d to chemical a t tack. Absorpt ion tests indica te whe the r a n 
aggregate has a h igh effective porisity, a n d values in excess of 
2 to 3 pe r cent in 24 hours m a y indica te unsui tab le aggregates . 
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Aggregates which absorb more t h a n this, u p to 5 or 6 pe r cent , 
m a y stiU be suitable if the pore sizes a re large. W h e r e the pore 
sizes are small , below 0-004 to 0-005 m m , then the wa te r does 
not d r a in readi ly from the aggregate a n d prevents the passage 
of w a t e r du r ing freezing. Aggregate wi th large absorp t ion b u t 
small pores, often a fine-grained mate r ia l , should be avoided. 

Thermal Movement, T h e de ter iora t ion of a rock s t ruc ture m a y 
be significantly aflfected by differences be tween the coefficients 
of t he rma l expansion of aggregate a n d the cemen t m a t r i x 
(8 to 10 X 10 -6 per T ) in which it is e m b e d d e d . T h e use of a n 
aggregate wi th a low coefficient of expansion (2 to 3 X 10"® 
per °F) m a y lead to dis integrat ion of the concrete , for as the 
t empe ra tu r e of the concrete is r educed the cemen t paste tends 
to shrink more t h a n the aggregate wi th the result t ha t tensile 
stresses are set u p in the cemen t paste which m a y be accom­
panied by cracking. Cer ta in l imestones have coefficients of 
expansion of 2 X 10"^ a n d m a y cause de ter iora t ion in concrete 
subject to r ap id changes of t e m p e r a t u r e . 

Aggregate Grading. D u r i n g processing a t the pi t or q u a r r y , 
aggregates are screened in to var ious sizes. T h e a m o u n t present 
of mate r ia l of different sizes is expressed as the cumula t ive 
percen tage of mate r ia l passing the var ious sieve sizes, s tar t ing 
wi th the largest and finishing wi th the smallest. Th i s cumula t ive 
percentage is plot ted as a curve, the g rad ing curve for the 
mater ia l , see Fig. 2.7 to 2 .11 . T h e g rad ing of aggregates is a 
major factor de te rmin ing the workab ih ty , segregation, b leeding, 
h a n d h n g , p lacing a n d finishing characterist ics of the concrete . 

Satisfactory concrete can be m a d e wi th var ious gradings of 
aggregate a n d there is no universal ideal g rad ing curve . T h e r e 
are limits, however , wi th in which a g rad ing mus t lie to p roduce 
a satisfactory concrete , b u t these d e p e n d u p o n the shape , 
surface texture a n d type of aggregate a n d the a m o u n t of flaky 
or e longated mater ia l . Var ia t ions in the g rad ing of sand c a n 
be the cause of wide var ia t ions in workab ih ty , s t rength a n d 
o ther propert ies , b u t the g rad ing of the coarse aggregate has 
less effect. 

At tempts have been m a d e from t ime to t ime to p roduce a n 
ideal g rad ing based on the idea t ha t if the m a x i m u m of sohd 
particles were packed in to a concrete mix then the highest 
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Fig. 2.7. Grading limits for zone I sand. 
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Fig. 2.8. Grading limits for zone 2 sand. 

density a n d s t rength would result. However , such concretes 
give harsh unworkab le mixes a n d a cer ta in excess of cement , 
sand a n d wa te r is necessary over a n d above the theoret ical 
a m o u n t requi red . T h e impor t ance of g rad ing is deal t wi th in 
C h a p t e r 3. 

Large Aggregate, T h e use of large aggregate in concre te 
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Fig. 2.9. Grading limits for zone 3 sand. 
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Fig. 2,10. Grading limits for zone 4 sand. 

results in less cement be ing requ i red to p roduce the same 
s t rength or workabi l i ty t h a n in a concrete m a d e wi th a smal ler 
aggregate . I n mass concrete work it can be a n a d v a n t a g e to 
increase the m a x i m u m size of aggregate a n d so reduce the 
hea t of hydra t ion genera ted wi th in the concrete mass, whilst 
a t the same t ime reduc ing the t endency to t h e r m a l stresses a n d 
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Fig. 2.11. Grading limits for coarse aggregate. 

shr inkage cracks. O n the o ther h a n d , mixing, h a n d h n g a n d 
p lac ing equ ipmen t in this count ry is geared to a m a x i m u m 
size of a b o u t 3 in. T h e m a x i m u m size which c a n be used is 
also controlled by o ther factors. 

I n reinforced concrete i t should be \ in. less t h a n the spacing 
be tween the m a i n reinforcement . W h e r e p laced be tween 
n a r r o w forms it should no t be grea ter t h a n \ of the clear 
dis tance be tween the shut ters . Th i s ensures t ha t a rch ing will 
no t take place, a n d t ha t a satisfactory pack ing can take place 
du r ing compact ion . 

La rge aggregate is often more expensive because most pits 
or quarr ies a re no t a d a p t e d to its p roduc t ion . 

W h e n concrete is p roduced from large aggregate ex t ra care 
is necessary, since the mass of the large pieces of aggregate 
makes t h e m more p rone to segregation. Conveyor belts, chutes 
a n d mono-ra i l t ranspor ters should no t be used for t r anspor t ing 
the concrete since they all t end to p roduce segregat ion; skips 
wi th full side or b o t t o m opening discharges are sui table , b u t 
they mus t be large enough to hold a mul t ip le of comple te 
ba tches so as to minimize the effect on segregat ion of the 
discharge from the mixer . 

T h e workabi l i ty of concrete m a d e from large aggregate is 
m o r e sensitive to var ia t ions in the g rad ing , so t h a t strict control 
of the g rad ing a n d ba t ch ing of the aggregates is necessary. 
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T h e use of large aggregates is usual ly associated wi th a la rge 
ba t ch ing p l an t p roduc ing mass concre te , so t h a t it is economic 
to use three or four sizes of coarse aggrega te (3 -11 in. , l | - f in. , 
f-| in. or ^ in.) a n d so min imize differences in g rad ing . W h e n 
large aggregates have been used in the U n i t e d States some 
difficulties have been exper ienced d u e to the aggregates 
degrada t ing , i.e. b reak ing u p in h a n d l i n g d u e to their o w n 
weight . 

La rge aggregates of 6 to 8 in. size have been used in core 
wall construct ion in concrete d a m s by a d d i n g t h e m as a layer 
in otherwise convent ional concre te a n d v ib ra t ing t h e m in to 
the concrete . T h e r e is a danger , however , in this m e t h o d of 
construct ion, as there is in using p lums or large pieces of rock, 
namely t ha t air voids occur u n d e r n e a t h the rock a n d a re 
t r a p p e d against the side faces a n d not r emoved d u r i n g v ibra t ion . 

I t is general ly believed t h a t the crushing s t rength is increased 
wi th an increase in the size of aggregate , b u t there is some 
evidence t ha t this is no t so wi th aggrega te above l | - f in . 
(Walker a n d Bloem, 1960). 

Manufactured and lightweight aggregates 
T h e chief manufac tu red aggregates a re e x p a n d e d shale a n d 

clay, foamed a n d air-cooled slag, furnace clinker a n d coke 
breeze, asbestos, bricks, a n d m o r e recent ly, s intered fly ash. 
I n add i t ion o ther aggregates such as sawdust , wood shavings 
a n d vermicuHte a re used for special manufac tu red p roduc t s . 

Blastfurnace Slag Aggregate 
Blastfurnace slag has been used for a n u m b e r of years as a 

concrete aggregate , a n d its use as a t rack bal last on ra i lways 
a n d as a roads tone has been c o m m o n for a n even longer per iod . 
I t is used mostly in the n o r t h of E n g l a n d a n d the sou th of 
Scot land, close to the sources of supply, the p ig i ron furnaces 
p roduc ing basic i ron. Because it is a by -p roduc t of p ig i ron 
manufac tu re its qua l i ty m a y va ry from works to works a n d even 
from one works over a long per iod. T h e best g u a r a n t e e of 
qual i ty is a r epu tab le supplier . 

T h e m a i n r equ i r emen t for slag is t ha t it should be s table . I t 
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is composed of var ious alumino-sil icates of ca lc ium a n d 
magnes ium, i.e. the same minerals as are found in the slag used 
in Por t l and blastfurnace slag, b u t in add i t ion it m a y con ta in 
residual su lphur a n d i ron which can lead to a r ap id b r e a k d o w n 
w h e n the slag is immersed in wate r . Slag m a y conta in ca lc ium 
orthosil icate in a form tha t is l iable to u n d e r g o vo lume change 
a t n o r m a l t empera tu res wi th consequent dis integrat ion, or 
dust ing. 

T h e n o r m a l me thods of cooling is in ladles of 5 to 15 tons 
capac i ty or in pits or moulds . I t m a y also be t ipped d o w n 
slag banks . T h e cooling in ladles, pits or moulds yields a 
uniform produc t , b u t t ipp ing into banks result in a slag wi th 
widely vary ing gra in size a n d porosity. T h e densi ty a n d 
s t ruc ture of the slag depends no t only on its chemical 
composi t ion b u t on the ra te a n d hence the m e t h o d of coohng. 

Acid slags tend to be more dense, whilst basic slags a re less 
so because they p roduce more gases du r ing cooling, b u t acid 
slags tend also to be glassy a n d hence more br i t t le t h a n basic 
slags. Acid slags are therefore cooled slowly to allow crysta lhne 
g rowth to offset the t endency to brit t leness (glassiness), whilst 
basic slags are cooled quickly to re ta in m a x i m u m density a n d 
prevent a vesicular s t ruc ture caused by escaping gases. 

After cooling, the slag is crushed in p r i m a r y a n d secondary 
crushers. I t is a tough angu la r aggregate wi th a t endency to 
p roduce harsh mixes. I t has a coarse surface texture wi th a 
relatively high absorpt ion. T o obviate the difficulties which 
this causes, the aggregate should be ma in t a ined sa tu ra t ed in 
the stockpiles a n d al lowance m a d e in the mix design for free 
wa te r in the aggregate . 

A t one t ime it was considered t h a t slag aggregates caused 
corrosion of reinforcing steel, b u t it now appears t h a t this is 
no t so. T h e tendency of steel to corrode in slag aggrega te 
concrete is no grea ter t h a n wi th o ther aggregates, a l though 
there is a dange r of corrosion w h e n the su lphur con ten t is h igh. 

Broken Brick 
Broken brick is often qui te a good mater ia l , sui table for p la in 

concrete , b u t its sui tabihty depends u p o n the type a n d hardness 
of the brick. Some bricks conta in su lphur a n d unslaked h m e . 
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a l though the amoun t s present in old second-hand bricks will 
no t be very high. 

Any plaster adhe r ing to old bricks mus t be r emoved before 
crushing, a n d the bricks should be hosed d o w n a n d sa tu ra t ed 
wi th wa te r before use. O w i n g to their porosity br ick aggrega te 
should not be used for i m p e r m e a b l e const ruct ion work. 

I n general , however , b roken bricks a re no t used m u c h for 
hydrau l ic concretes a l though in combina t ion wi th h igh 
a l u m i n a cement they are still used extensively for hea t 
resistant concrete . 

Clinker and Breeze 

F u r n a c e clinker a n d breeze have been used for m a n y years 
as aggregates, breeze blocks be ing one of the first l ightweight 
par t i t ion bui ld ing blocks. Coke breeze, which is no t used for 
concrete work, mus t not be confused wi th breeze a n d clinker 
which are residues from the combus t ion of coal . T h e diflFerence 
be tween breeze a n d clinker is t ha t cl inker is more thoroughly 
fused t h a n breeze a n d hence is superior . 

Clinker gives good results if it contains no combust ib le 
mater ia l , b u t failures m a y occur due to the lack of a t t en t ion 
to p rope r selection a n d control a n d the failure to apprec ia te 
the deleterious effect of combust ib le mate r ia l . T h e combust ib le 
(organic) mate r ia l causes excessive mois ture m o v e m e n t a n d 
this results in the dis integrat ion of the concrete . British 
S t a n d a r d 1165 specifies three grades of clinker for concre te ; 
the best g rade (Grade A) m a y be used in p la in concrete 
generally, inc luding tha t subject to wea ther , a n d for this g r ade 
the combust ib le mate r ia l mus t not exceed 10 per cent . T h e 
two o ther grades of clinker are l imited to in ter ior work where 
the concrete will not become d a m p ; for in situ concrete the 
combust ib le mate r ia l is l imited to 20 per cent , b u t is raised to 
30 per cent for precast uni ts . T h e crushing of clinker affects 
the organic conten t differentially, the coarse mate r i a l becoming 
devoid whilst the fines are enr iched wi th it. H e n c e if the 
clinker is crushed a n d screened, a n d the fines rejected, a sound 
aggregate m a y be p r epa red b u t the cost is increased. 

T h e r e has been a con t inu ing decrease in the use of b o t h 
clinker a n d breeze which has been accen tua ted by the increased 
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cost a n d the lack of avai lable supplies. Clinker is in short 
supply because of the increasing use of pulver ized fuel for 
boilers b u t breeze blocks a re still, however , one of the chief 
par t i t ion ing blocks used in the bu i ld ing indust ry . T h e y hold 
nails a n d form a good key for plaster. 

Crusher Sand 

T h e result of crushing rock is to p roduce a waste ma te r i a l 
which is finer t h a n ^ in. a n d m a y conta in part icles as fine as 
rock flour. I t has a h a p h a z a r d g rad ing a n d is common ly m a d e 
u p of flaky part icles. I t is a b a d mate r i a l to use a n d leads to 
harshness a n d low workabih ty , low s t rength a n d low d u r a b i h t y . 
But the mate r ia l can be processed a n d improved by using a 
p rope r crushing p lan t to improve the g rad ing a n d e l iminate 
flakiness. T h e rock flour a n d fine part icles can be removed in 
a hydrau l i c classifier a n d a control led g rad ing ob ta ined . 

T h e use of manufac tu red stone sand is only economical 
where the mate r ia l is der ived as a by -p roduc t from stone 
crushing so tha t crusher screenings are t ransformed in to a 
useful p roduc t . 

Expanded Shale and Clay Aggregates 

O n e of the post -war developments in concrete aggregates 
was the marke t ing of new manufac tu red aggregates . O n e of 
the first was a l ightweight expanded clay aggregate (Leca) 
which consisted of r o u n d e d pellets the colour of b u r n t clay 
which , w h e n broken open , showed a vesicular t ex ture . T h e 
aggregate has a h igh absorpt ion bu t , because of its r o u n d e d 
surface, the workab ih ty of the concrete is grea ter t h a n t ha t of 
corresponding gravel aggregate . O t h e r l ightweight e x p a n d e d 
clay aggregates are also avai lable u n d e r var ious o ther t r a d e 
names . 

N o n - r o u n d e d aggregates are avai lable which in a p p e a r a n c e 
resemble c inder ashes, b u t they are iner t a n d fairly h a r d . T h e y 
are from clays a n d shales u n d e r control led condit ions a n d 
yield a uniform produc t . T h e shale is crushed to a p o w d e r 
a n d then fed wi th sufficient wa te r in to a pelletiser where it is 
rolled in to pellets. F r o m the pelletiser it is passed on a steel 
grid-like conveyor to a d ryer to remove some of the mois ture . 
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a n d then on to the furnace. T h e furnace — which is a large 
oil-fired hood — raises the t e m p e r a t u r e to 1200 to 1300°C, 
which is sufficient to fire the ca rbon in the shale a n d cause the 
shale to expand a n d acqui re a cellular s t ruc ture . 

T h e expanded clay or shale is aUowed to cool a n d is t hen 
passed to a crushing a n d screening p l an t to be reduced to the 
n o r m a l sizes of aggregate , i.e. f to f in . 

A typical chemical analysis of one sintered mate r i a l is as 
follows: 

Sihca 5 6 % 
A l u m i n i u m oxide 31 % 
I ron oxide 5 % 
M a g n e s i u m oxide 0 - 3 % 
S u l p h u r tr ioxide 1*7% 
Loss on ignit ion 1 4 % 

This mate r ia l has a h igh absorpt ion — 0 4 per cent — a n d 
a tendency to deg ráda t e shghtly du r ing mixing, b u t it is 
r emarkab le for its s t rength to weight ra t io . I t can be used as 
a s t ruc tura l aggregate a n d strengths above 5000 p.s.i. have 
been a t ta ined . I t has a d ry loose bulk density of a b o u t 35 lb / 
cubic ft. a n d a specific gravi ty of 1 4 0 to 1 -80. Mos t of the 
sintered mater ia ls are avai lable in three g rades : 

I to -|- in. — 2 | y d 3 / t o n 
I to ^ in. — 2 i yd^/ton 
^ in. to dust — I f yd^/ton 

T h e rela t ion be tween density a n d s t rength of the resul tant 
concrete is shown in Fig. 8 .1 . As wi th all l ightweight mater ia ls 
the density increases wi th increasing s t rength . 

Foamed Slag 
F o a m e d slag is manufac tu red from the same mate r i a l as 

heavy slag aggregate , the diflFerence be tween the two mater ia ls 
being due to the m e t h o d of coohng of the mol ten slag. T o 
form heavy slag aggregate the mol ten slag is cooled slowly a n d 
uniformly, b u t to form foamed slag it is chilled rap id ly to 
p roduce a porous s t ruc ture . 

Var ious techniques are used to achieve r ap id cooling a n d 
foaming. J e t s of wa te r are combined wi th a s t ream of mol t en 



98 C O N C R E T E — P R O P E R T I E S A N D M A N U F A C T U R E 

slag SO t ha t the slag is foamed a n d rapid ly chilled whilst a t the 
same t ime the finished mate r ia l is free from excess wate r . As 
wi th heavy slag the m a i n r equ i r emen t is t ha t it should be 
chemical ly stable. British S t a n d a r d 877 gives limits for var ious 
impuri t ies . W i t h some processes of manufac tu re the slag m a y 
conta in particles of i ron, b u t these a re removed by passing the 
mate r ia l u n d e r a m a g n e t w h e n on its way to the stockpile. 

F o a m e d slag aggregates a re avai lable in two sizes: coarse, 
approx imate ly | to | in. , a n d fine, | in . down , or as a n "a l l - i n " 
I in. down. T h e coarse mate r i a l has a t endency to d e g r á d a t e 
du r ing hand l ing a n d in consequence the finer ma te r i a l is more 
readi ly avai lable . T h e coarse mater ia l , however , is m o r e 
desirable since for a given richness of mix a fighter, s t ronger 
a n d more workable concrete can be p roduced . 

F o a m e d slag concrete is used for screedings to floors u n d e r 
granol i th ic a n d roof screeds. I n addi t ion , it has been used 
successfully for load-bear ing walls in cer ta in types of housing 
construct ion. Before mixing, the aggregate mus t be wet ted 
d o w n to prevent the h igh absorpt ion reduc ing the workabi l i ty 
du r ing placing. If the aggregate is used d ry the concrete 
stiffens after mixing a n d loses its plasticity. 

Sintered Fly Ash 

Fly ash is the m o d e r n equivalent of clinker or boiler ashes, 
a n d is p roduced by prec ip i ta t ing the fine dust carr ied ou t by 
the flue gases from boilers fired wi th pulver ized coal. I t c an 
be used ei ther as an aggregate or as a rep lacement for cement . 
I n addi t ion , if it is t rea ted by pellet ing a n d sintering it can be 
m a d e into a Hghtweight aggregate . T h e ash is first pel leted 
wi th wate r by being rolled ei ther in a pla in t ube mill or on a n 
incHned t ray. T h e pellets a re then flash-dried to give t h e m a 
h a r d exterior before being sintered. T h e sintering process, 
similar to t ha t used to p roduce Por t l and cement , consists of 
hea t ing the mate r ia l to a h igh t empera tu re , sufficient to cause 
the mater ia l to react a n d the physical changes to take place , 
b u t low enough to prevent fusion. 

Fly ash contains be tween 5 a n d 15 per cent of ca rbon , a n d 
this can be b u r n e d to provide the necessary t e m p e r a t u r e for 
sintering. Lit t le ext ra fuel is requi red to keep the process 
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going once the ca rbon in the fly ash has been igni ted. C o m b u s ­
tion is ma in t a ined a n d the t e m p e r a t u r e control led by a forced 
d r a u g h t . Cer ta in difficulties have occur red from t ime to t ime 
in p roduc ing a suitable r o u n d aggregate a n d a t least one 
manufac tu re r has ceased p roduc t ion , b u t the a m o u n t of fly ash 
p roduced annua l ly is of the o rder of 4 milUon tons so t ha t its 
use as a l ightweight aggregate can be expected on a cont inual ly 
increasing scale. 

VermicuHte 

VermicuHte is a lamel lar mater ia l , similar to mica , chiefly 
used for its l ightweight a n d insula t ing proper t ies . I n its 
n a t u r a l state it is an a l tera t ion p roduc t of cer ta in micas found 
in no r th a n d south Amer ica , Sou th Africa, Aust ra l ia a n d 
J a p a n . I n the form as used it has been hea t t rea ted to expand 
it a n d has a density of 4 to 12 lb /cubic ft. 

I t exfoliates rap id ly a n d extensively be tween 150 a n d 850°C, 
b u t to ob ta in the best p roduc t wi th the m a x i m u m toughness 
it is hea ted to be tween 650 a n d 850°C in ei ther a ro ta ry kiln 
or in a gravity-fed vert ical kiln. 

VermicuHte expands in a direct ion at r ight angles to the 
gra in by a b o u t 15 times its or iginal thickness. T h e expansion 
is caused by the pressure of the con ta ined wa te r w h e n it is 
conver ted to s team. 

Perli te, which is impor t ed in small quant i t ies from the 
Cont inen t , is a silicious lava which , like vermicuHte, can be 
expanded by hea t ing . Its propert ies a n d uses a re very similar 
to those of vermicuHte. 

VermicuHte a n d perl i te, w h e n expanded , have a vesicular 
s t ructure which results in their low densities. Like o ther l ight­
weight aggregates they are more porous a n d have a h igher 
absorpt ion t h a n gravel aggregates . T h e y are used for roofing 
screeds a n d unde r l ay floor insulat ion. W h e r e they are exposed 
to wea the r they need protect ion wi th a cement render ing . 

Water 
W a t e r is one of the m a i n const i tuents of concrete . I t has 

various functions; it reacts wi th the cemen t powder , so causing 
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it to set a n d ha rden , a n d it is a lubr ica t ing l iquid which 
enables the concrete to be placed as a semi-fluid a n d so 
facihtates its compac t ion . 

A quan t i t y of wa te r equivalent to abou t 25 per cent of the 
weight of cement reacts wi th the cement , b u t more wa te r t h a n 
this is requi red to facihtate p lacing a n d compac t ing . T h e 
ra t io of wa te r to cement usually varies be tween 0-35 a n d 1 Ό 
depend ing u p o n the richness, i.e. the aggrega te /cement ra t io 
a n d the requi red s t rength of the concrete . 

T h e wa te r in excess of a wa te r / cemen t ra t io of 0*25 assists 
hydra t ion , b u t it mostly causes voids a n d reduces the s t rength 
of the concrete . O n drying, the removal of this wa te r causes 
the concrete to shrink, a n d any soluble salts it contains crystallize 
in the pores a n d p roduce efflorescence a n d staining. W h e r e it 
is i m p o r t a n t to p revent this, or where the protec t ion of 
reinforcement from corrosion is impor t an t , wa te r con ta in ing 
large quant i t ies of soluble salts should not be used. 

If wa te r contains soluble organic m a t t e r or cer ta in inorgan ic 
salts it m a y have an adverse effect on the cement d u r i n g 
h y d r a t i o n ; the increase in s t rength m a y be r e t a rded or the 
final s t rength reduced . But if the wa te r is fit for d r ink ing it is 
sui table for mixing a n d cur ing. 

I n this coun t ry it is doubtful whe the r there is any justif ication 
for using any th ing o ther t h a n wa te r supphed for domest ic 
purposes. I n some si tuations, however , it is necessary to use 
sea water , a n d this contains soluble salts of which the most 
c o m m o n are sod ium a n d magnes ium chloride a n d m a g n e s i u m 
sulphate . T h e pr inc ipa l effect of these salts is to increase the 
early s t rength so tha t the 7-day s t rength is ob ta ined at 3 days. 
T h e 28-day s t rength is usually not m u c h affected. 

W h e r e such concrete is subject to d a m p condit ions the salts 
in the concrete m a y go into solution a n d so provide a s t rong 
electrolyte for p romot ing corrosion of the steel reinforcement , 
whilst the magnes ium sulphate m a y also a t tack the cement . 
Par t icu la r care should be taken, therefore, w h e n using sea wa te r 
for mixing, to ensure t ha t a dense, wel l -compacted concrete is 
p roduced , wi th the m i n i m u m wa te r content per cubic y a rd 
consistent wi th a d e q u a t e workab ih ty . 
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Additives 
I t is expedient from t ime to t ime to change some of the 

propert ies of concrete by the add i t ion of chemicals . T h e i r use 
is seldom wholly beneficial to all the propert ies of concrete , so 
t ha t a l though they improve some proper t ies they m a y h a r m ­
fully affect o the rs ; they are no t forms of universal p a n a c e a a n d 
they should be used only w h e n their full effect on all proper t ies 
of the concrete is known. Cer ta in addi t ions m a y be m a d e to 
cement by the manufac tu re r d u r i n g the g r ind ing of the cl inker; 
these are pr incipal ly ca lc ium chloride in super - rap id h a r d e n i n g 
a n d cold wea the r cement , or var ious organic c o m p o u n d s used 
to p roduce hyd rophob ic or water - repel len t cemen t or air-
en t ra in ing agents . 

Cer ta in chemicals m a y be used to accelerate or r e t a rd the 
sett ing t ime a n d the ra te of ha rden ing . For example , for 
p lugging leaks a very fast sett ing m o r t a r is r e q u i r e d ; this m a y 
be achieved by mixing some h igh a l u m i n a cemen t wi th 
Por t l and cement (in equa l p ropor t ions they will give a flash 
set) or by using a p ropr ie ta ry addi t ive . T h e r e t a rd ing of the 
set is requ i red where it is i n t ended to t rea t the concrete 
surface by brush ing to expose the aggregate to ob ta in a 
tex tured finish; for this purpose the formwork m a y be coated 
wi th a p ropr ie ta ry chemical . 

I n general , the sett ing t ime is r educed w h e n the r a t e of 
h a r d e n i n g is increased. Most accelerators a re su lpha te salts 
(except gypsum, ca lc ium sulphate) or a re alkali ca rbona tes , 
a luminates a n d silicates; b u t the most c o m m o n accelerator is 
ca lc ium chloride. T h e c o m m o n re ta rders are sugars, s tarches 
a n d var ious organic acids. 

T h e r e are three m a i n groups of addi t ives : 
(a) accelerators a n d r e t a rde r s ; 
(b) workabi l i ty a n d a i r -en t ra in ing agen t s ; 
(c) water- repel l ing mater ia ls . 

I n addi t ion , fly ash is sometimes a d d e d to a mix ei ther to 
replace some of the cement or to improve workab ih ty . 

Accelerators 

Calcium Chloride, O n e of the earliest a n d still the commones t 
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chemical a d d e d to concrete is ca lc ium chloride. I t increases 
the ra te a t which hea t is evolved d u r i n g sett ing a n d h a r d e n i n g 
a n d increases the s t rength, so it is used in concre t ing in winter . 
I t m a y be g round in wi th the cemen t d u r i n g manufac tu re , or 
it m a y be a d d e d ei ther as flake direct in to the mixer or 
preferably by be ing first dissolved in the mix ing wate r . Dis­
solving in the mixing wa te r is more satisfactory for it ensures 
comple te dispersal, b u t the ext ra t rouble m a y not be w a r r a n t e d 
on a small j o b . Accelera t ing the ra te of h a r d e n i n g reduces the 
sett ing t ime propor t ional ly , a n d strengths are usual ly improved 
u p to 7 days. I n calcula t ing the increase in s t rength it can be 
reckoned tha t the addi t ion of 2 per cent of ca lc ium chlor ide 
is equivalent to a t e m p e r a t u r e rise of 20°F. T h e effect is, 
therefore, m a r k e d a t early ages a n d of little effect la ter (see 
Fig. 2 .12) . 

T h e usually r e c o m m e n d e d propor t ions of ca lc ium chlor ide 
are 2 per cent of the weight of cement , a l though ap p a ren t l y 
4 per cent has been used in Russia in conjunct ion wi th 2 pe r 
cent sodium chloride a n d wi thou t any flash set, which accord ing 
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to O r c h a r d (1958) m a y result if the ca lc ium chlor ide is 
increased above 3 per cent. Ear ly research, par t icu la r ly of 
Abrams , demons t ra t ed tha t there exists an o p t i m u m a m o u n t of 
ca lc ium chloride which should be used wi th Po r t l and cement . 
T h e figure of 2 per cent is close to this o p t i m u m b u t 4 pe r cent 
m a y be taken as the m a x i m u m for use u n d e r freezing condi t ions. 

T h e r e is some disagreement as to the effect of ca lc ium 
chloride on reinforcing steel, b u t the genera l opin ion is t ha t 
for good qual i ty concrete well compac ted in place, it has no 
effect, b u t t ha t for poor q u a h t y concrete it m a y increase the 
ra te of corrosion. Some init ial corrosion occurs b u t does no t 
cont inue wi th age even u n d e r d a m p condi t ions, since ca lc ium 
chlor ide, Hke gypsum, u l t imate ly combines wi th the a lu min a t e 
in the cement . T h e o p t i m u m a m o u n t of ca lc ium chlor ide 
r e c o m m e n d e d is l imited by the a m o u n t t ha t can chemical ly so 
combine . O n the o ther h a n d for prestressed concrete ca lc ium 
chloride should no t be used ; prestressing wires are p rone to 
stress corrosion, a form of local corrosion which causes ha i r 
cracks to a p p e a r a t the inter-crystalUne faces. Concent ra t ions 
of cer ta in salts can facilitate the c o m m e n c e m e n t of stress 
corrosion a n d ca lc ium chloride is one of these salts. 

Shideler (1952) has carr ied ou t work on the effect of ca lc ium 
chloride on o ther propert ies of concrete . Expans ion due to the 
a lkah /cement -aggrega te react ion is adversely affected a n d the 
resistance to su lphate a t tack is somewha t lowered. A further 
effect of ca lc ium chloride is t ha t it increases the workabi l i ty 
shghtly, b u t it has no effect on air en t ra in ing . 

O t h e r accelerators which have been used include sod ium 
a n d potass ium sulphates ; these accelerate the hydra t ion at a 
few hours , bu t the effect then falls off. Ve ry rap id hydra t ion 
wi th in the first two hours is caused by the addi t ion of sod ium 
hydroxide . 

Catalysts 
T h e most c o m m o n catalyst which has been advoca ted for 

use wi th Por t l and cement is t r i e thano lmine . Like all catalysts 
its function is to p romote a desired chemical react ion wi thou t 
itself being changed or consumed. T h e effect of t r i e thano lmine 
is to increase the s t rength of cement no t only at early ages (as 
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does ca lc ium chloride) bu t also at la ter ages. T h e effect is 
different in different cements , appa ren t ly be ing more effective 
wi th cements wi th a h igh t r ica lc ium a l u m i n a t e ; unfor tunate ly 
wi th some cements it can cause a flash set a n d a m a r k e d 
reduc t ion in u l t ima te s t rength. 

Retarders 
A p a r t from calc ium sulphate , most re ta rders are organic 

compounds or p ropr ie ta ry mater ia ls . Ca lc ium su lpha te (as 
gypsum or anhydr i te ) is a d d e d du r ing the manufac tu re of 
cement to control the sett ing t ime, by r e t a rd ing it. G y p s u m 
combines wi th the a lumina tes to form su lpho-a lumina te , b u t 
if too m u c h is a d d e d then unsoundness is caused. 

Some propr ie ta ry workabi l i ty agents cause an increase in 
the sett ing t ime of a b o u t an hour , depend ing u p o n the mix 
propor t ions , w h e n a d d e d in no rma l quant i t ies (usually a b o u t 
1 pe r cent or 1 Ib /cwt) . W h e n added in excess, delays of u p to 
8 hours have been achieved even wi th a very r ich mix in ho t 
cl imates. Such mater ia ls are useful where it is necessary to cast 
a large block of concrete wi thou t construct ion jo ints a n d 
wi thou t fear of rev ibra t ing the set concrete . 

I n bu i ld ing works a n u m b e r of p ropr ie ta ry mater ia ls are 
avai lable which can be used where it is requ i red to expose the 
aggregate . These mater ia ls are usually organic c o m p o u n d s . 
T h e y are b rushed on to the surface of the shut te r ing against 
which the concrete is to be placed to delay the skin-setting of 
the concrete . W h e n the shut ters are s truck — usually next day 
for vert ical shut ters — the concrete surface is b rushed to expose 
the aggregate . 

T h e most c o m m o n organic c o m p o u n d which delays the set is 
sugar . Excessive quant i t ies m a y delay the set indefinitely, b u t 
small amoun t s have merely a r e t a rd ing effect. T h e y r e t a rd 
the set by delaying h y d r a t i o n ; this causes a reduct ion in early 
s t rength, b u t this effect is not car r ied over to la ter ages ; indeed , 
it appears t h a t wi th very small quant i t ies of sugar substant ia l 
increases in s t rength m a y be caused a t la ter ages. 

Corrosion Inhibitors 
T h e corrosion of steel e m b e d d e d in concrete takes place 
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w h e n the p H of the concrete is r educed apprec iab ly below the 
no rma l figure of 11. T h e p H is kept at this figure by the 
presence of free u n c o m b i n e d l ime, b u t the leaching act ion of 
waters conta in ing CO2 will r emove it. Th i s occurs quickly 
where the a tmosphere is heavily cha rged wi th ca rbonic gases 
as, for example , in gas works. 

T h e N o r t h T h a m e s Gas Board (Lewis, M a s o n a n d Brereton, 
1956) have pa ten ted a process for the use of sod ium benzoa te 
as a corrosion inhibi tor to protec t the steel in reinforced 
concrete . Sod ium benzoa te is a wel l -known inhib i tor of 
corrosion; a l though it is less efficient t h a n say sodium Chromate 
it is safer to use. Sod ium benzoa te has been used in two ways : 
by dissolving 2 per cent wi th the cemen t in the mix ing water , 
a n d by mixing 10 per cent wi th the cement to form a slurry. 
T h e cement slurry was then pa in ted on to the reinforcement . 

T h e addi t ion of 2 per cent sod ium benzoa te reduces the 
compression s t rength of concrete of 5000 p.s.i. s t rength by 500 
p.s.i., bu t has little effect on a n y o ther p roper ty . T h e sod ium 
benzoa te remains u n c h a n g e d in the set concrete even after a 
n u m b e r of years. 

Workability and Air Entraining Agents 

This g roup consists of a large n u m b e r of complex organic 
mater ia ls — similar in t ha t they usually increase the work­
abili ty of the plastic concrete — a n d a n u m b e r of mine ra l 
powders , such as l ime, ben ton i te a n d d ia tomaceous ear th , 
which w h e n g round as fine as cement m a y be used as workabi l i ty 
aids. 

Surface Active Agents. T h e g roup of organic mater ia ls m a y be 
divided into dispersing agents , a i r -en t ra in ing agents a n d wet t ing 
agents , b u t cu t t ing across these three groups is a genera l g r o u p 
of workab ih ty agents which m a y have some powers of dispersing, 
a i r -en t ra in ing a n d wet t ing . All these mater ia ls are t e rmed 
surface-active agents because w h e n dissolved in wa te r they 
t end to concent ra te at the b o u n d a r y be tween the sand a n d 
cement particles a n d the water . 

T h e function of dispersing agents is to p reven t the flocculation 
of the very small particles of a powder a n d keep t h e m in 
suspension. T h e y find a use in m a n y industr ies by p reven t ing 
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mater ia ls coagula t ing. I n a cement -wate r mix ture , dispersing 
agents cause the cemen t paste to be m o r e l iquid a n d to flow 
more easily. 

A wet t ing agent , on the o ther h a n d , reduces the surface 
tension r o u n d a part ic le a n d so tends to m a k e ind iv idua l 
particles cohere, i.e. flocculate. Confusion arises because the 
use of too m u c h dispersing agen t can also cause flocculation. 
Confusion is worse confounded by the fact tha t some dispersing 
agents have slight a i r -ent ra in ing propert ies w h e n a d d e d in 
large quant i t ies , whilst some dispersing agents become wet t ing 
agents w h e n their concent ra t ion in a mix is increased. T o 
m a k e the m a t t e r more difficult, bo th wet t ing a n d dispersing 
agents are conta ined in m a n y commerc ia l p roducts , whilst 
wi th some produc ts o ther chemicals , such as ca lc ium chlor ide, 
are inc luded to compensa te for the r e t a rd ing effect of the surface 
active agent , for near ly all of t h e m are re ta rders . 

T h e advan tage of dispersing agents is t ha t they reduce 
inter-par t ic le a t t rac t ion a n d hence m a k e for more comple te 
hydra t ion of the cement a n d a t the same t ime increase the 
fluidity of a cement paste by reac t ing on the cement part icles. 
Ai r -en t ra in ing agents , however , a n d most so-called workabi l i ty 
agents , react wi th the sand. Some addit ives are said to wet the 
cement more completely, b u t cement has an affinity for wa te r 
a n d most wet t ing agents also en t ra in air, so it is difficult to say 
whe the r this really happens . 

Near ly all the surface-active agents sold as workabi l i ty agents 
or plasticizers are marke ted u n d e r t r ade names . M a n y owe 
their effect to air en t ra in ing , b u t as this usually reduces 
s t rength, this fact is not often stressed. Near ly all of t h e m are 
mixtures of dispersing, wet t ing a n d a i r -en t ra in ing agents , so 
t ha t is impossible to disentangle one effect from a n o t h e r a n d 
no clear guide can be given as to which type should be used. 
By using cer ta in products from repu tab le manufac turers , it is 
possible, however, to increase workabi l i ty a n d effect an 
economy in the total cost, wi th little or no loss in s t rength . 

Finely Divided Powders, Cer ta in finely g r o u n d mine ra l 
powders are used as workabi l i ty aids. L ime , bentoni te , dia-
tomaceous ear th , kaolin a n d silica flour have all been used 
from t ime to t ime, whilst in the U . S . a n d on the Con t inen t 
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n a t u r a l cement m a y also be used. N a t u r a l cement is m a d e 
from a clayey l imestone, b u t it is a m o r e var iab le p r o d u c t t h a n 
Por t l and cement . 

These mater ia ls are all g r o u n d as fine as cemen t a n d function 
by increasing the a m o u n t of m o r t a r . T h e y are most useful in 
increasing the workabi l i ty of ha rsh mixes, a n d m a y do so 
wi thou t it be ing necessary to a d d more wate r . For such mixes, 
they m a y he lp to p revent segregat ion a n d reduce bleeding. 
M o r e usually, however , it is necessary to a d d more w a t e r so 
t ha t the concrete s t rength will be reduced . T h e same a m o u n t 
of increased workab ih ty can often be p roduced by merely using 
the equivalent a m o u n t of cement . 

T h e increase in fine mate r ia l , which follows from the use of 
finely divided powder , general ly results in increased d ry ing 
shr inkage a n d mois ture movemen t , b u t for ha rsh mixes which 
canno t be improved by a l ter ing the mix propor t ions , then there 
m a y be advan tage in using such a powder . 

Air-Entraining Agents, Mos t people will be famihar wi th 
a i r -en t ra in ing agents , for most detergents have a i r -en t ra in ing 
chemicals incorpora ted . This is a pi ty, because otherwise some 
detergents would be sui table as workabi l i ty agents , b u t as 
a i r -ent ra in ing agents the same efiFect can be more cheaply 
achieved wi th o ther mater ia ls . 

T h e early history of the use of en t ra ined air in concrete is 
in teres t ing; wi th the adven t of fine g r ind ing of cement , in the 
U.S .A. , the existing cemen t g r ind ing e q u i p m e n t b e c a m e over­
taxed a n d various gr ind ing aids such as rosin were used. Ros in 
was an excellent g r ind ing aid, b u t the s t rength of the resul t ing 
cemen t was low. I n add i t ion the leakage of oil in the old type 
of g r ind ing units , hke the Griffin mill , led to con t amina t i on 
of the cement wi th minera l oil. Such cements were c o n d e m n e d 
by m a n y consumers . 

Cer ta in stretches of concrete roads on the eastern seaboard 
of the U.S .A. , however , h a d excellent resistance to the de ter iora­
t ing effects of freezing a n d thawing combined wi th the use of 
ca lc ium chloride for removing ice. A n invest igat ion of the 
concrete showed t ha t it h a d low density a n d was invar iab ly 
associated wi th cement which h a d been c o n t a m i n a t e d by 
gr inding aids or oil leakage. F u r t h e r invest igat ion showed 
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t ha t rosin a n d mine ra l oil caused a loss of s t rength, decreased 
the density, a n d en t ra ined air. I t was finally established t ha t 
the en t ra ined air increased the frost resistance, a n d led to 
reduced density a n d s t rength. T h e requ i rements for air-
en t ra in ing agents are t h a t they should incorpora te a large 
n u m b e r of small air bubbles which will be stable, have no 
tendency to coalesce or b reak d o w n dur ing compac t ion , a n d 
should incorpora te the same a m o u n t of air wi th each mix, all 
o ther things being equa l . 

T h e air content of n o r m a l concrete after full compac t ion is 
usually a b o u t 2 to 3 per cent , whereas the o p t i m u m air conten t 
to give m a x i m u m resistance to freezing a n d t hawing is a b o u t 
5 to 7 per cent . Care is necessary to ensure t ha t not too m u c h 
air is en t ra ined if s t rong concrete is requi red , because all air-
en t ra in ing agents reduce the s t rength of concrete . 

O n e of the earliest a i r -en t ra in ing agents was Vinsol resin, a 
by-produc t of the t imber indus t ry similar to rosin. T h e first 
avai lable in this coun t ry was p robab ly Teepol , b u t m a n y 
others are now in use. A l though some a i r -en t ra in ing agents 
have a cumula t ive effect w h e n a d d e d together , some nullify 
each other , a n d so it is be t ter to use only one agent a n d no t 
mix different p ropr ie ta ry b r ands . O t h e r mater ia ls used to 
en t ra in air inc lude foaming agents a n d gas-generat ing agents 
such as a l u m i n i u m or zinc powder . T h e a m o u n t of air incor­
pora t ed by these mater ia ls m a y be as h igh as 60 per cent a n d 
they p roduce foamed or l ightweight concre te ; this, how­
ever, is a different mate r ia l from a i r -en t ra ined concrete (see 
page 300) . 

Factors Affecting Air Entrainment, Ai r -en t ra in ing agents reac t 
wi th the sand, or r a the r wi th t h a t fraction be tween B.S. sieve 
N o . 25 a n d N o . 100. Coarse sand has ht t le effect, b u t finer 
mate r ia l such as t ha t passing the N o . 100 sieve, together wi th 
silt, dust a n d cement powder , all inhibi t air en t r a inmen t . 
C e m e n t has the same effect as any powder in r educ ing air 
en t r a inmen t , so t ha t it is difficult to en t ra in air in r ich mixes ; 
l ean mixes en t ra in more air t h a n r ich mixes. I t also follows 
t ha t the finer the cement is g round the less is the a m o u n t of 
air en t ra ined . T h e effect of dust , as a coat ing on crushed 
aggregate such as l imestone, is to reduce the a m o u n t of air 
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en t ra ined whilst no t affecting the s t rength a n d only slightly 
affecting the workab ih ty . 

T h e part ic le shape of the sand is of some i m p o r t a n c e . Wel l -
r o u n d e d soft sands are more efficient a t air en t ra in ing t h a n 
angula r , sha rp sands. T h e percen tage of sand in the mix 
be tween B.S. sieve No . 25 a n d 52 increases the a m o u n t of air 
en t ra ined . T h e coarse aggregate does no t have the same effect, 
bu t in general , the larger the aggregate the less the a m o u n t of 
a i r -ent ra in ing addi t ive needed to give the same result . 

Mix ing t ime affects the a m o u n t of air en t ra ined , too short a 
t ime reduc ing the a m o u n t , b u t as long as the mix ing t ime is not 
decreased below 2 minutes there is little effect on the tota l 
a m o u n t of air. Mix ing t e m p e r a t u r e has a slight effect, the 
h igher the t e m p e r a t u r e the lower the result , b u t the effect is 
of secondary impor t ance c o m p a r e d wi th those due to sand a n d 
cement . Fly ash (P.F.A.) has a m a r k e d effect on the a m o u n t 
of air en t ra ined , depend ing u p o n the free ca rbon conten t . Fly 
ashes wi th only a m o d e r a t e ca rbon con ten t m a y doub le the 
a m o u n t of a i r -ent ra in ing agent requ i red , so care mus t be 
taken w h e n it is proposed to incorpora te fly ash. 

Prolonged v ibra t ion breaks d o w n the air bubbles a n d reduces 
the a m o u n t of en t ra ined air, par t icu la r ly where large bubbles 
are formed as these a p p e a r to be less s table . I t has been 
suggested ( O r c h a r d , 1958) t ha t 50 per cent of the en t ra ined 
air m a y be lost after v ibra t ion for 2 | minutes , b u t it is doubtful 
whe the r in n o r m a l concre t ing opera t ion any one piece of 
concrete is cont inuously v ib ra t ed for this per iod, a l t hough the 
more intense v ibra t ion used in precas t concrete can result in 
a reduc t ion in the en t ra ined air . 

If air e n t r a i n m e n t is used to p rov ide be t te r workabi l i ty only, 
then the b r e a k d o w n of the air bubbles d u r i n g compac t ion is 
an advan tage . I n this coun t ry the frost resistant qua l i ty of 
concrete need not be so high as in the U n i t e d States, so the 
reduct ion of air en t r a inmen t wi th v ib ra t ion is no t a serious 
p rob lem. 

I n cold wea the r concret ing, ca lc ium chlor ide c a n be used 
wi th a i r -en t ra ined concrete wi thou t any difficulty, for it has 
no effect on the air en t r a inmen t . 

The Effects of Entrained Air on the Properties of Concrete, Air 
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Fig. 2.13. Effect ofair entrainment on workability (with 0, 0 0 1 andO«03% 
resin). 

T h e i m p r o v e m e n t in workabi l i ty has no t been satisfactorily 
explained b u t it m a y be imagined to be due to the lubr ica t ion 
of the fine aggregate by the cushioning effect of the air bubbles . 
By tend ing to separa te the sand particles the air bubbles reduce 
par t ic le interference. O n the o ther h a n d it has been suggested 
tha t the air bubbles behave as particles of fine aggregate , 
which are elastic a n d have negligible surface friction. Th is 
would account for the oversanded a p p e a r a n c e of a n o r m a l 
concrete mix in which air has been en t ra ined , b u t it does not 
explain w h y a mix which appears oversanded should have a 
h igher workab ih ty t han one which contains less sand, whereas 
the cont ra ry is usually the case. Air e n t r a i n m e n t also makes a 

en t r a inmen t was first used to increase the firost resistance of 
concrete , a n d this effect is still one of its most i m p o r t a n t 
characterist ics. But in this count ry the greatest v i r tue of air-
en t ra ined concrete is the ease wi th which it can be placed. Air 
en t r a inmen t improves the workabi l i ty a n d is accompan ied by 
less segregation a n d bleeding a n d results in a more homogeneous 
mix (see Fig. 2.13). 
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concrete more plastic, a n d general ly improves its h a n d l i n g 
quali t ies . 

T h e inclusion of air results in a loss of s t r eng th ; for example , 
the inclusion of 6 per cent of air, w h e t h e r due to poor c o m p a c ­
tion or to del iberate air e n t r a i n m e n t , results in a reduc t ion in 
s t rength of more t h a n one- th i rd (see Fig. 2.14). W h e n a n 
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Fig. 2.14. Effect of air entrainment on compressive strength. 

a i r -en t ra in ing agent is used to increase the workabi l i ty t hen 
it m a y be necessary to compensa te for the loss in s t rength , b u t 
since air e n t r a i n m e n t produces a m o r e fatty mix the a m o u n t 
of sand can be cut d o w n a n d a t the same t ime the a m o u n t of 
wate r can be reduced for the same workabi l i ty . I n this w a y 
the wa te r / cemen t ra t io is reduced to compensa te for the loss of 



112 C O N C R E T E — P R O P E R T I E S A N D M A N U F A C T U R E 

Strength. Alternat ively, a coarser sand can be used a n d the 
a m o u n t of wa te r reduced whilst ma in t a in ing the same work­
abili ty. These compensat ions for loss in s t rength can be 
enhanced by the addi t ion of ca lc ium chloride to achieve a 
h igher early s t rength. 

For lean mixes, for example 9:1 mixes, air e n t r a i n m e n t 
results in a h igher workabi l i ty if designed to give the same 
s t rength as p la in concre te ; for mixes be tween 6:1 a n d 9:1 there 
is not very m u c h difference; b u t for mixes r icher t h a n 6:1 the 
s t rength of a i r -en t ra ined concrete is reduced if the workab ih ty 
is ma in t a ined the same as t ha t of p la in concrete . 

Air en t ra inmen t , by m a k i n g a mix more fatty, also reduces 
the dangers of b leeding a n d segregation. Th is i m p r o v e m e n t 
makes it possible to p u m p leaner mixes, a n d if the correct 
a i r -en t ra in ing agent is selected it is possible to a r r ange for the 
p u m p i n g act ion to b reak d o w n some of the en t ra ined air, 
so tha t the delivered concrete contains less air t h a n originally 
a n d thus the reduc t ion in s t rength due to the a i r -en t ra in ing 
agent is kept to a m i n i m u m . 

Water-Repelling Materials 

A n u m b e r of mater ia ls are sold for increasing the water -
repe lhng propert ies of concrete . These mater ia ls are usually 
described as waterproof ing agents , b u t in fact no mate r i a l is 
avai lable as a n admix tu re which can wa te rproof concrete . 
Some mater ia ls can m a k e cer ta in concretes repel lent to 
mois ture , b u t no mate r ia l can make it impervious . Concre te 
of m e d i u m strength, well m a d e a n d thoroughly compac ted , has 
a permeabi l i ty of 10-^ to lO' i^ cm/sec, i.e. it is relatively 
impe rmeab le in the same way as pudd l e clay is i m p e r m e a b l e , 
bu t yet not impervious . T o such concrete the add i t ion of a n 
in tegral waterproofing mate r ia l is ne i ther necessary nor 
advisable ; unnecessary because the waterproofing ma te r i a l will 
not decrease the pe rmeab ih ty , a n d inadvisable because o the r 
propert ies of the concrete such as the w o r k a b i h t y m a y be 
adversely affected. T h e concrete will, in any case, cost more . 

O n the o ther h a n d "wate rp roof ing" agents still find a r eady 
marke t a n d can be used wi th advan tage where the concrete , 
because of ei ther poor compact ion , or workabih ty , or lack of 
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comple te supervision, canno t be gua ran t eed to be sufficiently 
impervious . 

Before the use of an addi t ive can be r e c o m m e n d e d or 
condemned , the purpose for which it is to be used mus t be 
considered. T h e r e are two situations in which concrete is 
requ i red to resist the pene t ra t ion of w a t e r : one in basements 
a n d cellars where the wa te r is u n d e r low or negligible head , 
a n d the second where the concrete forms p a r t of a hydrau l i c 
s t ruc ture a n d is requi red to hold back h igh heads of wa te r . 
For the second case waterproofing addit ives are no t recom­
mended , a l though they m a y be useful in the first case to 
prevent the infiltration of mois ture . T h e addit ives often used 
are discussed below. T h e y do not inc lude workabi l i ty aids, 
b u t w h e n considering how to m a k e concrete more i m p e r m e a b l e 
cer ta in workab ih ty addit ives which do not en t ra in air, a n d 
hence do not decrease the concrete s t rength , m a y be used. 
These enable a leaner concrete to be p laced wi th the same 
facihty as a r icher mix b u t wi thou t the d i sadvan tage of ext ra 
shr inkage which results from a r ich mix. 

R ich concretes (3:1) are sometimes specified for wate r -
re ta in ing structures, b u t this is no t the correct solution of the 
p rob lem. R ich concrete shrinks more a n d has a grea ter mois ture 
m o v e m e n t t h a n lean concrete , whilst concre te r icher t h a n 6:1 
does not have a m u c h lower permeabi l i ty a n d the densi ty m a y 
be the same or even less. Concre te for a wa te r - re ta in ing 
s t ruc ture should be a lean concrete , wi th h igh density, h igh 
workab ih ty and a low conten t of wa te r pe r cubic y a r d of 
concrete . Most of these requ i rements a re mu tua l ly incompat ib le 
a n d so it is not surprising tha t waterproof ing agents find a 
ready marke t . 

T h e controversy over the use of in tegra l waterproofers 
p robab ly centres r o u n d the effect of waterproofers in increasing 
the workabi l i ty of the concrete a n d m a k i n g it less l iable to 
segregation in placing. I n pract ice , the pene t ra t ion of w a t e r 
often occurs a t lean pa tches of concre te which result from 
faults in placing, such as poor compac t ion or poor b o n d i n g of 
new to old work. Such patches should no t occur if the concre te is 
designed to suit the condit ions of emplacemen t , b u t the 
addi t ion of a n iner t filler or a n organic soap m a y , wi th some 
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mater ia ls , he lp to reduce the occurrence of honeycomb patches . 
T h e beneficial eflfect of in tegra l waterproofers, in o ther t h a n 
lean concrete , is due almost entirely to their eflfect as work­
abil i ty aids, bu t this eflfect can be achieved more eflRciently by 
a d d i n g a workab ih ty agent a n d usually more cheaply , by 
re -propor t ion ing of the concrete mix. 

I t would be no exaggerat ion to say tha t the design of a n 
economic mix for s t ruc tura l water - re ta in ing concrete involves 
the resolving of more mutua l ly cont rad ic tory requ i rements t h a n 
p robab ly any o ther p rob lem in concrete technology. If a 
concrete has a tendency to segregate or bleed, has poor work­
abili ty, is too lean so as to be diflScult to compac t proper ly , 
or is too rich a n d produces shr inkage cracks, t hen it is unlikely 
to be wa te rp roo f But in addi t ion there is the p rob l em of 
wa te r absorpt ion. V e r y few, if any , of the waterproofing or 
workabi l i ty agents reduce the wa te r absorpt ion, a l though some 
of the soap admixtures , such as ca lc ium stearate , or the var ious 
resin a n d organic oil compounds , are wa te r repel lent a n d do 
reduce capi l lary absorpt ion. 

Fine-Grained Pore Fillers, These fine-grained mater ia ls m a y 
achieve a n i m p r o v e m e n t in lean concrete of poor workabi l i ty 
by tu rn ing it in to a more fatty mix at the expense of increasing 
the wate r content . T h e y are usually divided into two classes, 
one of inact ive mater ia ls a n d the o ther reactive mater ia ls . 

Inac t ive Mate r i a l s : H y d r a t e d l ime a n d chalk, clays (exclud­
ing ben ton i te ) , g round silica, talc a n d b a r i u m su lpha te . 

React ive Ma te r i a l s : Bentoni te , d ia tomaceous ear ths , alkal ine 
silicates, such as sodium a n d potass ium sihcates, silico-fluorides 
a n d i ron filings wi th a m m o n i u m chlor ide. These mater ia ls 
a re chemical ly react ive a l though the ac t ion of ben ton i t e a n d 
d ia tomaceous ear ths is more of a physical swelling of the 
mate r ia l s ; the same swelling act ion is achieved wi th i ron filings 
by the r ap id react ion wi th a m m o n i u m chloride which forms 
i ron oxide. 

Soaps, Var ious soaps a re used as waterproof ing agents . 
These are usually a d d e d as soluble soaps which reac t wi th the 
l ime in the cement to form insoluble ca lc ium soaps, bu t , of 
course, ca lc ium soap m a y be a d d e d as ca lc ium s teara te . T h e 
react ive soaps are the alkaline soaps of soda, po tash a n d 
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a m m o n i a . Usual ly 10 to 20 per cent fatty acid as s teara te is 
present in the waterproof ing agents . If ob ta ined a n d used as 
chemical compounds then 0-2 per cent of soap by weight of 
the cement is the m a x i m u m r e c o m m e n d e d dosage. F ro th ing , 
wi th the consequent increase in a ir en t r a inmen t , m a y result if 
larger amoun t s are added . Soap m a y be added , mixed wi th 
h y d r a t e d l ime ; 5 to 10 per cent of fatty acid as s teara te or 
oléate is mixed wi th h y d r a t e d l ime a n d often a small a m o u n t 
of i ron oxide. Soap m a y also be a d d e d mixed wi th ca lc ium 
chloride a n d a l u m i n i u m chloride. T h e effect of the ca lc ium 
chloride is usually to offset the decrease of s t rength caused by 
the fatty acids. 

Various Organic Materials. Besides soaps, var ious o ther 
organic compounds are often a d d e d . M a n y of these would on 
their own cause a decrease in s t rength of the concrete , so they 
a re usually mixed wi th 20 to 40 per cent of ca lc ium chlor ide . 
T h e organic mater ia ls used inc lude resin, waxes, t a r a n d 
b i tumen , vegetable oils a n d fats a n d cer ta in vinyl resins. 

Pulverized Fuel Ash 

T h e ash der ived from pulver ized fuel can be used as a 
concret ing mater ia l , e i ther to replace cemen t or as a fine 
aggregate . 

Pulverized fuel used in m a n y m o d e r n power stations is 
injected into furnaces as a suspension in air of very fine part icles 
of coal. T h e ash result ing from b u r n i n g consists of whi te 
glassy spheres derived from the b u r n t shale combined wi th 
some magne t i t e from i ron pyrites a n d some u n b u r n e d ca rbon . 
T h e ca rbon a n d magne t i t e give the pulver ized fuel ash (fly ash) 
its character is t ic grey colour. 

T h e ash passes th rough the boiler wi th the flue gases a n d is 
t r a p p e d a n d collected by means of electrostatic prec ip i ta tors . 
T h e glassy n a t u r e of the b u r n e d shale gives fly ash a chemica l 
composit ion similar to o ther pozzolanic mater ia ls , the sihca 
combin ing wi th the Hme to give a cement ing react ion. 

T h e chemical composi t ion of fuel ash m a y va ry accord ing 
to the n a t u r e of the coal be ing b u r n e d , b u t since m a n y power 
stations b u r n a mixed fuel there m a y no t be a very wide 
var ia t ion ; on the o ther h a n d the c a r b o n con ten t will va ry 
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apprec iab ly accord ing to the type a n d opera t ing condit ions of 
the boiler. T h e following analysis gives the var ia t ion in 
composi t ion of typical fly ash. 

Silica SÍO2 38 - 4 5 % 
A l u m i n a AI2O3 20 - 2 6 % 
I ron oxide Fe203 7 - 1 6 % 
Su lphur tr ioxide SO3 0 - 1 - 2 - 0 % 
C a r b o n content 5 - 1 5 % 

Fly ash is a fine-grained powder a p p r o a c h i n g or even 
exceeding the fineness of Por t l and cement . Its cement i t ious 
va lue increases as its fineness increases, the finely divided sihca 
combin ing more readi ly wi th the free l ime in the cement . 

Fly ash results in economy when it is used as a cemen t 
rep lacement , a n d it is possible to replace u p to 25 per cent of 
the cement by fly ash. Used in this way the hea t of hyd ra t i on 
of the cement is spread over a m u c h longer per iod, so t ha t in 
large masses a lower t e m p e r a t u r e is genera ted . By combina t ion 
wi th the free h m e the general resistance of the concrete to 
de ter iora t ion is increased. T h e shr inkage is usually r educed 
a n d the workabi l i ty m a y be increased, a l though occasionally 
adverse eflFects are caused. 

Fly ash m a y also be used, in combina t ion wi th a coarse sand 
or gap-g raded aggregate , as an aggregate to correct a g rad ing 
or reduce the harshness of a mix. 

T h e supply a n d marke t ing of fly ash is in a n exper imen ta l 
stage a n d various me thods are being developed. I t appears , 
however , t ha t a p a r t from its use as a r a w mate r i a l for the 
manufac tu re of a sintered aggregate it will general ly be avail­
able ei ther g round in wi th an otherwise o rd ina ry Por t l and 
cement or will be supphed in bulk in a d a m p e n e d condi t ion. 
Perfectly dry fly ash is difficult to hand le on the site unless 
t rea ted in the same m a n n e r as cement , a n d this, because of the 
need for separa te silos, increases the cost. But d a m p e n e d fly 
ash is readi ly hand led by methods appropr i a t e to d a m p sand. 
I n such a condi t ion it mixes readily, in a mixer , w i thou t 
bal l ing or sticking. I n a stockpile, however , the mate r ia l c an 
be a nuisance on a ho t windy day , be ing readi ly b lown a b o u t 
the site. 
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Effect of Fly Ash on the Properties of Concrete. Fly ash has cer ta in 
general effects on concrete w h e n inc luded in quant i t ies u p to 
25 per cent, bu t these m a y be a l tered or reversed in any 
par t i cu la r c i rcumstances d e p e n d i n g u p o n the quaht ies of the 
fly ash u n d e r considerat ion. 
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Fig. 2,15. Increase in strength with t ime for O.P. cement with various 
amounts of fly ash. 
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Fig. 2.16. Relationship of strength with t ime for O.P. cement and an 
O.P. cement with 2 0 % fly ash inground. 

T h e subst i tut ion of more t h a n 10 per cent fly ash for cemen t 
reduces the 7- a n d 28-day strengths. At an age of 3 m o n t h s , 
however , m u c h of this " los t " s t rength is regained, a n d at a b o u t 
12 months the s t rength m a y be equa l to, or grea ter t han , t ha t 
of no rma l concrete wi thou t fly ash. In t e rg r ind ing of the fly 
ash appears to increase the r a t e of gain of s t rength in the early 
stages (see Fig. 2.15 a n d 2.16). 

T h e use of fly ash as a cement rep lacement m a y result in a 
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small increase in the wa te r r equ i r emen t per cubic y a r d of 
concrete to achieve the same workabi l i ty , a l though in a n y 
par t i cu la r case this effect m a y be reversed, depend ing entirely 
u p o n the fineness of the fly ash. T h e use of fly ash as a sand 
rep lacement results in a grea ter s t rength t h a n would otherwise 
be the case, due to the sihca-fime react ion be tween the cement 
a n d fly ash. I n addi t ion , if used to compensa te for a lack of 
fines in the sand there will be a reduc t ion in the harshness of 
the mixed concrete a n d in the t endency towards b leeding a n d 
segregation. Fly ashes of low ca rbon con ten t usually reduce 
the moisture m o v e m e n t a n d init ial d ry ing shr inkage, b u t this 
depends u p o n the ca rbon content . Fly ashes wi th h igh 
ca rbon conten t cause reversals of this effect a n d w h e n used 
wi th a n a i r -en t ra in ing agent result in very m u c h larger 
quant i t ies of the agent be ing requ i red to achieve the same 
a m o u n t of en t ra ined air. 

I n its effect on reduc ing the a m o u n t of en t ra ined air, fly 
ash m a y be said to reduce the frost resistance of concrete . I ts 
effect on the frost resistance of non-a i r -en t ra ined concrete is 
not par t icu lar ly significant. I t causes a reduc t ion in s t rength 
a t early ages w h e n used as a cemen t rep lacement , so t h a t the 
frost resistance at early ages m a y be less, b u t by forming 
cementi t ious compounds it g radua l ly causes a decrease in 
permeabiHty so tha t its frost resistance a t grea ter ages m a y be 
more t h a n tha t of an equiva len t o rd ina ry concre te ; the 
evidence at present , however , is inconclusive. 

T h e total hea t of hydra t ion in a concrete con ta in ing fly ash 
as a cement rep lacement is no t m u c h different from tha t of a 
similar concrete wi thout fly ash, b u t the ra te of hea t evolut ion 
of the fly-ash concrete is m u c h less. I n consequence the 
t empera tu re gradients in a large mass are less, wi th a conse­
q u e n t reduct ion in t empe ra tu r e stresses. I n a concrete in 
which fly ash is used as an aggregate , the hea t of hyd ra t i on will, 
of course, be propor t iona l ly increased. 

Fly ash incorpora ted in Po r t l and cement concre te increases 
its resistance to su lpha te a t tack, for by reac t ing wi th the l ime 
it reduces the a m o u n t of free Hme Hable to a t tack. 
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C H A P T E R 3 

MIX DESIGN 

M I X design is the p ropor t ion ing of the var ious const i tuents of 
concrete to p roduce the desired proper t ies in b o t h the plastic 
a n d h a r d e n e d states. T h e factors involved are the condit ions 
of p lac ing a n d the workab ih ty requ i red for these condit ions, 
the propert ies of the aggregates , the type of cement , any special 
considerat ions requ i r ing a h igh or low aggrega te /cement ra t io , 
together wi th the requ i red s t rength , densi ty a n d shr inkage of 
the h a r d e n e d concrete . T h e var ia t ions in these factors c a n 
result in concrete as different as a h o n e y c o m b e d no-fines 
concrete , a s t ruc tura l concrete of 8000 p.s.i . or a concre te for 
r ad ia t ion shielding wi th a density of 220 lb /cubic ft. 

Th is chap te r deals wi th the p ropor t ion ing of concretes wi th 
s t rength in excess of 1000 p.s.i . a n d densities of a b o u t 140 to 
155 lb /cubic ft. O t h e r concretes such as gap-g raded , l ightweight 
a n d dry- lean concretes a re described in C h a p t e r 8. 

For s t ruc tura l concrete there are two proper t ies which are 
more i m p o r t a n t t h a n all the o the r s : s t rength a n d workabi l i ty . 
These propert ies are i n d e p e n d e n t b u t r e la ted ; the s t rength 
depends u p o n the type of cemen t a n d the wa te r / cemen t ra t io , 
whilst the workab ih ty depends u p o n the type of aggregate a n d 
its g rad ing . Workab ih ty , however , is also d e p e n d e n t u p o n the 
aggrega te /cement ra t io a n d u p o n the total a m o u n t of wa te r 
per cubic ya rd of concrete a n d so is influenced by the wate r / 
cement ra t io . 

T h e requi red s t rength of a concrete is specifled from the 
requi rements of s t ruc tura l design. Since the s t rength is m o r e 
or less p ropor t iona l to the wa t e r / c emen t ra t io , t h e n the la t te r 
can be assessed from da t a , such as Fig. 3 .1 . T h e difficulty in 
mix design arises in specifying the aggrega te /cement ra t io a n d 
the sizes a n d relative quant i t ies of the coarse a n d fine aggrega tes ; 
since all these factors affect the workabi l i ty , the ease of h a n d l i n g 
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1 0 , 0 0 0 -

9 0 0 0 1 · 1— -I 

0-3 0-4 0-5 0-6 0-7 0-8 0-9 1-0 

Water/cement ratio (by weight) 

Fig. 3.1. W / c ratio strength curve. 

of the wet concrete , a n d the density a n d shr inkage a n d to some 
extent the compressive s t rength of the set concrete , t hen the 
propert ies in bo th the plastic a n d h a r d e n e d states mus t be 
considered. These difficulties have been overcome in a n u m b e r 
of different methods of mix design. T h e following are the 
m a i n ones. 
N o m i n a l mix p ropor t ions : the ra t io of cement , sand a n d 
coarse aggregate m a y be specified by weight or vo lume in 
propor t ions , for example 1 : 2 : 4 or 1 :3 :6 . Th is m e t h o d controls 
the cement content a n d the ra t io of fine to coarse aggregates . 
I t is sometimes a u g m e n t e d by the specification of the wate r / 
cement ra t io or of a s lump. 

Minimum strength. As a react ion to nomina l mix p ropor t ion ing 
a m e t h o d of mix design based on s t rength only was adop ted . 
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For n o r m a l reinforced concrete bui ldings, such a m e t h o d was 
a d e q u a t e if Hnked wi th a specification for s lump a n d wi th 
control of the aggregate g rad ing , par t icu la r ly the sand. I n 
mix propor t ion ing , the sand fraction is i m p o r t a n t a l though 
the general r eahza t ion of this i m p o r t a n c e is qu i te recent . T h e 
1944 revision of the B.S.882 " C o n c r e t e Aggregates a n d Build­
ing Sands from N a t u r a l Sources" in t roduced two classes of 
sand. Class A hav ing fairly n a r r o w g rad ing limits a n d Class Β 
m u c h wider Hmits. Class Β mate r i a l c a m e to be r ega rded as 
inferior a n d consequent ly m a n y specifications d e m a n d e d the 
use of Class A sand, irrespective of whe the r supplies were 
readi ly avai lable or whe the r it should be used for the pa r t i cu la r 
concrete . 

Following work by N e w m a n a n d T e y c h e n n é , B.S.882 was 
revised. T h e revision was based u p o n four g rad ing zones in to 
which it was found tha t na tu ra l ly occur r ing sands fall. N o n e 
of the g rad ing zones is superior to any o the r ; all a re sui table 
for mak ing good concrete because the qual i ty of the concrete 
depends u p o n the mix propor t ions . T h e i r use, however , has 
m e a n t tha t more care must be given to mix p ropor t ion ing to 
p roduce concrete wi th the necessary s t rength a n d workabi l i ty . 

Strength and Workability, T h e m a i n me thods of mix p ropor ­
t ioning in this coun t ry are based u p o n designing a mix to 
p roduce a concrete wi th a m i n i m u m s t rength a n d a r equ i r ed 
workabiUty. T h e requ i red s t rength is ob ta ined by fixing the 
wa te r / cemen t rat io a n d the requ i red workabi l i ty by fixing the 
ra t io of aggregate to cement , the m a x i m u m size of coarse 
aggregate , a n d the overall g rad ing of the coarse a n d fine 
aggregates . T h e aggrega te /cement ra t io a n d aggregate g rad­
ings m a y be de te rmined by reference to publ ished tables ( R o a d 
Note 4 method) or by reference to g raphs a n d tables l inking 
the total surface a rea of the aggregates wi th the cement con ten t 
(specific surface a n d fineness modu lus me thods ) . 

Nominal mixes 
N o m i n a l mixes have p layed — a n d still p lay — a n i m p o r t a n t 

pa r t in the specification of concrete . T h e y are specified as 
1 :1 :2 , 1 : 1 J : 3 , 1 :2 :4 , 1 :3 :6 a n d 1 : 4 : 8 , these be ing the p ro ­
port ions respectively of cement , sand a n d coarse aggregates . 
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T h e r icher mixes ( 1 : 1 : 2 or 1 :1 :3) a re specified w h e n s t rong 
concrete is requi red , a n d the leaner mixes for weaker concrete . 

I t has been suggested t ha t nomina l mixes were specified wi th 
little r egard for s t rength, b u t this is not so. T h e y c a m e in to 
use wi th the g rowth of empir ica l knowledge of concrete , for it 
was found tha t if concrete was mixed wi th sufficient w a t e r to 
m a k e it plastic a n d easy to hand l e then it could be expected to 
achieve the requi red s t rength . T h e s t rength was no t very h igh 
considering the richness of the mixes, those for o rd ina ry 
Por t l and cement being, roughly, as follows: 

1:1:2 4250 p.s.i. 
1:11:3 3750 p.s.i . 
1:2:4 3000 p.s.i. 

b u t they could be rehed u p o n as long as the aggregates used 
were sound, it be ing vir tual ly impossible to a d d too m u c h 
wa te r a n d at the same t ime m a i n t a i n a plastic mix which could 
be ha r rowed a n d shovelled in to place. T h e use of a n o m i n a l 
mix results in a wastage of mater ia ls , for only p a r t of the 
potent ia l s t rength of the concrete is u t ihzed a n d yet undes i rable 
propert ies such as excessive shr inkage migh t result. 

N o m i n a l mix propor t ions cont inue to be specified a n d in 
addi t ion , to ensure some control of the s t rength , the wate r / 
cement ra t io is usually specified; b u t specifying bo th the water / 
cement ra t io a n d the aggrega te /cement ra t io controls the 
workabi l i ty a n d m a y result in concrete wi th poor characteris t ics . 
I t m a y be harsh , unworkab le or subject to segregat ion or 
bleeding depend ing u p o n the g rad ing a n d par t ic le shape of the 
aggregates a n d the rela t ion of the wa te r / cemen t ra t io to the 
aggrega te /cement ra t io . 

I n an endeavour to overcome some of these difficulties bo th 
the aggregate gradings a n d the requ i red workab ih ty a re 
specified. But the wa te r / cemen t ra t io , aggrega te /cement ra t io , 
aggregate g rad ing a n d workabi l i ty are all in ter - re la ted in a 
most complex fashion. I t is only possible to specify three of 
the four variables , a n d only then if the characterist ics of the 
cement a n d aggregates are known from previous exper ience. 

N o m i n a l mix propor t ions are still a sui table m e t h o d of 
p ropor t ion ing concrete for small jobs as long as the concrete is 
mixed wi th only sufficient wa te r to p roduce a plastic, workab le 
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Mix proportioning based on strength and 
workability 

As previously men t ioned the me thods of mix p ropor t ion ing 
for s t ruc tura l concrete are based on the re la t ion be tween 
s t rength a n d wa te r / cemen t ra t io , a n d on the re la t ion be tween 
aggrega te /cement ra t io , wa te r / cemen t ra t io a n d workabi l i ty . 

S ta r t ing wi th the requ i rements of a m i n i m u m site s t rength , 
a requi red workabi l i ty for the condit ions of p lacing, a n d a 
cer ta in aggregate , there are half a dozen basic steps in mix 
design. 

(1) First the ta rget or design s t rength is decided which , wi th 
the s t anda rd of qual i ty control to be used, will give the 
r equ i red m i n i m u m site s t rength . 

(2) F r o m the design s t rength a wa t e r / cemen t ra t io is 
de te rmined . 

(3) F r o m the known condit ions of p lac ing the requ i red 
workab ih ty is assessed. 

(4) W i t h the known wa te r / cemen t ra t io a n d the requ i red 
workabi l i ty a r ange of aggrega te /cement ratios is 
de te rmined . 

(5) O n e aggrega te /cement ra t io is selected which 
(a) is the most economical , 
(b) is par t icu lar ly suited to the type of work, 
(c) is easily p roduced wi th the aggregates to be used. 

(6) T h e fine a n d coarse aggregate a re p ropor t ioned to 
p roduce the most sui table combined g rad ing . T h e 
quant i t ies of coarse a n d fine aggregate , cemen t a n d 
wa te r are then de t e rmined by weight . 

Strength 
I n designing the propor t ions of a mix the first s tep is to 

de te rmine the design s t rength requ i red to ensure t ha t the 
m i n i m u m site s t rength will be achieved. T h e difference 
be tween the design s t rength a n d the m i n i m u m site s t rength 

mix. For large jobs a n d for h igh-qua l i ty concrete this m e t h o d 
has been a b a n d o n e d . 
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will depend u p o n the degree of q u a h t y control to be exercised. 
Concre te can be p ropor t ioned only to give average values of 
s t rength, a n d a marg in must be a d d e d to the requi red m i n i m u m 
s t rength to ob ta in the design s t r eng th ; this m a r g i n m a y be 750 
to 2000 p.s.i. a n d depends u p o n the site condit ions, the degree 
of control a n d supervision a n d the requi red m i n i m u m s t rength . 

As a first approx imat ion , the following are suggested as 
design strengths appropr i a t e to various degrees of control for 
diflferent m i n i m u m site s t rengths. 

Degree of 
control 

Required minimum site strength 
at 28 days p.s.i. 

Degree of 
control 1500 3000 4500 6000 

Good 2250 4000 5750 7500 

Fair 2500 4500 6500 8000 

Poor 3000 5000 * 

* These minimum strengths should not be attempted 
with poor control. 

WaterjCement Ratio. T h e requ i red wa te r / cemen t ra t io to 
p roduce the ta rget or design s t rength depends u p o n the 
characterist ics of the cement . W i t h the same wa te r / cemen t 
ra t io , different s t rengths a re p roduced by o rd ina ry Por t l and , 
r ap id h a r d e n i n g Por t l and a n d h igh a l u m i n a cements . 

T h e wa te r / cemen t ratios for these different cements a re 
de te rmined from Fig. 3.1 a n d 3.16. T h e mix design for h igh 
a lumina cement is basically the same as for o rd ina ry Por t l and , 
b u t is described separate ly on page 159. 

R a p i d h a r d e n i n g cement is used, in place of o rd ina ry 
Por t l and cement , where h igh early s t rength is requ i red . I t 
gives, a t 1 a n d 3 days, t ha t s t rength to be expected from 
ord ina ry Por t l and at 3 a n d 7 days respectively. 

Workability 
T h e requi red workabi l i ty of the concrete mus t next be 

de te rmined to suit the p lac ing condit ions, type of construct ion 
a n d m e t h o d of compac t ion . Concre te to be placed in a heavi ly 
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reinforced b e a m mus t be more workab le t h a n concrete in 
massive construct ion. O n the o ther h a n d concrete which will 
compac t by heavy in te rna l v ibra tors can be less workable t h a n 
where th in poker v ibra tors are to be used or where some 
pecul iar i ty of the work restricts compac t ion to h a n d t a m p i n g . 

Suggested workabili t ies for var ious p lac ing condit ions are 
given below. 

T h e various slumps, compac t ion factors a n d V B values 
quo ted canno t be taken as the equiva len t of each other , as is 
shown by the following values for a 1:5-5 by weight concrete 
using T h a m e s Val ley aggregates . 

Workability Slump 
(in.) 

Compacting 
factor 

VB 

Precast section 
(intense vibration) 

Extremely 
low 

0 0-70 above 10 

Road slabs (power 
operated machines) 

Very low 0 to 1 0-78 8-10 

Road slabs (tamping 
screed and internal 
vibrators); mass 
foundations 

Low 1 to 2 0-85 7- 8 

Normal structural 
concrete (internal 
vibrators, simple 
sections) 

Medium 2 to 4 0-85 to 0-9 5 - 6 

Ditto (heavily 
reinforced sections, 
internal vibrators) 

High 4 to 5 0-92 to 0-95 2 

Unvibrated concrete Very high 6 0-95 1 

T h e rela t ion be tween wa te r / cemen t ra t io a n d s t rength shown 
in Fig. 3.1 is a p p r o x i m a t e because s t rength is re la ted to the 
ra t io of cement to wa te r plus voids, wi th the result t ha t if the 
workabi l i ty is low a somewhat h igher s t rength is achieved b u t 
if workab ih ty is h igh a lower s t rength is ob ta ined . 
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Mix 1:1-9:3-6 with Thames Valley Aggregates 
(water/cement ratio on saturated surface dry basis) 

Water/cement Slump Compacting VB 
ratio (in.) factor (sec) 

0-300 Nil 0-699 Above 

0-350 Nil 0-745 30 

0-380 Nil 0-773 190 

0-408 Nil 0-810 10-5 

0-446 i 0-8385 7-5 

0-489 I i 0-884 5-0 

0-524 2 i 0-912 3-0 

0-591 4* 0-947 2-0 

0-705 2 0-979 0-5 

Aggregate I Cement Ratio 
H a v i n g de te rmined the wa te r / cemen t ra t io to p roduce the 

requi red s t rength, the aggrega te /cement ra t io has next to be 
decided a n d the fine to coarse mate r i a l p ropor t ioned . T h e 
difficulty in deciding u p o n these propor t ions hes in knowing 
w h a t the resul t ing workabi l i ty will be . 

Workab ih ty , or some measure of it, such as the compac t ing 
factor or the V B t ime, varies wi th the aggrega te /cement ra t io , 
the angular i ty of the aggregate , the wa te r / cemen t ra t io a n d 
the g rad ing of the combined coarse a n d fine aggregates . A p a r t 
from the aggregate g rad ing all the o ther factors can be expressed 
as a numer ica l va lue . For example , the angular i ty m a y va ry 
from 1-1 to 2-6, the wa te r / cemen t ra t io from 0-35 to 1-0 
depend ing u p o n the requ i red s t rength , the aggrega te /cement 
ra t io from 2:1 to say 18 :1 , b u t the g rad ing of the aggregate is 
a curve a n d a curve canno t easily be given a numer ica l va lue . 

Th is has been solved in two ways ; first the propert ies of 
concrete mixes wi th cer ta in aggregates have been de t e rmined 
as, for example , the workab ih ty of concrete m a d e from flint 
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aggregate wi th different gradings a n d wi th different aggrega te / 
cement ratios. T h e results of tests on these concretes have been 
t abu la t ed so tha t by selecting a requ i red workabi l i ty a sui table 
aggrega te /cement ra t io can be de te rmined , or a l ternat ively the 
workabi l i ty can be de te rmined for a given ra t io of aggregate to 
cement . This is commonly known as the R o a d No te 4 m e t h o d . 

100 

2 5 14 7 3/e" 

Sieve sizes 
Fig. 3.2. Grading curves for | in. aggregate for workability curves. 

from the fact t ha t the first basic tables were publ ished in this 
count ry in R o a d Note 4 by the R o a d Research L a b o r a t o r y . 
Al ternat ively the combined g rad ing curve m a y be r educed to 
a numer ica l va lue in terms of specific surface or fineness 
modulus , a n d then the workab ih ty can be l inked m a t h e m a t i ­
cally by an equa t ion or graphica l ly b y a series of curves to the 
aggrega te /cement ra t io , the wa te r / cemen t ra t io a n d the 
angular i ty . These are the specific surface a n d surface factor 
methods . 

Road Note 4 Method, H a v i n g de t e rmined the design s t rength 
a n d the corresponding wa te r / cemen t ra t io , the a p p r o x i m a t e 
propor t ion of aggregate to cemen t is de t e rmined from Fig. 3.3 
to 3.11 by reference to the requ i red workab ih ty a n d water / 
cement rat io for the pa r t i cu la r aggregate a n d g rad ing wh ich it 
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Fig. 3.3. Workability curves for Portland cement with | in. rounded 
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Fig. 3.4. Workability curves for Portland cement with f in. irregular 
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Fig. 3.6. Grading curves for J i n . aggregate for workability curves. 

is proposed to use. T h e g raphs a re based on type gradings (see 
Fig. 3.2, 3.6 a n d 3.10) in which the a m o u n t of sand to coarse 
aggregate varies accord ing to the m a x i m u m size of aggrega te : 

percentage of sand 
30-75 
30-50 
25-50 

size of coarse aggregate 
fin. 
f in. 

Η in. 

If the aggregate it is proposed to use conforms wi th one of 
these gradings, then the workab ih ty will be similar to t ha t 
given in Fig. 3.3 to 3 .11. If not , t hen the coarse a n d fine aggre­
gates must be combined so as to p roduce one of these gradings . 

Combination of Coarse and Fine Aggregates, T o p roduce one of 
the type g rad ing curves the coarse aggregate a n d sand are 
combined in va ry ing propor t ions d e p e n d i n g u p o n the respective 
g rad ing of these mater ia ls . A g rad ing curve for coarse aggregate 
is expressed as the cumula t ive pe rcen tage of ma te r i a l passing 
the different size sieves; for example , 100 pe r cent passing 
1 | in. d o w n to say 10 per cent passing ^ in. sieve. Th is is to 
be combined wi th a g rad ing of sand of say 100 pe r cent 
passing ^ in. d o w n to 5 per cent passing a N o . 100. T h e 
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4 5 6 7 8 

Aggregate/cement ratio 

9 10 
(Based on road note 4) 

Fig. 3.7. Workability curves for Portland cement with f in. rounded 
gravel. 

¥4"Rounded gravel 
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Fig. 3.9. Workability curves for Portland cement with J in. crushed 
rock. 
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Sieve Grading No. 
1 Size 4 3 2 1 

1 ''z 100 100 100 100 
1 3/ " 75 67 59 c n -4- % 75 67 59 ou 

v 
60 52 44 36 
47 40 32 24 

No. 7 38 31 25 18 
14 30 24 17 12 
25 23 17 12 7 
52 15 1 1 7 3 

100 5 2 - -

14 No7 ^6 
Sieve sizes 

Fig. 3.10. Grading curves for 1^ in. aggregate for workability curves. 

propor t ion ing can be done ma thema t i ca l l y b u t it is more s imple 
to do it graphical ly , as follows. 

M a r k out a scale r u n n i n g from 0 to 100 across the b o t t o m 
of a piece of g r a p h pape r , a n d m a r k out vert ical scales, aga in 
r u n n i n g from 0 to 100, a t each end (see E x a m p l e 1, page 150, 
Fig. 3.16). M a r k off on the ver t ical scales the sieve sizes a t 
the points cor responding to the pe rcen tage of ma te r i a l passing 
them, coarse aggregate on the left, fine aggregate on the r ight , 
a n d then j o i n by lines those points represent ing c o m m o n sieve 
sizes. F r o m all points on the left-hand side (coarse aggregate) 
for sieve sizes larger t h a n ^ in. j o in to the top r i gh t -hand 
corner , for all points on the r i gh t -hand side smaller t h a n N o . 7 
j o in to the b o t t o m left-hand corner . 

A n y vert ical line will represent the p ropor t ion of fine to 
coarse aggregate , a n d the a m o u n t passing the var ious sieve 
sizes can be r ead oflF a n d checked against the type g rad ing so 
as to give the desired p ropor t ion . 

I t m a y h a p p e n tha t the sand will no t give exactly a n y of the 
type gradings a n d the resul t ing curve will cu t across two or 
three of t hem. T h e aggrega te /cement ra t io will t hen have to 
be a m e n d e d to compensa te for the w a y in which the proposed 
aggregates differ from those u p o n wh ich the g raphs were based . 
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Fig. 3.11. Workability curves for Portland cement with I i in. 
irregular gravel. 
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This is because the re la t ion be tween aggrega te /cement ra t io 
a n d workab ih ty is affected b y : 

(i) the overall g rad ing , i.e. the g r ad ing of the coarse a n d 
fine aggregates a n d the ra t io of coarse to fine; 

(ii) the aggregate par t ic le shape a n d the surface t ex tu re ; 
(iii) var ia t ions in the specific gravi ty of the aggregates w h e n 

the aggrega te /cement ra t io is specified, in the usual 
way , by weight . 

Aggregates wi th very different overall gradings can a n d 
often are used to p roduce concrete of all types wi th var ious 
workabili t ies a n d s t rengths. Knowledge of the workab ih ty a n d 
aggrega te /cement ratios for such concretes depends direct ly 
u p o n previous experience or u p o n the car ry ing ou t of a n u m b e r 
of t r ial mixes wi th the proposed aggregates , b u t the following 
points m a y be of he lp . 

I f the g rad ing is finer t h a n the type gradings , the m i x is 
p robab ly over-sanded a n d m a y be too sticky so t h a t i t will 
h a n g u p in the mixer a n d skips. If t he g r ad ing is coarser t h a n 
the type gradings it m a y be harsh , unde r - sanded , a n d p r o n e 
to b leeding a n d difficult to c o m p a c t w i thou t causing segrega­
tion. A mix con ta in ing single-sized large aggregate b u t wi th 
a sand g rad ing close to one of the type gradings will be subject 
to segregation. 

Fuller and Thompson's Ideal Curve, T h e type gradings given 
in Fig. 3.10 are similar to a curve p r o p o u n d e d by Ful ler a n d 
T h o m p s o n which was based on the assumpt ion t h a t to achieve 
m a x i m u m density a n d hence m a x i m u m s t rength , the g rad ing 
mus t be such as to ensure t h a t the voids be tween the larger 
stones a re filled wi th smaller stones a n d mor t a r , since voids 
in the concrete r educe the s t rength considerably. 

A curve (Fig. 3.12) was der ived whose equa t ion is given by 

= 100 ^{d¡D) 

where p = pe rcen tage of ma te r i a l smaller t h a n size d 
D = m a x i m u m par t ic le size 

This curve is based on the assumpt ion t h a t the aggrega te is 
specially a n d carefully packed to achieve m a x i m u m density, 
a n d the effect of par t ic le interference is ignored . If par t ic le 
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Fig. 3.12. Fuller & Thompson's ideal or maximum density grading 
curve. 

interference is t aken in to accoun t t hen the m a t h e m a t i c a l 
analysis leads to a gap -g raded aggregate . 

T h e idea of an ideal curve is now discredited a n d concre te 
is m a d e successfully from mate r i a l wi th gradings very different 
from ei ther the ideal curve or a gap -g raded mate r ia l . 

Fineness Modulus, I n 1918 A b r a m s estabHshed a m e t h o d of 
mix propor t ion ing in which the workabi l i ty was assessed by 
relat ion to the fineness modulus . T h e fineness modu lus is a 
factor which is re la ted to the specific surface of the aggrega te 
part icles. I t is ca lcula ted by first car ry ing out a sieve analysis 
a n d then using the cumula t ive percen tage by weight r e t a ined 
on each sieve as a measure of the surface a rea . I t is thus a n 
app rox ima te m e t h o d of calcula t ing specific surface, b u t offers 
no advantages over specific surface in mix design a n d its use 
has been more or less a b a n d o n e d . 

Specific Surface 
I t has been poin ted ou t t ha t a major difficulty in mix design 

is t ha t the g rad ing of the combined coarse a n d fine aggrega te 
affects the result ing workab ih ty . If the g rad ing curve, or some 
p roper ty of the aggregate which is d e p e n d e n t u p o n the a m o u n t 
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of fine a n d coarse mate r ia l , could be expressed as a n u m b e r then 
it could be used in a n equa t ion hnk ing workabi l i ty , wa te r / 
cement ra t io , aggrega te /cement ra t io a n d angu la r i ty of the 
aggregate . O n e way this m a y be done is by expressing the 
g rad ing as a function of specific surface. 

If the part icles of aggregate are imag ined as spheres, t hen 
for the same weight of ma te r i a l the surface a rea increases as 
the d iamete r of the spheres decreases. If the spheres a re 
sorted into lots whose average d i ame te r is half t h a t of the p re ­
vious lot, t hen for the same weight of spheres the surface a rea 
of the smaller spheres will be twice tha t of the previous ones. 
T h e surface a rea per uni t weight (cm^/g) is t e rmed the specific 
surface a n d is a measure of the aggregate g rad ing . (Note t h a t 
in sieving an aggregate it is d ivided in to lots of average d i ame te r 
half the previous ; B.S. sieves Nos. 7, 14, 25, etc. all have 
aper tures approx imate ly half the previous size.) 

Angularity and Surface Factors 

Should the aggregates to be used be all of the same shape 
a n d wi th the same surface tex ture , then it wou ld be possible 
to design a mix based simply u p o n the specific surface a n d to 
p r epa re a set of char ts , as in the R o a d No te 4 m e t h o d , or a 
formula re la t ing specific surface, workabi l i ty a n d aggregate / 
cement ra t io . 

Singh (1959) has carr ied ou t work on i r regular gravel a n d 
derived the following re la t ion be tween the workabi l i ty (com­
pac t ing factor) a n d aggrega te /cement r a t i o : 

. ^ W/c 
c o m p a c t m g factor = ^ ^ ^ 

1 -21 Ρ + 0-0005 -S, + 0 -0604^ X — 
C C O 

where W¡c = wa te r / cemen t ra t io 
Ρ = wa t e r / cemen t ra t io for s t a n d a r d consistence 

^ 0-25 
Ale = Aggrega te /cement ra t io 

So = specific surface of the aggregate (cm^/g), cal­
cula ted from the g r a d i n g curve of the aggregate 
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Size of ma te r i a l 
I M i n . 
M i n . 

* - N o . 7 
N o . 7 - N o . 14 

N o . 1 4 - N o . 25 
N o . 2 5 - N o . 52 
N o . 5 2 - N o . 100 

N o . 100-No . 200 

V a l u e ofS, (cm2/g) 
1 
2 
4 
8 

16 
35 
65 

128 
260 

T h e influence of the wa te r / cemen t ra t io for s t a n d a r d con­
sistence (P) is such t ha t a wa te r / cemen t ra t io of Ρ ( = 0-25) is 
always used u p in conver t ing the d r y cement p o w d e r to a fluid 
consistence, so t ha t the workabi l i ty is d e p e n d e n t only u p o n the 
a m o u n t of wa te r a d d e d in excess of the wa te r / cemen t ra t io of P. 

A cha r t for a n i r regular gravel aggregate is shown in Fig. 3.13 
a n d 3.14. 

2 0 3 0 6 0 

rotio 

7-0 8 0 
(After Singh) 

Fig. 3.13. 

4 0 5 0 

Aggregate / cemen i 

Relationship of specific surface and aggregate/cement ratio 
for J in. irregular gravel. 
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Fig. 3.14. Wori<ability curves for irregular gravel with mean specific 
surface of 15 t o 28 sq. cm/gm. 

T h e specific surface increases wi th a r educ t ion in the size of 
mater ia l , so tha t the fine sand contr ibutes very m u c h more 
to the total surface a rea t h a n does the coarse aggregate . T h e 
workabiUty of a mix should therefore d e p e n d m o r e u p o n the 
a m o u n t of cement a n d fine sand t h a n u p o n the coarse aggregate 
a n d the coarser sand. I t is well known, however , t ha t for 
n o r m a l aggregates a n d wi th the types of g rad ing usually used, 
the sand in the midd le r ange (B.S. sieve N o . 14 to 52) plays 
an i m p o r t a n t p a r t in de te rmin ing the workabi l i ty , a n d the 
workabi l i ty can also be increased by increasing the m a x i m u m 
size of the coarse aggrega te ; this increase is far more t h a n 
could be accounted for by the small change in surface a rea 
which results from using the coarser mate r ia l . I n addi t ion , the 
specific surface of the cement seems to be of Httle i m p o r t a n c e 
in its affect on workabi l i ty , especially in lean mixes, a l though 
in rich mixes the fineness of g r ind ing can affect the workabi l i ty 
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values for the surface factor, as follows: 

Aggregate size Surface factor 
3-1 i in . -Ά 

l i - f i n . - 2 
Μ in. - 1 

1 
i n . - N o . 7 4 

N o . 7 - N o . 14 7 
N o . 14 -No . 25 9 
N o . 2 5 - N o . 52 9 
N o . 5 2 - N o . 100 7 
Passing N o . 100 2 

T o the sum de te rmined from the products of the pe rcen tage 
weights of ma te r i a l re ta ined on each sieve a n d the above 

a n d in very r ich mixes it m a y be necessary to use less sand t h a n 
cement (by weight) to reduce the overaU specific surface of the 
mix. I t is necessary, therefore, to use a " w e i g h t e d " specific 
surface, i.e. one which gives more weight to the coarser mate r ia l . 
T h e following weighted values have been suggested for different 
sizes of aggrega te : 

Aggregate size Surface factor 
3 - 1 J in. I 

H - | i n . 1 
i - f in. 2 
f - ^ i n . 4 

^ i n . - N o . 7 8 
N o . 7 - N o . 14 12 

N o . 14-No . 25 15 
N o . 2 5 - N o . 52 12 
N o . 5 2 - N o . 100 10 
Passing N o . 100 1 

T o de te rmine the total surface factor f, for any g rad ing , the 
percentage weight of ma te r i a l re ta ined on each sieve size is 
mu l t iphed by the surface factor a n d the result divided by 1000 
for ease of calculat ion. M u r d o c k (1960) has suggested different 
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surface factor is a d d e d a cons tan t of 330, a n d the result is 
divided by 1000. 

T h e results of these me thods of ca lcula t ion differ for widely 
vary ing gradings , b u t the result is to some extent overshadowed 
by the angula r i ty factor, for it can be shown tha t the specific 
surface varies wi th different aggregates d u e to var ia t ions in the 
angular i ty . 

I n fact for a gravel aggregate there will be a wide var ia t ion 
in specific surface depend ing u p o n w h e t h e r the aggrega te 
includes crushed mate r ia l , a n d for c rushed rock u p o n w h e t h e r 
a h igh or low reduc t ion ra t io was used in the c rushing process. 
A knowledge of the specific surface is, therefore, no t enough , 
a n d it is necessary to take in to accoun t b o t h the angu la r i ty a n d 
the surface texture . This is done by means of a factor which 
is d e p e n d e n t b o t h u p o n the angula r i ty a n d to some extent u p o n 
the surface tex ture . Th i s factor varies wi th different kinds of 
aggregate a n d also wi th different sizes of agg rega t e ; for example , 
a different factor is ob ta ined for q u a r t z coarse aggrega te t h a n 
for qua r t z sand. 

Shergold has measured the angu la r i ty of single-size aggregates 
a n d has expressed it as a va lue which is d e p e n d e n t on the 
a m o u n t of voids in the single-size ma te r i a l w h e n compac t ed 
in a conta iner . M u r d o c k , w h o has developed the m e t h o d of 
mix design described below, has used Shergold 's concept of 
angular i ty b u t has modified it. 

Mix design based on Surface and Angularity Factors. T h e p ropor ­
t ioning of a mix using the surface a n d angu la r i ty factors is as 
follows. T h e ta rge t or design s t rength is decided in the m a n n e r 
a l ready described on p . 126 a n d the wa t e r / c emen t ra t io is 
de te rmined as on p . 127. T h e workabi l i ty r equ i red is t hen 
assessed as on p . 127 a n d wi th the k n o w n wa te r / cemen t ra t io 
and the requi red workab ih ty the aggrega te /cement ra t io is 
de te rmined . 

M u r d o c k has shown tha t the compac t i ng factor, wh ich is a 
measure of workabi l i ty , is re la ted to the w a t e r / c e m e n t ra t io 
a n d aggrega te /cement ra t io by the formula 

Γ . 7A (W/c -P) , ^ ^ compac t ing factor = j — ' — 0-5 
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Fig. 3.15. Workability curves for different surface and angularity 
factors. 

can be used, values of f^ a n d fa mus t be known. Th i s is, of 
course, the kernel of the mix design p rob lem. 

T h e r e is an infinite n u m b e r of theoret ical solutions b u t from 
experience M u r d o c k has suggested tha t the limits for the surface 
factor f , should be as follows: 

where Wjc = wa te r / cemen t ra t io by weight 
A/c = aggrega te /cement ra t io by weight 

f , = surface factor 
fa = angula r i ty index 
ga = average specific gravi ty of the aggregates (see 

p . 164) 
g , = specific gravi ty of the cement 
Ρ = wa te r / cemen t ra t io for s t a n d a r d consistence 

^ 0-25 

T h e figure {gc/ga) {A/ c) is the aggrega te /cement ra t io by vo lume . 
T h e a p p a r e n t specific gravi ty of the aggregates is d e p e n d e n t 
u p o n the specific gravi ty of the coarse a n d fine aggregates a n d 
their relat ive propor t ions . 

Before this equa t ion can be solved, or the g r a p h (Fig. 3.15) 



Values of/ . 
Ι έ in . f i n . f i n . 
0-55 0-60 0-70 
0-50 0-55 0-65 

0 4 5 0-50 

M I X D E S I G N 1 4 7 

Efficient pi t or q u a r r y 
N o t so efficient pi t 
Segregat ion likely if 
values below 
M i x too sticky for 
ro ta t ing d r u m mixer 
if values above 0 - 9 

T h e angula r i ty index f depends u p o n the angu la r i ty of the 
aggregates . Fo r single-size aggregates , for example | to | in . 
mater ia l , it is direct ly re la ted to the angu la r i ty index as 
de t e rmined by Shergold, by the equa t ion 

fa = 3fH/20 + 1 - 0 

where = - 33 
a n d Vo = Voids in the aggrega te w h e n compac t ed in a 

s t anda rd m a n n e r to p roduce m a x i m u m 
density. 

But f also depends u p o n the g rad ing of the coarse a n d fine 
aggregates as well as on the relat ive a m o u n t s of coarse a n d fine 
aggregate in the final mixed concrete . These , of course, a re 
the things which are k n o w n only after the mix has been 
propor t ioned . I t is necessary, therefore, to m a k e p re l iminary 
estimates of the p robab le va lue off. 

T h e values of f can be checked later , a n d a correct ion 
m a d e , if necessary, by car ry ing ou t tests on the ac tua l mater ia ls 
to be used. W h e n the tests a re car r ied ou t the va lue of can 
be de te rmined from 

/ a - 1 1 - 0 5 - 15W/VG 

where W = weight of the single-sized aggregate in g r a m m e s 
compac ted in a cyl inder of a b o u t rV cubic ft. 

G = Specific gravi ty of the aggregate par t ic les ; 
V = vo lume of cyl inder (ml) . 

T h e aggregate mus t be used in the condi t ion for which the 
specific gravi ty of the aggregate part icles was de te rmined , i.e. 
sa tu ra ted surface d ry or bone dry . T h e angu la r i ty index is 
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β 
Rounded flint gravel Μ in. 1-05 
Slightly rounded flint gravel i-l in. 1-44 

^ in. 1-87 
Irregular flint gravel Μ in. 2-08 

1-1 1-in. 2 4 7 
Angular granite i-l in. 2-62 
Angular crystalline limestone i-l in. 2-53 
Quartz sand No. 7 2 4 7 Quartz sand 

No 7 - - No. 14 2 4 7 
No 14- - No. 25 2-25 
No 2 5 - - No. 52 1-62 
No 5 2 - -No. 100 1-84 

W i t h the values of f a n d f , a solution can be ob ta ined for the 
equa t ion for the compac t ing factor, given above, which it is 
convenient to re -a r range as follows: 

{[WIc-P) 7-4 or 
Aggrega te / cemen t = - + 2-0 f ^ . j : · (C .F - " 0 - 5 ) 

T h e value of {Wjc —P)l{fs ,fa) can be de te rmined from 
Fig. 3.15, b u t there still r emains the va lue of gjg,. T h e specific 
gravi ty of cement (about 3-14 for Por t l and cement) can be 
de te rmined by exper iment , b u t g^ is no t k n o w n unt i l the 
p ropor t ion ing of the coarse a n d fine aggregate has been 
de te rmined . I ts va lue ranges from a b o u t 2-4 to 2*8 wi th a n 
average value for flint gravel of abou t 2 -55 a n d for crushed rock 
of abou t 2-65 to 2*7. These figures m a y be used for a first 
approx ima t ion . T h e va lue of the compac t ing factor is inser ted 

de te rmined for each of the single sizes of mater ia l , i.e. for | to 
f in., f to in. , ^ in. to N o . 7, etc. , a n d the combined 
angu la r i ty is de te rmined for the whole aggregate by combin ing 
the angular i t ies for each single size in p ropor t ion to the a m o u n t 
present in the concrete . T h e value of/^ can be checked roughly , 
for sa tu ra t ed aggregate , by compac t ing aggregate in to a 
cyl inder of known vo lume a n d measur ing the voids by then 
filling wi th a measured quan t i t y of wa te r . If the values of 
a re no t known they can be assessed from the following tab le . 

TABLE 3.1 

VALUES OF ANGULARITY fa 
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in the formula a n d the aggrega te /cement ra t io by weight is 
then de te rmined . 

Examples of mix design 
Example jVb. 1 {Road Note 4 Method) 

Concre te mix requ i red for normal ly reinforced concrete 
beams a n d floors, using f in. i r regular gravel aggregate a n d 

in. Zone 2 sand to give a m i n i m u m site cube s t rength of 
3000 p.s.i. a t 28 days. Concre te to be t ranspor ted by side-
open ing skip a n d compac ted by immers ion v ibra tors . N o r m a l 
bu i ld ing site, fair control . 
Design strength: M i n i m u m site s t rength 3000 p.s.i. a t 28 days . 

Fa i r con t ro l : design for a n average s t rength of 
4500 p.s.i. a t 28 days (see tab le on page 126). 

Water I cement ratio: F r o m Fig. 3.1 for a design s t rength of 4500 
p.s.i. a wa te r / cemen t ra t io of 0-58 will be 
requ i red using o rd ina ry Por t l and cement . 
R a p i d h a r d e n i n g cement migh t be requ i red for 
early s t r ipping of shut ters or d u r i n g colder 
wea ther . 

Workability: For n o r m a l reinforced concrete beams , reference 
to the table on page 127 shows t ha t m e d i u m 
workabi l i ty is requ i red , wi th a s lump of 2 to 4 in. 
or a compac t ing factor of 0-85 to 0-9. 

Aggregate!cement ratio: F r o m Fig. 3.8 it will be seen t ha t the 
aggrega te /cement ra t io can va ry f rom: 

6-6:1 for g r ad ing N o . 1 a n d a compac t ing 
factor of 0-85 
6-1:1 for g r ad ing N o . 4 a n d a c o m p a c t i n g 
factor of 0-85 

to 
5-8:1 for g r ad ing N o . 2 a n d a c o m p a c t i n g 
factor of 0-90 
5-5:1 for g rad ing N o . 4 a n d a c o m p a c t i n g 
factor of 0-90. 

T h e most economical mix from these results is a mix wi th a n 
aggrega te /cement ra t io of 6 -6 :1 , a wa t e r / c emen t ra t io of 0-58 
a n d wi th aggregates p ropor t ioned to g rad ing N o . 1 in Fig. 3.6. 
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To obtain a combination of coarse and fine aggregate to give combined 
grading No . 2, the amount on the sieve must be 35%. The combined 
grading is then: 

Passing r i00% No. 7 2 9 % 
Passing r 55% No. 14 2 3 % 
Passing tV'' 35% N o . 2 5 17% 

No. 52 4 % 
Fig. 3.16. Proportioning of fine to coarse aggregate. 

I t would p robab ly be be t te r to use a slightly r icher mix, say 
6-2:1 wi th a wa te r / cemen t ra t io of 0-58 a n d g rad ing N o . 2. 
This will give a mix wi th a compac t ing factor be tween 0-85 
a n d 0-90, a n d g rad ing N o . 2 will ensure a less harsh mix t h a n 
No . 1; the mix will be more cohesive a n d should, therefore, 
p roduce a slightly be t te r finish, whilst the increase in work­
abili ty will facilitate discharge from the s ide-opening skip. 

Propor t ion ing of fine to coarse aggrega te : the next s tep, 
hav ing de te rmined the aggrega te /cement ra t io , is to p ropor t ion 
the fine to coarse aggregate . T h e g rad ing of the fine a n d coarse 
aggregates are assumed to be as follows. 
G r a d i n g of f in. i r regular g rave l : 

passing f in. sieve 100 per cent 
passing f in. sieve 30 per cent 
passing ^ in. sieve 0 per cent 
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G r a d i n g of ^ in. Zone 2 sand 
passing ^ in. sieve 100 per cent 
passing N o . 7 sieve 84 per cent 
passing N o . 14 sieve 65 pe r cent 
passing N o . 25 sieve 48 per cent 
passing N o . 52 sieve 11 per cent 
passing N o . 100 sieve 0 per cent 

These are to be combined to give G r a d i n g N o . 2 of Fig. 3.6. 
T h e gradings are plot ted on g r a p h pape r , coarse g rad ing on 
the left a n d the sand g rad ing on the r ight , wi th 0 to 100 across 
the bo t tom. 

Since the a m o u n t of mate r ia l r equ i red to pass the ^ in. 
sieve to give G r a d i n g N o . 2 is 35 per cent , t hen from the g r a p h 
the percentage of sand is 35 per cent . T h e p ropor t ion of sand 
by weight , therefore, is 

3 5 % of 6-2 = 2-16 (where 6-2 is the aggrega te /cement ra t io ) . 
T h e concrete propor t ions are then 1:2*16:4-04 wi th a water / 
cement ra t io of 0-58. 

Example No, 2 [Road Note 4 Method) 

Concrete mix requ i red for shell roof construct ion. M i n i m u m 
site cube s t rength requ i red is 4000 p.s.i . a t 28 days. Shell roof 
construct ion will not be more t h a n 2 | in. thick, so use f in . 
mate r ia l for coarse aggregate a n d ^ in. d o w n sand. Concre te 
will be requi red to compac t easily, b u t mus t no t s lump on the 
roof slopes. 
Design strength: Good control will be requ i red for the construc­

t ion of a shell roof F r o m the tab le on page 126 
it will be seen t h a t the a l lowance over the 
m i n i m u m site s t rength of 3000 p.s.i. is 1000 
p.s.i. a n d for 4500 is 1250 p.s.i . For good site 
control allow 1250 p.s.i., i.e. design for 5250 
p.s.i. for a m i n i m u m site s t rength of 4000 p.s.i . 

Water/cement ratio: F r o m Fig. 3.1 the wa te r / cemen t ra t io for a 
design s t rength of 5250 p.s.i . is 0-55. 

Workability: F r o m the table on page 127 a low workabi l i ty 
will be requ i red wi th a compac t ing factor of 
abou t 0-85. T h e mix should be m a d e fairly 
cohesive so tha t it will no t s lump easily. 
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Aggregate I cement ratio: Figures 3.3, 3.4 a n d 3.5 a re the workab ih ty 
curves for f in. aggregate . F r o m the curves for 
low workabi l i ty (compact ing factor of 0-85) i t 
will be seen tha t wi th a wa te r / cemen t ra t io of 
0-55 the aggrega te /cement ra t io for c rushed 
rock or i r regular gravel varies from 4*2 to 5-3 
wi th g rad ing N o . 2 or 3 . 

G r a d i n g N o . 1 would p roduce a mix wi th a t endency to 
segregate if the workabi l i ty were h igher t h a n 0-85, a n d g rad ing 
N o . 4 would p roduce a r a t h e r ' ' s t icky" mix wi th f in . aggregate . 
A f in. r o u n d e d gravel has no t been considered because it is 
not easily ob ta inab le . A | in. crushed rock is best avoided, if 
possible, as it is sometimes flaky due to the h igh reduc t ion 
ra t io which is often used in crushing. For f in . i r regular gravel 
the aggrega te /cement ra t io would be 4-9 to 5-3, d e p e n d i n g 
u p o n the grad ing . 

W h e n the gradings of the f in. ma te r i a l a n d the sand are 
known, they are p ropor t ioned in the m a n n e r described in 
example 1 a n d the mix propor t ions thus de te rmined . 

Example No, 3 [Road Note 4 Method) 

Concre te mix requi red for mass concrete blocks. M a x i m u m 
size of aggregate to be l | i n . ma te r i a l ( larger ma te r i a l is no t 
easily avai lable) . Concre te to have a 28-day s t rength of 1500 
p.s.i. 
Design strength: M i n i m u m site s t rength 1500 p.s.i. T h e design 

s t rength will va ry from 2250 p.s.i. for good 
control to 3000 p.s.i. for poor control (see table 
on page 126). 

Water/cement ratio: F r o m Fig. 3.1 this is equivalent to a wate r / 
cement ra t io of 0-91 to 0-80. 

Workability: T h e table on page 127 gives a desirable work­
abil i ty for mass foundat ions of 0*85. 

Aggregate I cement ratio: T h e r e is only one g r a p h for l | i n . 
mate r ia l a n d tha t is for i r regular gravel (Fig. 
3.8). F r o m this figure it wiU be seen t ha t for a 
compac t ing factor of 0-85 the d a t a does no t go 
beyond an aggrega te /cement ra t io of a b o u t 
8 Ό : 1 . T h e mix will have an aggrega te /cement 
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ra t io in excess of this, pe rhaps 9-0 or 10-0 :1 , 
b u t further design of the mix mus t be based on 
tr ial mixes. I n this connexion, no te the ten­
dency to segregate wi th increase in workabi l i ty 
(curves for compac t ing factor of 0-95). 

NOTE : Because of the relat ively l o w s trength a n d h e n c e h i g h w a t e r / c e m e n t 
ratio, the sand content m a y h a v e to b e s l ightly h igher t h a n n o r m a l . 

W h e n mate r ia l o ther t h a n 1J in. i r regu la r gravel or all-in bal las t 
is used on work requ i r ing a h igher s t rength , t hen a n assessment 
of the p robab le workabi l i ty c a n be ob ta ined by direct 
p ropor t ion ing from the workabil i t ies of o ther aggregates , for 
e x a m p l e : workabi l i ty of 1 | in . c rushed rock == 

workabi l i ty of f in . c rushed rock X workabi l i ty 
of Η in . i r regu la r gravel 

workabi l i ty of f in . i r r egu la r gravel 

Example No, 4 {Surface Factor Method) 

Concre te mix requ i red for reinforced concrete s t ruc ture . Size 
of m e m b e r s will allow the use of l | i n . i r regula r gravel w i th 
^ in. down n a t u r a l sand. M i n i m u m compressive s t rength a t 
28 days to be 3000 p.s.i. 
Design strength: M i n i m u m site s t rength 3000 p.s.i . W i t h fair 

control , the design s t rength will be 4500 p.s.i . a t 
28 days (see table on page 126). 

Water¡cement ratio: T h e wa te r / cemen t ra t io to give a design 
s t rength of 4500 p.s.i. a t 28 days will be 0-62 
(Fig. 3.1). 

Workability: T h e concrete should have m e d i u m workabi l i ty , 
say a compac t ing factor of 0-85 (see tab le on 
page 127). 

Aggregate/cement ratio: T h e aggrega te /cement ra t io can be 
de t e rmined only w h e n the angula r i ty a n d sur­
face indices of the aggregates are known. I t 
m a y be assumed t h a t the va lue of f is 0-55 (see 
page 147) a n d the va lue of f is 2*2 (a m e a n 
value from the table on page 148). Also in the 
formula for aggrega te /cement ra t io is the va lue 
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c " 3 - 1 4 
. 8-40 = 6-95 

T h e sand a n d coarse aggregate which it is proposed to use 
are p ropor t ioned to give a va lue of f of a b o u t 0-55 using the 
surface factor figures given on page 144. 

Example No, 5 {Surface Factor Method) 

Concre te mix requ i red for large very heavi ly reinforced 
concrete s t ruc ture . Crushed rock aggregate a n d n a t u r a l sand 
to be used. M i n i m u m site cube s t rength a t 28 days to be 
4500 p.s.i. 

Size of Aggregate: V e r y heavily reinforced sect ion; therefore 
f in . aggregate will be the m a x i m u m size of 
coarse aggregate (because the s t ruc ture is large 
it is be t te r no t to use \ in. or f in . coarse 
aggregate as the m a x i m u m ) . 

Design strength: MAmvimm site s t rength 4500 p.s.i. Assume 
good control a n d let the site agent know this 
assumpt ion has been m a d e . Design s t rength 
for good control from table on page 126 is 
5750 p.s.i . 

Water¡cement ratio: F r o m Fig. 3 .1 , for a design s t rength of 5750 
p.s.i. a t 28 days a wa te r / cemen t ra t io of 0-52 
will be requi red . 

of the specific gravi ty of the aggrega te ; for flint 
gravel this m a y be assumed to be 2-60. 
T h e value of the aggrega te /cement ra t io is then 

2-60 ί(0·62 - 0-25) 7 4 \ 
~ 3-14 ( 0-55 X 2-2 ^ (0-85 - 0-5) ^" ^'^f 

Using Fig. 3.15 then 

He -P) ^ 0-62 - 0-25 _ 
/ , . / 0-55 X 2-2 - ' ^ ' ^ ' " " " 

For a compac t ing factor of 0-85 the value of = 8-40, a n d 
hence 

A 2-60 
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Workability: T h e concrete mus t have good workabi l i ty to be 
easily p laced be tween heavy reinforcement , a n d 
a V B of 2 sec or a compac t ing factor of 0-95 
will be requ i red (see table on page 127). 

Aggregate! cement ratio: V a l u e o f f o r f i n . mate r ia l , say 0-60 
(see page 147). 
Va lue oifa for r o u n d e d gravel a n d s a n d : 1 -8 

for i r regular gravel a n d s a n d : 2 -2 
for crushed rock a n d s a n d : 2*5 

(see table on page 148). 
T h e values of/, χ / , a re therefore, 1 -08, 1 -32 a n d 1 -50. 
Values of [w¡c - 0 · 2 5 ) / ( / , . / J a re 0-25, 0-205 a n d 0-180 for a 
compac t ing factor of 0-95; the values of A^ a re t hen 6-0, 5-3 
a n d 4-9. 
If the specific gravi ty of gravel is 2-5 a n d of crushed rock is 
2-6, the aggrega te /cement ratios a r e : r o u n d e d gravel 4-8 

i r regula r gravel 4-3 
crushed rock 3*9 

W i t h the g rad ing of the proposed ma te r i a l known, the p ro ­
port ions of fine a n d coarse aggregate a re de t e rmined a n d the 
values o f / a n d / checked. A tr ial mix would be essential to 
de te rmine whe the r there is any t endency of these r ich mixes to 
segregate because of the h igh workabi l i ty . 

The combination of single-sized aggregates 
W h e r e it is in t ended to use single-size coarse aggregates a n d 

sand, these have to be combined to p roduce the requ i red 
overall g rad ing . 

Example: I t is r equ i red to combine the following mater ia l s 
to give g rad ing N o . 2 (Fig. 3.10) for \ \ in. mate r ia l . 

G r a d i n g of 1 | in. m a t e r i a l : 
passing \ \ in . sieve 100 per cent 
passing f in. sieve 14 per cent 
passing f in. sieve 3 per cent 

G r a d i n g of f in . m a t e r i a l : 
passing I in. sieve 95 per cent 
passing f in. sieve 7 per cent 
passing ^ in. sieve 2 pe r cent 
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Fig. 3.17. Combining 1^ and f in. aggregate. 

G r a d i n g of f in . ma te r i a l : 

passing I in . sieve 100 per cent 
passing I in. sieve 96 per cent 
passing in. sieve 10 per cent 

G r a d i n g of s a n d : 

passing ^ in . sieve 
passing N o . 7 sieve 
passing N o . 14 sieve 
passing N o . 25 sieve 
passing N o . 52 sieve 
passing N o . 100 sieve 

100 per cent 
84 per cent 
60 per cent 
44 per cent 
24 per cent 

5 per cent 

These mater ia ls are combined as follows. T h e ^ in. a n d 
J i n . mater ia ls are p lot ted as shown in Fig. 3.17. F r o m Fig. 
3.15 it will be seen t h a t for g rad ing N o . 2, 59 per cent passes 
the f i n . sieve, a n d 44 per cent passes the f i n . sieve; thus 
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Fig. 3.18. Combining | in. material with combined 1^ and f in. 

15 par ts in 56 (100 -44 ) i.e. 27 per cent mus t pass the f in . sieve. 
T o p roduce this, 16 per cent of the f in . ma te r i a l mus t be 

combined wi th 84 per cent of the 1 | in. mate r ia l . 

This gives a new g rad ing for the combined 1 | in. a n d f in . 
mater ia l , as follows: 

passing 1 | in . sieve 
passing f in . sieve 
passing f in . sieve 
passing ^ in. sieve 

100 pe r cent 
27 pe r cent 

4 pe r cent 
0-5 pe r cent 

This g rad ing is p lo t ted in Fig. 3.18 a n d the g rad ing of the 
I in. mate r ia l is p lot ted on the r i gh t -hand side of this g r a p h . 
Aga in for g rad ing N o . 2, from Fig. 3.10 there is 44 per cent 
passing the f in. sieve a n d 32 per cent passing the ^ in. sieve; 
to p roduce this, 12 par t s (44 -32 ) in 68 (100 -32 ) i.e. 18 per cent 
mus t pass the f in. sieve. T h u s 16 per cent of the | in . ma te r i a l , 
mus t be incorpora ted in to the g rad ing . 
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Fig. 3.19. Combining sand with combined 1^, f and f in material. 

This gives a new grad ing for the combined \ \ in. , f in . a n d 
f in . mater ia l , as follows: 

passing \ \ in . sieve 100 per cent 
passing f in . sieve 38 per cent 
passing f in . sieve 18 pe r cent 
passing ^ in. sieve 2 per cent 
Th is g r ad ing is p lo t ted on Fig. 3.19 on the left-hand side, the 

g rad ing of the sand be ing plot ted on the r igh t -hand side. 
F u r t h e r reference to the g r ad ing N o . 2 of Fig. 3.10 shows t ha t 
32 per cent of the sand mus t be combined as shown, a n d this 
gives an overall combined g r ad ing close to t h a t of g r ad ing N o . 2. 
T h e values for g rad ing N o . 2 a re shown in brackets . 

passing 11 in . sieve 100 
passing f in . sieve 57 
passing f in . sieve 44 
passing ^ in . sieve 33 
passing N o . 7 sieve 27 
passing N o . 14 sieve 19 
passing N o . 25 sieve 14 

(100) per cent 
(59) per cent 
(44) pe r cent 
(32) pe r cent 
(25) pe r cent 
(17) pe r cent 
(12) pe r cent 
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passing N o . 52 sieve 7 (7) pe r cent 
passing N o . 100 sieve 2 (—) pe r cent 

Mix design for high alumina cement 
T h e mix design for h igh a l u m i n a cemen t has , for m a n y years , 

been based on nomina l mix propor t ions , b u t as a result of work 
carr ied ou t by N e w m a n it is now possible to design h igh a l u m i n a 
mixes in the m a n n e r described above u n d e r the R o a d Note 4 
me thod . 

T h e s t rength a t t a inab le wi th h igh a l u m i n a cement a n d its 
relat ion wi th the wa te r / cemen t ra t io is given in Fig. 3.20. T h e 

11,000. 

10.000 

0-3 0-4 0-5 0-6 

Water/cement ratio (by weight) 
0-7 0-8 

(After K. Newman) 

Fig. 3.20. Relationship of compressive strength and water/cement 
ratio for high alumina cement. 
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Fig. 3.21. Workability curves for high alumina cement with f i n . 
irregular gravel. 

workabil i ty , aggrega te /cement ra t io a n d wa te r / cemen t ra t io for 
the three type gradings (Nos. 2, 3 a n d 4 in Fig. 3.6) are given 
in graphica l form in Figs. 3.21 a n d 3.22. 

W i t h the informat ion from these g raphs the m e t h o d of p ro ­
por t ion ing a mix is the same as tha t for o rd ina ry Por t l and 
cement (pages 125-129) wi th the modification tha t since ext ra 
sand is general ly requ i red then type g rad ing N o . 1 is no t 
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Fig. 3.22. Workability curves for high alumina cement with ¿ in. 
crushed rock. 

inc luded, as mixes wi th this p ropor t ion of sand are l iable to 
segregation. 

H i g h a lumina cement is subject to reversion a n d loss of 
s t rength if kept moist a t t empera tu res of a b o u t 80°F a n d a b o v e ; 
the loss of s t rength which occurs is shown in Fig. 3.20. 
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Trial mixes 
O n c e the basic propor t ions of a concrete have been deter­

mined it is expedient to confirm these by a tr ial mix and , if 
necessary, to car ry ou t further adjustments . 

A trial mix consists of mixing together the designed p ropor ­
tions of cement , aggregate , wa te r a n d admix tu re , if any , a n d 
of measur ing the workabi l i ty a n d the s t rength of concrete cast 
from the mix. 

S t rength is based on eflfective wa te r / cemen t ra t io , which is 
de te rmined on the basis of sa tu ra ted surface d ry aggregates . 
This is a condi t ion which is difficult to achieve a l though it 
could be app rox ima ted to by using d ry aggregates a n d a d d i n g 
an extra a m o u n t of wa te r equivalent to t ha t which the aggrega te 
is known to absorb . But to ensure t ha t absorpt ion of the 
aggregate does not aflfect s t rength or workabi l i ty , wet aggregates 
should be used in the trial mix. T h e mois ture content a n d 
absorpt ion of the aggregates are de te rmined a n d the a m o u n t of 
wa te r necessary to give the requ i red effective wa te r / cemen t 
ra t io , is calculated. 

If the total mois ture content of the aggregate is less t h a n the 
absorpt ion, a quan t i t y of the mix ing wa te r is a d d e d to the 
weighed aggregates a n d left to s tand, in the mixer , for twen ty 
to th i r ty minutes . This ensures t ha t the cement paste in con tac t 
wi th the aggregates does not have a r educed b o n d due to 
absorpt ion of mois ture from the paste by the d ry aggregates . 

T h e amoun t s of mater ia ls are accura te ly weighed, a n d mixed , 
the mixing wa te r be ing a d d e d gradua l ly du r ing the mix ing a n d 
the a p p e a r a n c e of the mix cont inuously observed. 

After mixing the compac t ing factor, V B or s lump is measured , 
whichever is the most sui table for the pa r t i cu la r concrete . T h e 
measu remen t should be m a d e a b o u t 10 minutes after mix ing 
or such o ther t ime as is a p p r o p r i a t e ; for example , immedia te ly 
after mixing w h e n the concrete is to be control led by work­
ab ih ty tests a t the mixer , or half a n h o u r after mix ing or some 
other in terval as is app rop r i a t e where the p lac ing t ime is 
p ro t rac ted . W h e n using ready-mixed concrete it is necessary 
to de te rmine w h a t workabi l i ty is requ i red a t the mixer so as to 
ensure t ha t it will have the correct workab ih ty for p lac ing . 
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when it arrives a t the si te; i.e. the loss in workabi l i ty d u r i n g 
transit must be de te rmined . 

W h e n the trial mix has been carr ied out , it m a y be obvious 
tha t the workabi l i ty is not as grea t as was an t i c ipa ted . Th is 
m a y be adjusted by increasing the richness, i.e. a d d i n g a m o u n t s 
of cement a n d water , keeping the wa te r / cemen t ra t io constant . 

If the mix is unworkab le due to harshness t hen it m a y be 
improved by a d d i n g water , cement a n d sand in such propor t ions 
as to keep the wa te r / cemen t a n d aggrega te /cement rat ios 
constant . Th is has the effect of increasing the p ropor t ion of fine 
to coarse mater ia l . If the mix has the a p p e a r a n c e of over 
sanding denoted by excessive stickiness, t hen water , cemen t a n d 
coarse aggregates are added , aga in keeping the wa te r / cemen t 
a n d aggrega te /cement ratios cons tant b u t decreasing the ra t io 
of fine to coarse mater ia l . 

If the mix is excessively workable b u t appears to conta in the 
r ight a m o u n t of fine to coarse mate r ia l , t hen the mix is m a d e 
leaner by a d d i n g fine a n d coarse aggrega te in the same propor ­
tions as previously used. This reduces the richness b u t ma in ta ins 
the wa te r / cemen t ra t io constant . 

Some of these adjustments can be carr ied ou t d u r i n g the 
course of a single tr ial mix, b u t it is usually easier a n d quicker 
to m a k e u p two or three separa te mixes, adjust ing each one 
from the results of the previous mix . I t is no t usual to requi re 
more t h a n three mixes for n o r m a l gravel or crushed rock 
aggregates . 

After tr ial mixes, concrete cubes are cast so t ha t conf i rmat ion 
can be ob ta ined t ha t the ca lcula ted effective wa te r / cemen t ra t io 
will result in a compressive s t rength of the r ight order , say 
wi th in 250 p.s.i. of the design s t rength . Cubes are usually cast 
by compac t ing on a v ib ra t ing table to which the cube moulds 
are c lamped . D u r i n g the v ibra t ion the behav iour of the mix 
should be noted, together wi th the ease of compac t ion a n d any 
tendency to bleed or segregate. D e p e n d i n g u p o n the u rgency 
of the work it m a y be possible to wai t unt i l 7-day compression 
strengths are ava i lab le ; a l ternat ively a m e t h o d of accelera ted 
cur ing m a y be used to ob ta in an early indica t ion of the potent ia l 
s t rength. 
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gc 
W , A 

7·^" + 7 
W h e r e = average specific gravi ty of the aggregates 

gc = specific gravi ty of the cement (about 3-14) 
Va = a m o u n t of voids pe r cubic y a r d (say 1 -5 pe r 

cent) 
W 
— = wa te r / cemen t ra t io 
c 

— = aggrega te /cement ra t io 
c 

This formula reduces to 

1660 

^ + á . i + 0 . 3 1 9 
C C ga ' 

W h e n air e n t r a i n m e n t is used t hen m a y be 5 to 7 pe r cent , 
so t ha t a figure of 0-06 mus t be used in the formula. W i t h mix 
propor t ions of 1 the quant i t ies of fine a n d coarse aggrega te 
by weight a re η a n d m t imes the weight of cemen t respectively. 

T h e average specific gravi ty of the aggregates in the above 
formula is de te rmined from a knowledge of the specific grav i ty 
for the coarse a n d fine aggregates . W i t h the propor t ions of 
\\n\m the average specific gravi ty is given by 

η X S.G. of fine aggrega te m X S.G. of coarse aggrega te 
^ η + m 

T h e quant i t ies calcula ted in the above m a n n e r should be 
checked by an i n d e p e n d e n t calculat ion. A n a l ternat ive m e t h o d 
of calculat ion by absolute vo lume of mater ia ls is as follows. 

The quantities of materials per cubic yard of 
concrete 

W h e n the mix propor t ions (by weight) have been de t e rmined 
the quant i t ies of mater ia ls for 1 cubic yd of concrete can be 
ca lcula ted . 

T h e weight of cement pe r cubic y a r d of concrete is given by 

6 2 4 X 2 7 . ^ , . ^ , ( 1 - 0 0 -

file:////n/m
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W i t h a mix p ropor t ion by weight of l:n:m the absolute 
volumes of cement , fine a n d coarse aggregate a n d w a t e r for 
1 cwt of cement of specific gravi ty 3-14 a r e : 

cemen t 

sand 

112 

coarse aggrega te = 

wa te r = 

air voids 

total vo lume 

3-14 X 6 2 4 

η X 112 
S.G. of sand χ 6 2 4 

m X 112 

- 0-572 cubic ft 

S.G. of coarse aggrega te X 62-4 

c 
6 2 4 

2" X % air voids 
100 

cubic ft 

where Wjc = wa te r / cemen t ra t io , a n d the air voids a re a b o u t 
\ \ per cent for n o r m a l concrete a n d 5-7 per cent for air-
en t ra ined concrete . 

T h e requ i red quant i t ies pe r cubic y a r d of concrete a re 
ob ta ined by dividing 27 cubic ft by the tota l absolute vo lume 
Σ cubic ft. 

T h e n weight of cemen t = 

weight of sand — 

weight of coarse aggrega te = 

27 X 112 

72 X 27 X 112 

m X 27 X 112 

W 
— X 27 X 112 

vo lume of wa te r / cub ic yd . = \0~Σ 
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1 
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\ 

Ί 

V V 
Moisture content. % 

Fig. 3.23a. Effect of moisture content on sand bull<ing. 

Ordering materials 
I t is usual in the no r th of Eng land a n d Scot land to o rder 

sand a n d coarse aggregate by weight . I n assessing the q u a n t i t y 
to order , the weight must be increased by a percen tage equiva­
lent to the average weight of wa te r con ta ined in the aggregates , 
which is abou t 2 to 4 per cent for gravel aggregates a n d 4 to 
6 per cent for sand. W h e n the sand is dehvered s t ra ight from 
the washing p lan t it m a y conta in 12 to 14 per cent . T h e free 
wa te r in crushed rock m a y be very smaU, even nil. 

I n the south of E n g l a n d aggregates are o rdered by vo lume 
in cubic yards of mate r ia l . T h e vo lume of aggregate r equ i red 
is ca lcula ted from the weight by dividing by the d ry loose bulk 
density a n d an al lowance mus t be m a d e for bulk ing of the s a n d ; 
this will depend u p o n its mois ture a n d g rad ing , b u t it is 
p r u d e n t to allow for abou t 25 per cent bu lk ing (see Fig. 3.23). 

I n addi t ion to these various al lowances the a m o u n t of 
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Fig. 3.23b. Zone gradings of sand used in bull<ing test. 

wastage mus t be taken in to account . Th is is often t aken as 
5 per cent b u t m a y vary from 2 to 7 per cent depend ing u p o n 
the site condit ions. 

Typica l d ry bulk densities for var ious aggregates a re as 
follows: 

96 to 102 lb /cub ic ft Q u a r t z Sand 

F h n t Gravel 
1 1 - ^ in . 

Crushed Rock* 
U - i i n . 
i - f i n . 

89 to 94 lb /cubic ft 
85 to 90 lb /cubic ft 

80 to 90 lb /cubic ft 
77 to 90 lb /cubic ft 
75 to 85 lb /cubic ft 

* Low values for limestone. 
High values for granite and dolerite. 
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C H A P T E R 4 

M A N U F A C T U R E OF CONCRETE 

Handling materials 
Aggregates 

T h e purpose of correct h a n d h n g is to receive, p ropor t ion a n d 
dehver mater ia ls as cheaply as possible in the condi t ion in 
which they are r equ i r ed ; whilst in addi t ion , it is essential to 
ensure a supply of c lean ma te r i a l a t a m i n i m u m cost a n d 
wastage wi th the mate r i a l free from con tamina t ion . 

T h e hand l ing a n d b a t c h i n g of concre t ing mater ia ls varies 
accord ing to the mater ia ls a n d the quant i t ies to be used. O n 
a small site the aggregate m a y be s imply a h e a p of sand a n d 
ano the r h e a p of f to ^ in. gravel . These m a y be h a n d l e d a n d 
roughly p ropor t ioned by the shovelful — a m e t h o d of little 
va lue b u t still used wi th the cemen t del ivered a n d p ropor t ioned 
by the bag . O n the large site, however , the coarse aggregate 
m a y be suppl ied in four or m o r e single sizes, the sand be ing 
hand l ed by conveyor belts. T h e aggregates will be discharged 
from hoppers au tomat ica l ly control led to give the r equ i red 
grad ing , we igh-ba tched a n d fed wi th the weighed cemen t a n d 
weighed wa te r to a large mixer . 

I n rugged a n d difficult coun t ry on a large j o b a different 
set-up m a y be requi red , inc lud ing a n aer ia l r opeway to 
t ranspor t the aggregates a n d the mixed concrete . T h e large 
quant i t ies to be h a n d l e d requ i re exper t knowledge a n d it is 
often profitable to sub-let the w inn ing of aggregates on such 
sites to a speciahst firm, w h o will t hen dehver the ma te r i a l in 
m u c h the same way as a commerc ia l supplier . Between these 
extremes there a re a n u m b e r of diflferent p lan ts a n d me thods 
of h a n d h n g the mater ia ls . 

T h e hand l ing of aggregate is control led by the m e t h o d of 
supply a n d delivery. O n the major i ty of jobs the aggregates 
a re supphed in 5 cubic yd t ipper loads ; even on some la rge 
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jobs they are delivered ul t imate ly by t ipper lorry, even t hough 
the size of the j o b has w a r r a n t e d the explora t ion a n d develop­
m e n t of separa te sources of aggregate . 

O n a few jobs , pr incipal ly large concrete dams , the rock 
m a y be b rough t s t ra ight from the q u a r r y a n d crushed a n d 
screened a t the site a n d then fed by belt conveyors to stockpiles 
a n d thence to the ba tche r a n d mixer . O n m a n y jobs it is 
economic to stockpile aggregates in to single sizes, for example 
1 | to f in. , f to f in. , f to ^ in. , a n d there m a y be two types 
of sand, a n d a stockpile of fly ash. 

O n small jobs a t least two stockpiles will be requi red , one 
for 1 | to ^ in. coarse aggregate a n d one for sand. Except for 
the roughest work all-in ballast canno t be r e c o m m e n d e d 
since this ma te r i a l is usually t aken as it comes, wi th excessive 
var ia t ions in sand conten t a n d wi th ha rd ly one b a t c h of 
ma te r i a l resembl ing the next , b u t see d ry lean concrete p . 308. 

W h e r e a site is l imited in area , as bu i ld ing work in cities 
often is, saving in the h a n d h n g a n d storage of aggrega te m a y 
be m a d e by hav ing it del ivered pre-mixed . A pre -mixed 
aggregate is one which has been formed by r ecombin ing a n d 
mixing the aggregates a t the pi t or q u a r r y to p r o d u c e the 
requ i red g rad ing . R e h a n c e is p laced on the suppher to p r o d u c e 
the requ i red g rad ing , b u t those suppliers w h o u n d e r t a k e this 
work reahze this also, so t ha t no t rouble occurs a n d the m e t h o d 
can be economic even on large jobs . W h e r e a suppher has no t 
previously suppl ied by this m e t h o d he usually overest imates 
his cost a n d the ext ra price per ton of aggregate m a y then 
m a k e it uneconomic . 

T h e aggregate suppl ied to a site is deposi ted in stockpiles, 
which are usually areas m a r k e d oflT a n d b o a r d e d wi th t imber , 
i ron, or precast concrete boards . W h e r e there a re differences 
in g round level it is sometimes possible to m a k e the stockpile 
in the form of a gravity-feed h o p p e r a n d feed direct to the mixer . 

T h e a rea a r o u n d a ba t ch ing a n d mixing p l an t is usual ly 
l imited, a n d even on large jobs the quant i t ies of concrete be ing 
p roduced call for propor t iona l ly larger stockpiles, so t ha t there 
is never sufficient room. If mater ia ls of the same size from 
different pits a re be ing delivered then the p rob l em becomes 
chronic , for ei ther separa te piles for aggregates from each pi t 
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must be established or, if the ma te r i a l from the different pits 
is combined , a digger mus t be used to " h a y m a k e " the aggregate 
to ob ta in some semblance of cons tan t g rad ing . T h e stockpile 
should be large enough to hold a few days supply, d e p e n d i n g 
u p o n the delivery condit ions, b u t in a n y case only one stockpile 
for each type a n d size of ma te r i a l should be es tabhshed 
otherwise the ma te r i a l will have to be doub le -hand led which 
adds considerably to the cost. Somet imes twin stockpiles a re 
constructed, aggregate from one pile be ing used while the o ther 
is d ra in ing . Th is is done in a n a t t e m p t to control the mois ture 
con ten t of the aggrega te as used. I n genera l i t is no t w o r t h 
the ext ra cost. 

O n a small site the a rea avai lable is always too small a n d 
only a l imited reserve of aggrega te can be ma in t a ined . T h e 
aggregates are t ipped direct in to the correct b in a n d shovelled 
from there to the swing weigh ba tcher , which m a y be s ta t ionary 
or m a y be m o u n t e d on wheels on a short l ength of t rack. Th i s 
system makes m o r e r o o m avai lable for aggregates a r o u n d the 
mixer . T h e r e is avai lable , as a n a l te rna t ive to the swing weigh 
ba tcher , a mixer wi th a n in tegra l weigh hoppe r . T h e ma te r i a l 
is shovelled to the h o p p e r a n d there weighed directly, b u t the 
site r o u n d a n in tegra l weigh b a t c h e r is usually congested a n d 
the aggregates become c o n t a m i n a t e d . H o p p e r s a re very useful 
b u t a difference in level of a b o u t t en feet is requ i red . If this is 
provided by a basemen t then the aggrega te is t ipped in to the 
h o p p e r a n d fed to the ba t che r a t basemen t level. Al ternat ively 
the mater ia ls m a y be t ipped in to bunkers or a stockpile a n d 
fed to the h o p p e r by a mechan ica l digger. 

T r a n s p o r t a b l e h o p p e r uni ts a n d s torage bins wi th combined 
weigh ba tchers a re avai lable wi th two or th ree bins . These 
a re simple to move a n d erec t ; they can be towed b e h i n d a 
lorry a n d a re useful on small or m e d i u m size jobs . 

F r o m a large stockpile the aggregates m a y be fed to the 
weigh b a t c h hoppers by c rane , fitted wi th clamshell grabs , or 
by dragl ine . I n opera t ing such a stockpile it is necessary to 
avoid a core of ma te r i a l which is never used a n d is left undis ­
tu rbed unt i l the pile is r u n down , as such ma te r i a l becomes 
c o n t a m i n a t e d wi th dus t a n d o ther mater ia l s . I t is be t te r to 
a r r ange for the stockpile ma te r i a l to be cont inual ly r emoved . 
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This c a n be done by const ruct ing a recovery tunne l , bui l t 
before the stockpiles are crea ted . T h e stockpiles a re established 
over the tunne l a n d they feed t h r o u g h draw-off gates to a 
conveyor belt which travels the length of the tunne l . T h e 
conveyor delivers the aggregate to a second conveyor or a 
bucke t elevator which raises the mate r ia l to the hoppers . A t 
the top the aggregate is del ivered by a system of chutes to the 
requ i red hopper . 

Var ious o ther types of e q u i p m e n t are avai lable for different 
sizes of work. For example , on a medium-size j o b it m a y be 
advan tageous to use a h a n d - o p e r a t e d drag- l ine bucke t which 
works from a winch m o u n t e d on the mixer . T h e control for 
the winch is m o u n t e d on the hand l e of the scraper bucke t . T h e 
aggregates a re g rouped radia l ly a r o u n d the mixer a n d the 
scraper pulls the mate r i a l ei ther to the skip hoist of the mixer , 
if it is of the type which incorpora tes a n in tegra l weigh ba tcher , 
or to a n enclosed bucke t elevator which raises it to a hoppe r . 

W h e r e the scraper loads direct to the weigh ba tche r , the 
experience of the opera to r enables h i m to deposit the correct 
weight of aggregate in the mixer skip. Us ing two sizes of coarse 
aggregate a n d one of sand the scraper is able to load well 
wi th in the ba t ch ing t ime. 

Cement 
C e m e n t is h a n d l e d ei ther in 1 cwt p a p e r bags or in bulk , 

bulk cement be ing any cement which is no t packed in p a p e r 
bags, sacks, or containers of such a weight t ha t w h e n full they 
c a n be lifted by h a n d . Different me thods of h a n d l i n g are 
requ i red for site work from those in use in factories p roduc ing 
precast concrete , b u t bu lk hand l ing for most jobs consists of 
t ranspor t ing the cement to the site in t ank lorries a n d discharg­
ing in to the site silo. Occasional ly , for example in work overseas, 
the 400 lb steel d r u m has to be used, b u t usually i t has to be 
b roken d o w n a n d the cement re -hand led . T h e 400 lb d r u m is 
economic only where the wastage from b a g cemen t will be 
excessive a n d the quan t i t y does no t justify bu lk sh ipping. 

T h e 1 cwt mul t i -p ly p a p e r b a g is s t a n d a r d t h r o u g h o u t the 
count ry . I ts cheapness a n d Hghtness m a k e it sufficiently 
a d a p t a b l e to cover all condit ions of use. C o m p a r e d wi th 
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hessian or cloth bags, which are l iable to d a m a g e a n d have to 
be r e tu rned after use, the p a p e r b a g is easier to use a n d m o r e 
simple to dispose of af terwards. N o o ther m e t h o d has yet been 
discovered which is superior a n d which can cover all the 
condit ions of use in the same way. T h e only t rouble likely to 
occur in site use is in the p rope r s torage of the cemen t to ensure 
its freedom from d a m p . C e m e n t will par t ia l ly set u n d e r d a m p 
condit ions, become l u m p y a n d take on w h a t is k n o w n as 
' ' a i r set" . Such cement canno t be adequa te ly mixed and , if 
used, results in low strengths because it is par t ia l ly h y d r a t e d . 
T o avoid these t roubles storage mus t be wa te r t igh t a n d 
mois ture proof, a n d so a r r anged t ha t the cement first in the 
store is the first out . Occasional ly ho t cement m a y have to be 
deal t wi th . T h e hea t is der ived from the g r ind ing of the 
clinker, a n d makes the m a n u a l h a n d h n g of the cemen t bags 
difficult. All t ha t need be done is to allow the cement to cool. 
This is especially necessary in ho t wea the r w h e n the use of 
such hot cement can result in a false or p r e m a t u r e set of the 
concrete . 

I n using bagged cement the propor t ions of the concre te mix 
a n d the size of the mixer should be a r r anged so t h a t the 
quan t i t y of mater ia ls cha rged in to the mixer are based on uni ts 
of 1 cwt of cement . This ensures t h a t full bags only a re used, 
for it is difficult, if not impossible, to split a b a g of c emen t a n d 
still m a i n t a i n consistent concrete . 

Bulk Handling, T h e h a n d h n g of cemen t in bu lk in site work 
is now qui te simple. Bulk supplies can be used wi th ease on 
jobs large enough to justify the erect ion of a cemen t silo, a n d 
since silos can be ob ta ined in small sizes on hi re a n d a re easily 
t ranspor ted , they are economic even on small j obs . O n most 
jobs the cement arrives in pressure con ta iner lorries from which 
it is p u m p e d to the cemen t silo. Deliveries every few days or 
even more frequently, if necessary, can usual ly be a r r a n g e d so 
tha t the silo capaci ty requ i red is not large a n d a s torage p r o b l e m 
does not arise. 

T h e site cemen t silo is posi t ioned adjacent to the mixer , 
a n d on the smaller models a weighing bucke t is i nco rpora t ed 
wi th the discharge mechan i sm. T h e requ i red q u a n t i t y of 
cement is weighed in to the bucke t which is then r u n ou t on 
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rails suspended from the silo. T h e bucke t then discharges in to 
the mixer hopper . O n large cent ra l ba t ch ing plants the 
mechan i sm is more compl ica ted b u t the pr inciple is the same. 
Ar rangemen t s are usually m a d e on large p lants for the cemen t 
to discharge into the mixer cont inuously wi th the aggregates 
a n d wa te r so as to increase the mixing efficiency. 

T h e usual type of pressure conta iner lorry is a r r anged so t ha t 
it can be t ipped for discharge a n d the cement is forced out by 
an air pressure of a b o u t 10 p.s.i . This is sufficient to ae ra te the 
cement a n d elevate it to a height of a b o u t 40 or 50 ft. Aera t ion 
reduces the cement density a n d causes it to t ravel in suspension 
wi th the compressed air in m u c h the same m a n n e r as a l iquid. 
I t breaks d o w n any a rch ing act ion a n d promotes a s teady flow, 
thus mak ing charg ing or d ischarging a simple ma t t e r . T h e 
delivery opera t ion is free from nuisance due to dust , a n d 5 or 
10 tons of cemen t can be discharged in a few minutes . O n jobs 
using large quant i t ies the cement m a y be delivered by rail or 
road . Special wagons are avai lable which can be off-loaded 
from rail wagons to road hau lage a n d dehvered to the site from 
the nearest ra i lhead . 

I n special c i rcumstances var ious o ther forms of cemen t 
h a n d h n g are used besides aera t ion by compressed air. Bucket 
elevators, bel t conveyors a n d special types of cha in a n d spiral 
conveyors are aU used for moving a n d conveying cement , b u t 
most of t h e m have their appl ica t ion in cement works a n d 
precast concrete p roduc t factories a n d are little used on the site. 

Batching materials 
T h e ba tch ing of mater ia ls is the measur ing of the requ i red 

quant i t ies of cement , aggregates a n d wa te r to p roduce concrete . 
T h e cost of concrete depends u p o n p rope r b a t c h i n g ; obviously 
the addi t ion of more cement t h a n is requ i red makes the concrete 
more expensive, a n d in add i t ion the cost of p lac ing the concrete 
m a y be increased by var iat ions in workabi l i ty due to inaccura te 
ba tch ing . 

T h e m e t h o d of ba t ch ing mus t be re la ted to the size a n d 
impor t ance of the j o b . O n a smaU j o b wi th , say, a 5 / 3 | mixer 
there will be no special requ i rements beyond the use of a 
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swing weigh-ba tcher , a n d even this m a y be unnecessary w h e n 
the concrete is requ i red mere ly to provide site concre te or a 
clean level surface on which to ca r ry ou t o ther bu i ld ing 
operat ions . 

W h e n the s t rength of the concrete is i m p o r t a n t or its qua l i ty 
mus t be control led, t hen p rope r b a t c h i n g is necessary. V o l u m e 
ba t ch ing is usually decr ied b u t first-class work can be p r o d u c e d 
if a mechan ica l vo lume ba tcher , such as is i nco rpora ted in a 
cont inuous mixer , is used a n d w h e n the m a n responsible for 
the p l an t opera t ion is fully compe ten t a n d has h a d sufficient 
experience. 

V o l u m e ba tch ing of cement is difficult to car ry ou t accura te ly 
because cement m a y weigh from 75 to 100 lb /cubic ft depend ing 
on its compactness . This difficulty is overcome by weigh-
ba tch ing on to cont inuously moving belts, a system which 
incorporates the advan tages of weight ba t ch ing wi th t h a t of 
cont inuous p roduc t ion . 

V o l u m e ba t ch ing by gauge boxes is fairly satisfactory if the 
gauge boxes are well m a d e a n d have a small a rea to vo lume 
ra t io . T h e y are never used on site unless supervision is very 
strict, a n d since they suggest t ha t a measure of control is be ing 
used w h e n in fact it is non-existent , their use should be 
prohib i ted . 

La rge errors can occur in o ther me thods of vo lume ba tch ing , 
such as using hoppers m a r k e d off" a long their sides. 

Batching should be by weight , a n d preferably mechan ica l . 
This apphes also to the measu remen t of the water , for on most 
sites the first th ing which goes w r o n g wi th a mixer is the vo lume 
feed of the wate r . T h e measur ing devices for wa te r on most 
mixers are usually very poor . 

T h e type of ba t ch ing p l an t to be used a n d its simplicity or 
complexi ty depend u p o n the total q u a n t i t y a n d the t h r o u g h p u t 
of mater ia ls to be achieved. 

T h e simplest type of swing weigh-ba tcher a n d the t ipper-
h o p p e r m o u n t e d on a short section of rail has a l ready been 
ment ioned , as also has the type of we igh-hopper which is a n 
integral pa r t of the mixer . These types of h o p p e r a re usual ly 
speedy enough to keep a 10 cubic ft mixer ope ra t ing norma l ly 
wi th two m e n loading, as long as the m e n do not have to lift 
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the aggregates too high w h e n shovelhng. Wais t -h igh is the 
m a x i m u m tha t can be ma in t a ined wi th cont inued efficiency. 

T h e in tegra l skip weigh-ba tcher w h e n lowered to the g r o u n d 
is most convenient for h a n d loading. W h e n lowered it is 
de tached from the mixer a n d rests in a weighing mach ine , 
which is ei ther of the springless ba lance or h y d r a u h c type . T h e 
mater ia ls are simply shovelled in or are loaded by a ' ' h a n d " 
scraper . 

W h e n cumula t ive weigh-ba tch ing is used — as is usual wi th 
small weigh-batchers — then because of the n a t u r e of the 
mater ia ls the cement , be ing hgh t a n d ' 'fluffy", is usual ly 
weighed last. I n consequence any errors in the weighing of 
the aggregates tend to be corrected on the cement weight . Th i s 
has the effect of d o u b h n g the error in the aggrega te /cement 
ra t io . W h e n the cement is weighed separate ly the water / 
cement ra t io remains wi th in the errors of the control on the 
mach ine ry a n d the error in aggrega te /cement ra t io is ha lved . 
I t is advan tageous , therefore, to use ei ther 1 cwt bags of cement 
o r to use a cemen t silo which incorpora tes a separa te weigh-
h o p p e r for the cement . 

W h e n the accuracy of control or the t h r o u g h p u t quan t i t y is 
sufficient to w a r r a n t it, the weighing of the aggregates is split 
be tween different weigh-hoppers . T h e weighing of the coarse 
aggregates is separa ted from tha t of the s a n d ; two separa te 
hoppers m a y be used for coarse aggregates a n d a further h o p p e r 
for sand, together wi th a h o p p e r for cement wi th the wa te r also 
weighed. At the same t ime, by means of a n electrical resistance 
p robe , a correct ion can be m a d e for the mois ture conten t in 
the sand bo th as regards the a m o u n t of sand a n d the a m o u n t 
of water . I n very large plants wi th h igh rates of p roduc t ion 
the t ime taken to weigh m a y control the p roduc t ion cycle. T o 
reduce the ba t ch ing t ime, aggregates m a y be weighed separate ly 
in different sizes by means of preset controls. 

Even wi th weigh-ba tch ing large errors can occur unless the 
weighing p lan t is adequa te ly ma in t a ined . T h e usual site 
ba t ch ing p lan t incorporates a spr ing-balance type of weighing 
mach ine . Errors in this type of e q u i p m e n t m a y arise d u e to 
coat ing of the e q u i p m e n t wi th cement dust a n d fouhng wi th 
spilled mixtures of cement a n d aggregates. 
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T h e large types of ba t ch ing p lan t incorpora te b e a m a n d 
jockey-weight weighing machines , wh ich are usually accura te 
wi th in 1 | per cent , b u t regular m a i n t e n a n c e is necessary to 
m a i n t a i n this accuracy . 

Mixing and placing 
T h e purpose of mixing concrete is to ensure t h a t the var ious 

mater ia ls a re thoroughly worked in to a consistent a n d uniform 
mass in which all the ingredients a re equal ly d is t r ibuted. 

T h e r e are three m a i n types of concre te mixer in genera l use : 
the b a t c h mixer , the cont inuous mixer a n d the pav ing mixer . 
T h e b a t c h mixer is the most i m p o r t a n t , a n d of this there are 
three types ; the t i l t ing d r u m , the non-t i l t ing d r u m a n d the 
open p a n mixer . For a n u m b e r of years these three h a d separa te 
functions. T h e til t ing d r u m was used for small po r t ab le mixers 
on small sites, the non-t i l t ing d r u m for most o ther mixers from 
the largest to the smallest j o b , a n d the open p a n mixer for r ich 
dry concrete . 

Mos t mixers will mix a wet mix satisfactorily wi th some 
degree of efficiency, b u t grea t difficulty used to be exper ienced 
wi th r ich dry mixes for prestressed concre te or ha r sh dry mixes 
such as are used for p a v e m e n t const ruct ion. W i t h the con t inued 
use of such dr ier a n d harsher mixes, a t t en t ion h a d to be given 
to the design of mixers for h a n d l i n g a wider r ange of concretes, 
so t ha t wi th m o d e r n b a t c h mixers there is no t now the same 
simple dist inction be tween the three types. 

Non-Tilting Drum Mixer, P robab ly m o r e concrete has been 
m a d e wi th non-t i l t ing d r u m mixers t h a n wi th any o ther mixer . 
A t the same t ime m a n y are inefficient, they discharge a fatty 
mix a t the beginning a n d a lean mix a t the end of their dis­
cha rge ; they take too long to mix a n d too long to d ischarge. I n 
design there has been little progress for a n u m b e r of years a n d 
yet they con t inue to give va l ian t service. 

T h e mixer is essentially a short cyl indrical d r u m which 
rotates a b o u t a hor izonta l axis. T h e d r u m is fitted w i th fixed 
blades set a t angles. These blades pick u p the mater ia ls , ca r ry 
t h e m to the top of the d rum^as it rota tes , a n d allow t h e m to 
fall freely a n d so mix together . T h e ac tua l size a n d shape of 
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the blades, their angle of set in re la t ion to the d r u m a n d thei r 
per iphera l speed are i m p o r t a n t mat te rs which affect the 
efficiency of any indiv idual mach ine . T h e mate r ia l is cha rged 
into the mixer t h rough a chu te or hopper . After mix ing the 
concrete is usually discharged by inser t ing a r e t rac tab le chu te 
in to the mixer d r u m , which catches the concrete as it falls a n d 
discharges it. Th is m e t h o d helps to p roduce lack of uniformity 
of the discharged m i x ; w h e n the discharging chu te is pushed 
in to the d r u m the mate r ia l forms a h e a p on it, a n d larger 
ma te r i a l falls over the sides of the h e a p a n d back in to the b o t t o m 
of the mixer , so p roduc ing a mi ld form of size segregation. T h e 
result is t ha t a t the end of discharge it contains more large 
aggregate t h a n at the beginning . 

I n one type of non-t i l t ing d r u m mixer the ma te r i a l is dis­
charged by reversing the d r u m . This moves the ma te r i a l ou t 
on a spiral set of blades t h rough the cone end of the mixer a n d 
produces a more uniform mix . 

T h e non-t i l t ing d r u m mixer varies in size from ¿ to 2 cubic yd 
capaci ty , bu t the | a n d 1 cubic yd mixers a re the most c o m m o n ; 
where a capaci ty grea ter t h a n 1 cubic y d is r equ i red the use of 
twin 1 cubic yd mixers gives ext ra flexibility. 

Tilting Drum Mixer, T h e t i l t ing d r u m mixer in the shape of 
an open-ended r o u n d based cone was one of the first mixers 
m a d e . For a long t ime it was restricted to s imple po r t ab le 
mixers, i.e. 3 | a n d 7 cubic ft mixers whose efficiency was low. 
A n u m b e r of manufac turers have now p r o d u c e d larger versions 
for cent ra l ba t ch mixing a n d the 1 cubic yd sizes a n d above are 
qui te efficient. 

T h e mixer is loaded a n d discharges t h rough the same end . 
D u r i n g charg ing a n d mixing the end points u p w a r d a t a n 
angle . W i t h the small po r t ab le machines the cha rg ing is 
usually m a n u a l , b u t wi th the larger mixers a cone h o p p e r or 
chu te is used to charge in the mater ia ls from the we igh-ba tche r 
hoppers . I n some of the newer designs a n in tegra l we igh t 
ba t che r is incorpora ted together wi th a n a u t o m a t i c w a t e r 
dispenser which injects the requ i red quan t i t y of wa te r u n d e r 
pressure. T h e blades in the mixer lift u p the mate r ia l , p a r t 
of which falls on to the inchned surface a n d then shdes b a c k 
d o w n in to the body of the mixer whilst the rest falls freely; b y 
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this means an efficient mix ing act ion can be ob ta ined , b u t the 
angle at wh ich the d r u m operates is crit ical, a n d should be 
be tween 20 a n d 30°. If the angle is too steep the fine ma te r i a l 
tends to r ema in nea r the base a n d segregat ion m a y be caused. 

Discharg ing of the small mixer a n d of some of the newer 
mixers is s imple. T h e d r u m is u p - e n d e d a n d the ma te r i a l 
d ischarged. O n the newer a n d larger p lants the d r u m is u p ­
ended by a h y d r a u h c control , b u t on the s m a h mixer it is 
achieved by ro ta t ing a hand-whee l which turns the d r u m over. 
As long as the free fall is small , segregat ion does no t occur a n d a 
discharge of uniform concrete is ob ta ined . Th is type of mixer 
has been used in the large sizes for mix ing aggregates of 6 a n d 
8 in. m a x i m u m size. 

W h e r e two or more mixers are used on one j o b they can be 
a r r anged wi thou t difficulty to be cha rged by a single b a t c h 
weigher , a n d to discharge direct on to one or m o r e wet hoppers . 

T h e r e also exists a design of t i l t ing d r u m mixer which 
consists of two cone ends. T h e ma te r i a l is cha rged in to one 
side a n d discharged from the o ther , somewha t after the style 
of the non- t i l t ing d r u m t y p e ; this type suffers from the dis­
advan t age t ha t the ope ra to r canno t easily w a t c h b o t h the 
charg ing a n d discharging, however , a n d in add i t ion it is m o r e 
difficult to a r r ange a single ba t ch ing p l an t to serve twin d r u m s . 

Tests car r ied ou t on ti l t ing a n d non-t i l t ing d r u m mixers have 
shown tha t for sizes u p to 14 cubic ft the non- t i l t ing d r u m 
mixer is more efficient t h a n the t i l t ing d r u m mixer , a n d the 
type of non-t i l t ing d r u m mixer which discharges by reversing 
the d r u m ro ta t ion has a h igher efficiency. 

Unfor tuna te ly the effect of the mix design a n d the cha rac ­
teristics of any pa r t i cu la r mixer m a y cause a reversal in the 
general efficiency. T h e set a n d size of the blades , for example , 
can m a k e a pa r t i cu la r t i l t ing d r u m mixer relatively efficient, 
while aga in the size of the mixer also has an effect, the m o d e r n 
large-capaci ty ti l t ing d r u m mixers be ing amongs t the most 
efficient. 

Pan Mixers, T h e padd le or o p e n - p a n mixer consists of a 
c i rcular p a n which rotates a b o u t a cent ra l axis. Inside the p a n , 
m o u n t e d off centre , is a ro ta t ing p a d d l e . T h e ro ta t ing p a n 
carries the mater ia ls r o u n d wi th it, while the ro ta t ing padd les 
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mix a n d stir t hem. I n the t u r b o - p a n mixer the p a n remains 
s ta t ionary a n d the paddles counter - ro ta te a t speed on a n 
axis which moves r o u n d the p a n . T h e mater ia ls a re cha rged 
in to the open p a n from a h o p p e r a n d mixed by the ac t ion of 
the paddles . After mixing the concrete is d ischarged t h r o u g h 
a t r a p door in the b o t t o m of the p a n . Discharge is effected by 
blades which guide the mate r i a l to the discharge opening . 

T h e p a n mixer is p robab ly the most efficient mixer for all 
concretes o ther t h a n wet or highly workable mixes. I t is of 
pa r t i cu la r va lue for mixing high-s t rength or gap -g raded con­
cretes, because the positive mix ing by the ro ta t ing paddles 
prevents any b a l h n g or loss of fines d u e to sticking in the p a n . 
Its d isadvantages , a p a r t from its relatively low efficiency in 
d e a h n g wi th wet mixes, s tem from its general shape a n d m e t h o d 
of discharge. For small jobs or where the concrete is to be 
ha r rowed the b o t t o m discharge is less convenient because the 
mixer must be m o u n t e d on a platform 6 to 8 ft above g r o u n d 
level, a n d the ext ra height above g r o u n d at which the mixer 
mus t be m o u n t e d m a y lead to some difficulties in the load ing 
of aggregates in to the ba t ch ing hoppers . O n large jobs it is 
usually necessary to install a small conveyor chu te to p reven t 
t roublesome doub le -hand l ing of concre t ing skips. O n exposed 
sites s t rong winds m a y cause some troubles wi th cemen t dus t 
a n d cause loss of cement du r ing charg ing of the d r y mater ia ls . 

Operating a Mixer 

W i t h medium-size mixers larger t h a n 5 / 3 | a n d fitted wi th a 
loading hopper , which is no rma l , the t ime al lowable for h a n d 
loading the h o p p e r controls the t ime requ i red for the comple te 
cycle of mixer opera t ion . W i t h say a 10/7 mixer the ideal 
t ime cycle is some 2 | min , which allows for the h o p p e r be ing 
loaded. 

W i t h a 5/31 mixer , the t ime spend load ing the d r u m is 
necessarily addi t iona l to the machine ' s m i n i m u m ope ra t ing 
cycle a n d should, therefore, be kept as low as possible. 

A non-t i l t ing d r u m mixer requires a b o u t two minutes to mix , 
which is the t ime it takes for the wa te r to work t h r o u g h the 
mater ia ls . W i t h such a mixer the wa te r is usually d ischarged 
in bu lk by the quick empty ing of the wa te r t ank . T o p reven t 
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the d a m p e n e d mate r i a l sticking to the blades the flow of wa te r 
should be s tar ted jus t before the cha rg ing of the cemen t a n d 
aggregates . As they d r o p in to the back of the mixer , these 
mater ia ls push the wa te r to the front. T h e mix ing t ime is t hen 
the t ime requ i red for the wa te r to work t h rough the mix. 

I n mixing dry- lean concrete wi th a 16:1 aggrega te /cement 
ra t io a n d a wa te r / cemen t ra t io of a b o u t 0-5 very little wa te r — 
in fact sometimes no wa te r a t all — is needed if the aggregates 
have a h igh wa te r content , a n d in consequence 30 sec mix ing 
m a y be all t ha t is necessary. T h e mix ing t ime for a n open p a n 
mixer a n d for a large m o d e r n t i l t ing d r u m mixer is not more 
t h a n 1 | m in even wi th relat ively d ry mixes, a n d for t u rbo -
mixers m a y be as small as 30 sec. 

T o ob ta in tho rough a n d quick mix ing the correct cha rg ing 
of the mater ia ls is i m p o r t a n t . Idea l ly all the mater ia l s should 
be charged uniformly over the same per iod. T h e wa te r should 
be injected u n d e r pressure cont inuously wi th the o ther mater ia ls , 
b u t this is no t usually possible. T h e efficient cha rg ing of the 
mater ia ls increases in impor t ance wi th the size of the mix, b u t 
wi th m o d e r n p l an t the means of control l ing the cha rg ing t ime 
has been improved on the larger mixers . 

O n some mixers the wa te r tanks a re inefficient, their d ischarge 
system often does no t pe rmi t of a n y adjus tment , a n d the wa te r 
is injected in one fierce gush. O n large mixers, the wa te r tanks 
a re often ca l ibra ted to discharge no t less t h a n 10 gal, whereas 
wi th dry- lean concrete , as a l ready men t ioned , very little wa te r 
is requ i red . 

T h e mixer mus t be cha rged only to its r a t ed capaci ty . T h e r e 
is a t endency to charge in m o r e ma te r i a l t h a n can be p roper ly 
mixed w h e n using l ightweight aggregate and , wi th heavy 
aggregates for reac tor shields only abou t half the n o r m a l 
vo lume of mater ia ls can be mixed per ba t ch . 

Addit ives such as workabi l i ty agents should be cha rged in to 
the mixer au tomat ica l ly where possible, w i thou t rel iance be ing 
p laced on the mixer-dr iver ' s m e m o r y . If the mixer-dr iver fails 
to a d d the a d m i x t u r e the concrete will usually be stiffer a n d 
look harsher , w h e r e u p o n he will t end to a d d more wa te r a n d 
so p roduce weaker concrete . 

T o ob ta in a thoroughly mixed concrete it is essential t ha t the 



182 C O N C R E T E P R O P E R T I E S A N D M A N U F A C T U R E 

mixer is opera t ing efficiently a n d is thoroughly ma in t a ined . 
Th is r equ i remen t m a y a p p e a r to be so obvious as not to requi re 
stat ing, b u t the most frequently occurr ing troubles wi th mixers 
s tem from poor or b a d ma in t enance of the machines . 

If the mixer is not c leaned proper ly after use its efficiency 
will be seriously reduced, the mixing will be poor a n d the t ime 
taken to discharge will be increased. D u e to b a d m a i n t e n a n c e 
the cut-off valve of the wa te r t ank often leaks, al lowing a small 
cont inuous discharge du r ing the whole of the mixing per iod. 

T h e mixer must be opera t ing proper ly , wi th the d r u m or 
paddles ro ta t ing at their correct speed. T h e blades in a 
ro ta t ing d r u m must no t be coated or clogged wi th old cement , 
nor must they be excessively ben t or worn . T h e mixer mus t 
be set level; a b a t c h mixer mixes inefficiently a n d a cont inuous 
mixer incorrect ly if no t set level, a n d in add i t ion the usual 
wa te r gauge operates incorrect ly. T h e mixer should be laid 
ou t so t ha t the mixer-dr iver can see in to the mixer d r u m a n d 
into bo th sides of a non-t i l t ing d r u m mixer . O n a large p l an t 
involving twin d r u m s this means careful layout to ensure t h a t 
the d r u m s discharge to the requ i red place . 

T h e first b a t c h of concrete in to a mixer must be used as a 
p r imer . I t is usually enr iched wi th an ext ra 10 per cent of 
cement a n d sand, or a cement m o r t a r is first charged in. If 
the first ba t ch corresponds wi th the s tar t of concret ing in a wall 
or co lumn then an increase in richness (by reduc ing the coarse 
aggregate to half the n o r m a l figure) will take care of p r iming 
the mixer . 

If the first b a t c h uses sand a n d coarse aggregate stored in 
the hoppe r overnight then it will be ext ra wet ( the wa te r 
hav ing d ra ined to the bo t t om of the hopper) a n d care is 
necessary to achieve consistent concrete . 

T h e dr iver should be ins t ructed to work to constant work­
abil i ty gauged by inspection a n d checked by, say, the au toma t i c 
workabi l i ty appa ra tu s . A good mixer-dr iver can do this a n d 
achieve consistent results. 

Var ia t ions exist be tween batches in some small t i l t ing d r u m 
mixers a n d in near ly all non-t i l t ing d r u m mixers, due to some 
of the cement a n d sand from two consecutive batches sticking 
u p be tween the blades a n d then discharging in the next ba t ch . 
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I n the foUowing ba t ch the fines aga in t end to accumula t e , a n d 
so on. This produces one b a t c h deficient in fine mater ia l , the 
second near ly correct a n d the th i rd b a t c h grossly oversanded. 

T h e a m o u n t of wa te r used a n d the workabi l i ty afiFect the 
a m o u n t of fines sticking in the mixer . W h e n a mix is fairly 
rich a n d somewhat dry, the a m o u n t of ma te r i a l re ta ined in 
the non-t i l t ing d r u m mixer m a y be more t h a n one -qua r t e r of 
a ba t ch . W h e n the next b a t c h is cha rged in, then the mixer 
becomes too full a n d spillage m a y occur. T h e accumula t ion 
of mater ia l in a mixer is a defect which varies from mixer to 
mixer and , for any one mixer , wi th the mix propor t ions . 

Conveying concrete 
T h e methods of conveying concrete from the mixer to the 

point where it is to be placed mus t ensure t ha t the concrete is 
quickly a n d cheaply t ranspor ted a n d tha t it does not change 
its propert ies by dry ing out , by segregating, or by bleeding. 
After the concrete is mixed care is necessary to p reven t it 
segregating into its const i tuent par t s a n d the use of the wrong 
me thod of conveying can do this. 

Concre te from large, single- a n d d o u b l e - d r u m mixers is often 
discharged into a wet hoppe r to facilitate its dis t r ibut ion, a n d 
from the wet hoppe r in to trucks, d u m p e r s , skips, buckets or 
conveyor belts to be conveyed to its requ i red position. Alter­
natively it m a y be discharged from the mixer direct to the 
bucket or skip or into the bowl of a concrete p u m p or p n e u m a t i c 
placer . 

Concre te from small mixers is usually discharged in to ba r rows 
or concrete p rams bu t on some sites d u m p e r s , monora i l t rans­
porters , b o o m t ranspor ters or powered bar rows similar to small 
dumper s m a y be used. W h e r e concrete is p roduced by a cent ra l 
p lan t for a n u m b e r of bui ldings be ing const ructed on one site 
then various forms of t ranspor t m a y be combined . For example , 
concrete m a y be loaded direct to skips for one bui ld ing , to a 
p n e u m a t i c placer for ano the r p a r t of the site, a n d to a wet 
hoppe r for subsequent t ranspor t by d u m p e r to a th i rd p a r t of 
the site. 

T h e choice of any par t i cu la r form of t r anspor t more often 
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depends u p o n w h a t is avai lable t h a n on a n y o the r factor, b u t 
even in such a case, as well as w h e n a free choice is avai lable , 
it is essential to apprec ia te the characterist ics of each form of 
t ranspor t a n d its effect on the concrete . 

Barrows and Prams, Whee lba r rows are in c o m m o n use on 
site work a n d are well suited to moving small quant i t ies of 
concrete . T h e y can be wheeled u p a n d d o w n planks a n d on 
scaffolding boards , can be easily hand led by one m a n , a n d c a n 
be a c c o m m o d a t e d in the usual mater ia ls hoist. T h e y hold a b o u t 
1J cubic ft of wet concrete b u t near ly 2 cubic ft of d ry concrete . 
T h u s they can a c c o m m o d a t e only p a r t of a mixed ba t ch . T h e 
t ime requ i red to position a n d fill successive ba r rowloads usual ly 
controls the n u m b e r of batches p roduced per hour . Because 
most mixers discharge r icher concrete at the beg inn ing t h a n a t 
the end, the contents of one ba r rowload differ shghtly from its 
ne ighbour . This usually makes little difference, however , 
because of the remixing which occurs du r ing placing. 

Powered bar rows a n d concrete p r a m s are in use in var ious 
capacit ies u p to \ cubic yd. T h e larger sizes are really four-
wheeled light dumper s . Powered bar rows a n d p r a m s are 
suitable for moving m e d i u m quant i t ies as long as the g r o u n d 
is not too soft, a n d is fairly level. 

Boom Conveyor, T h e use of a l ight steel b o o m for del iver ing 
concrete on small sites, for example in housing const ruct ion, 
has been advoca ted from t ime to t ime a n d has been a d o p t e d 
on some sites. T h e advan tages of the boom, which m a y ca r ry 
15 cwt a n d span 40 to 50 ft, are t ha t it can span most house 
sites, the l abour requ i red to move the concrete is small , a n d 
the t ime taken to erect or d ismant le a n d move the b o o m by 
half a dozen m e n is less t h a n an hour . 

Ful l advan tage of a b o o m can be taken only w h e n the mixer 
can be sited central ly in the r ight position. T h e b o o m will not 
work on a hill site a n d canno t a c c o m m o d a t e large changes in 
level. Its use is restricted mostly to concre t ing the foundat ions 
for houses. 

Conveyor Belts, These can be used to move concrete short 
distances, a n d to elevate it 20 or 30 ft or more wi thou t difficulty. 
T h e y canno t be used for moving wet or very workable mixes, 
a n d on steep inclines there is a t endency for segregation to occur 
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as the belt passes over the rollers. Segregat ion also occurs as 
the mate r ia l is discharged, the coarse mate r i a l be ing t h r o w n 
forward a n d the fine mate r ia l d r o p p i n g back u n d e r the end of 
the belt . If the belt discharges to a wet h o p p e r some remix ing 
takes place du r ing the discharge from the hopper . 

Shor t conveyor belts, m o u n t e d on a t u rn t ab le , are sometimes 
used to convey the mixed concrete from a p a n mixer wi th b o t t o m 
discharge to a wet h o p p e r or to skips. 

Dumpers and Trucks, D u m p e r s a n d trucks are the easiest a n d 
cheapest m e t h o d of t ranspor t ing quant i t ies of concrete over a 
site where the p lac ing a rea is no t covered by cranes, or where 
the quant i t ies of concrete , or the dis tance it has to be conveyed, 
are against the economic use of p u m p s or placers . For t rans­
por t ing concrete on roads a n d r u n w a y contracts , t ipper lorries 
m a y be used for distances of 5 to 10 miles. I n fact in some 
countr ies on the Con t inen t open trucks a re used even for 
supplying ready-mixed concrete . 

All t rucks a n d dumper s t end to affect the concrete adversely 
as they convey it, because of the jo l t ing over the g round . If the 
concrete is too wet segregation m a y be caused, whereas if it is 
too dry it m a y be compac ted a n d be difficult to discharge. 
However , the major por t ion of any segregat ion which occurs 
takes place w h e n the concrete is loaded . A large conical h e a p 
is formed on the bed of the t ipper lorry a n d this leads to segrega­
tion. This t rouble does no t occur to the same extent wi th 
d u m p e r s , p robab ly because of the h o p p e r shape of the d u m p e r 
body . 

T h e lorry or d u m p e r m a y discharge directly in to place w h e n 
the a rea is large, a l though it m a y be necessary to discharge on 
to a spot b o a r d a n d then shovel the concrete in to p lace . O n 
airfield construct ion work where dry- lean rolled concrete a n d 
pav ing qual i ty concrete are used the usual t r anspor t from a 
centra l ba t ch ing p lan t is by 3 cubic yd open t ip lorries, the 
lorry discharging s t ra ight in to the pav ing m a c h i n e . T h e r e is 
usually not m u c h room avai lable in r oad const ruct ion work, 
a n d specially constructed t ip lorries m a y be used. These have 
a cone end which discharges on to a chu te in the same w a y as 
do ready-mixed concrete lorries. 

D u m p e r s a n d trucks, together wi th skips a n d buckets , form 
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the m a i n methods of conveying m e d i u m or large quant i t ies of 
concrete from the mixer to the po in t of p lacing. Unfor tuna te ly 
wi th concrete of good workab ih ty there is always the tendency 
to segregate wherever concrete is t ranspor ted by wheeled 
vehicles. T o reduce segregat ion the mixer should be sited as 
nea r to the areas of large concret ing operat ions as possible; this 
will also reduce the cost of hand l ing . 

Monorail Transporter, O n bui ld ing work which extends over 
a large a rea the monora i l t ranspor te r is useful. I t consists of 
a single rail suppor ted on short cross beams , u p o n which travels 
a jub i lee skip. T h e skip will car ry a b o u t \ cubic yd of concrete 
a t 3 to 5 m.p .h . I t is powered by a petrol engine a n d can be 
a r r anged to hau l a similar skip beh ind itself. T h e rails are laid 
in 12 ft straights a n d in curves of 12 ft radius . 

T h e monora i l will t r anspor t concrete over long distances 
easily a n d wi th the m i n i m u m of l abour . Grad ien ts of 1 in 20 
can be negot ia ted wi thout difficulty, a n d the t ranspor te r can 
be a r r anged to stop au tomat ica l ly a t the mixer for filhng a n d at 
the placing poin t for discharging. I t has the d i sadvantage t ha t 
unless a d e q u a t e usage is ob ta ined from it, the l abour a n d cost 
involved in sett ing u p the rail a n d moving it in to new positions 
m a y be grea ter t h a n moving the concrete by d u m p e r or powered 
concrete p r a m . 

T h e jo l t ing of the jub i lee skip over each rail j o in t causes 
segregat ion in wet mixes, a n d compacts d ry concrete , m a k i n g 
it difficult to discharge a n d place. 

Skips and Buckets, O n civil engineer ing works skips a n d 
buckets are the t rad i t iona l me thods of moving concrete , a n d 
their use in bu i ld ing work has ex tended wi th the adop t ion of 
tower cranes. T h e skip or bucke t is lowered on to the g round , 
filled wi th concrete , a n d then hfted a n d swung over to the 
position for p lac ing by the c rane . T h e concrete is d ischarged 
from the bucket two or th ree feet above the p lac ing posit ion. 
Buckets a n d skips of var ious capaci t ies are avai lable , from a b o u t 
I to 8 cubic yd . W h e r e they are filled direct from the mixer 
they should have a capac i ty sufficient for a comple te b a t c h . 
Even w h e n a wet h o p p e r is in use it is be t te r to use buckets or 
skips wi th a capaci ty which is a mul t ip le of the b a t c h size in 
o rder to reduce the effects of segregat ion to a m i n i m u m . 
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T h e r e are three or four different types of skip a n d bucke t . 
T h e r e is the square , hoppe r - shaped skip wi th b o t t o m or side 
discharges; these are general ly of | to 1^ cubic yd capac i ty , 
a n d are usually fitted wi th single or twin rad ia l gates'; these 
are useful for hand l ing concrete of good workabi l i ty . T h e side 
discharge is par t icu lar ly useful for concre t ing in f ramed bui ld­
ings, b u t sticky or harsh mixes a re h a n d l e d only wi th difficulty. 

T h e circular bo t tom-open ing bucke t of 1 to 4 cubic yd 
capac i ty is a very useful piece of equ ipmen t . I t usual ly has 
steep conical sides wi th a single roller ga te which is easily 
opera ted . I t can be d ischarged ei ther from the c rane hook or 
can be l anded a n d discharged. I t will h a n d l e all types of mixes, 
inc lud ing sticky or harsh ones. 

Special skips are avai lable for u n d e r w a t e r concre t ing, fitted 
wi th me ta l or canvas covers to pro tec t the concrete whilst it is 
being lowered u n d e r wate r . O n e type of skip is so a r r a n g e d 
t ha t it can be discharged only by a diver, whilst an o th e r is 
designed to discharge wi thou t a diver . W i t h this la t te r type 
as soon as the skip touches the b o t t o m it releases the b o t t o m 
doors . As the skip is then lifted u p , these swing open wi th the 
weight of concrete which discharges on to the b o t t o m pro tec ted 
by the door flaps, which thus p reven t it from mixing wi th the 
water . O t h e r types of skips or buckets are avai lable for 
concre t ing in confined spaces or for passing t h r o u g h air 
locks. 

T h e troubles exper ienced wi th skips a n d buckets a re asso­
ciated wi th the discharge of the concrete . T h e discharge 
opening is generally too small , a n d relatively d ry concrete tends 
to stick in the container , expecially in skips wi th side discharge. 

W h e n only p a r t of a site is covered by cranes , o ther forms of 
t ranspor t m a y be used in conjunct ion wi th a skip or bucke t . 
For example , the bucket m a y be loaded on a lorry a n d filled 
a t the mixer or wet hopper , t r anspor ted to wi th in the c rane ' s 
radius a n d there lifted, d ischarged a n d re- loaded on the lorry. 
Al ternat ively the concrete m a y be moved by d u m p e r or p lacer 
to wi th in the crane ' s radius a n d there d ischarged in to a skip. 
O v e r h e a d cableways have been used wi th success for dis t r ibut­
ing skips of concrete in the const ruct ion of large d a m projects 
(Lamber t , 1949). Cableways have the a d v a n t a g e tha t they can 
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opera te wi thou t causing any segregation of the concrete , a n d 
once installed they can compete b o t h in speed a n d in cost wi th 
o ther forms of conveyance . 

Pumping Concrete 

P u m p i n g is a n excellent m e t h o d of del ivering large quant i t ies 
of concrete from a cent ra l mixing p l an t on a site which is fairly 
flat, or where a delivery p ipe can be laid wi th few bends . N o t 
all concretes can be p u m p e d , a l though in pract ice the r ange of 
consistence of concretes t ha t can be p u m p e d is w i d e ; they mus t 
all have suflicient cemen t m o r t a r to lubr ica te the concrete a n d 
prevent blockages of the pipel ine, however . 

A concrete p u m p is a single cyl inder r a m p u m p fitted wi th 
inlet a n d out let valves which opera te a l ternate ly . I t has a 
conical h o p p e r for receiving the concrete , a l though in some 
models this m a y be replaced by a p a d d l e type mixing hoppe r . 
T h e c o m m o n size of p u m p is 6 in. a n d this can p u m p 20 cubic 
yd of concrete pe r hour , which is equiva lent to the delivery, on 
a th ree -minu te cycle, of a cubic yd mixer . Concre te p u m p s , 
however , like all p l an t which deals wi th concrete , suffer from 
breakdowns , a n d a more reahst ic average delivery would be 
15 cubic yd per hour . T h e p u m p works as follows: on the 
suction stroke of the r a m , the outlet valve is closed by a rod 
ope ra t ed on a c a m whilst a t the same t ime a second rod opens 
the inlet valve a n d allows the concrete from the delivery h o p p e r 
to be d r a w n in to the body of the p u m p . O n the delivery stroke 
the inlet valve is closed, the out le t valve opened , a n d the 
concrete r a m m e d forward t h r o u g h the out le t valve in to the 
pipel ine. T h e p u m p works on a cycle of a b o u t I J sec, i.e. a b o u t 
45 strokes per min . 

R e g u l a r m a i n t e n a n c e is essential, for a l though a p u m p is 
simple in pr inciple , a n u m b e r of refinements a re necessary to 
deal wi th the abrasive n a t u r e of concrete . T h e piston head , 
for example , incorpora tes cup-washers so as to ensure t ha t the 
pis ton cylinder is kept free from cement mor t a r , a n d a wa te r 
flushing system is incorpora ted . If these washers are no t 
p roper ly m a i n t a i n e d then ei ther w a t e r gets in to the pipel ine 
from the flushing system a n d mixes wi th the concrete or the 
piston a n d cyhnder a re scoured by cement a n d sand. 
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Recent ly a double ac t ing p u m p has been i n t r o d u c e d of 
l ighter construct ion t h a n no rma l . I t has two r a m s wh ich 
opera te a l ternate ly in separa te sleeves j o ined a t a Y j u n c t i o n . 
T h e p u m p stroke can be var ied to suit p u m p i n g condi t ions . 

A 6 in. p u m p is capab le of del iver ing concre te 1000 ft 
hor izontal ly or u p to 125 ft vert ical ly. O n e foot he ight is 
equivalent to 8 ft on the flat, a n d a n 11 J° b e n d is equiva len t to 
5 ft on the flat. T h e layout , for sites involving b o t h hor izonta l 
a n d vert ical t ravel , should be designed to use a m i n i m u m 
n u m b e r of b e n d s ; 90° bends can be used b u t t roubles arise d u e 
to the t endency of the p u m p line to kick a t each stroke of t he 
p u m p ; sha rp bends also tend to b low a p a r t a t the jo in ts . T h e 
kicking, jo l t ing act ion in a p u m p line means t h a t it mus t be 
adequa te ly suppor ted . I t mus t no t be t ied to or suppor t ed o n 
shut te r ing or scaffolding used for o the r purposes . 

A n y rise in the p ipehne should be as steep as possible to 
ensure t ha t the requ i red he ight is ga ined as quickly as possible. 
I n o ther words long slow rises should be avo ided ; these cause 
t rouble wi th all b u t very fatty mixes, as they lead to wet 
segregat ion of the concrete . 

Pumpable Mixes and Pumping Technique, T h e ideal mix for 
p u m p i n g is p robab ly wi th in the r ange 3:1 a n d 5:1 wi th a sand 
content of a b o u t 40 per cent a n d a wa t e r / cemen t ra t io of 0 4 5 
to 0-6; in o ther words a fatty mix wi th excess sand, very 
workable a n d wi th no t endency to segregate or bleed. O n the 
o ther h a n d mixes as lean as 8:1 wi th poor ly shaped aggregates 
can be p u m p e d using the doub le ac t ing p u m p a n d a workabi l i ty 
agent , b u t dry , ha rsh or very wet mixes will no t p u m p . T h e 
m a x i m u m size of aggregate which c a n be p u m p e d t h r o u g h a 
6 in. pipel ine is near ly 2 in. , b u t fewer t roubles occur if this is 
l imited to 1 | in . ; similarly the m a x i m u m size for a 4 in . p ipel ine 
should be f in. 

I t is not usual to p u m p r ich mixes, since these a re no t often 
p laced in sufficiently large quant i t ies to d e m a n d the use of a 
p u m p ; no difficulty is experienced, however , unless they a re 
relatively dry . Mixes which will p u m p easily usual ly flow easily 
in to the bowl of the p u m p , the p u m p be ing self-feeding. I f a 
m a n has to be employed to push the mix in to the bowl , or if 
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the mix tends to segregate, then t rouble in p u m p i n g can be 
expected. 

Blockages are sometimes due to the concrete not be ing fatty 
enough , i.e. not hav ing enough sand to ensure t ha t the r a m 
pushes it t h rough the p ipe . Mixes which do not con ta in enough 
sand pack t ightly in to a mass which t hen has to be c leaned out 
by h a n d . Somet imes a blockage or a pa r t i a l s topping in the 
p ipehne can be removed by h a m m e r i n g the p ipe wi th c l u m p 
h a m m e r s , b u t as wi th using a p lacer the n u m b e r of m e n 
necessary to h a m m e r the p ipe is a direct reflection u p o n the 
efficiency of the whole opera t ion . 

I n the opera t ion of a concrete p u m p there are cer ta in rules 
of t h u m b to be observed. First the p u m p line mus t be lubr ica ted . 
This usually consists of a flush of wa te r followed by m o r t a r 
g rou t before the first b a t c h of concrete , whilst in add i t ion the 
first b a t c h is m a d e a little wet te r t h a n the r ema in ing ba tches . 
If a line is to be shor tened, a n d it is always be t te r to work back 
to the p u m p , it mus t be done quickly to ensure t ha t the concrete 
is no t al lowed to r ema in s ta t ionary too long, as otherwise 
blockages occur. W h e n a line is to be lengthened d u r i n g 
p u m p i n g it mus t be done carefully by only one or two pipes 
at a t i m e ; otherwise blockages m a y occur . 

W h e n p u m p i n g is comple ted the line must be b lown out . 
This is done by using a p a p e r plug, m a d e from well-soaked old 
cement bags. T h e p lug is dr iven t h rough the p ipe by compressed 
air. Ca re a n d experience is necessary in such c leaning to ensure 
t ha t only sufficient air pressure is used to keep the p lug moving , 
a n d tha t the pipel ine is no t u n d e r h igh pressure w h e n the 
remains of the concrete a n d the p lug are ejected. If, for some 
reason, the line canno t be c leaned by blowing t h r o u g h a p lug , 
it is necessary to resort to lengthy h a n d cleaning a n d flushing 
out wi th water . As wi th all processes using mach ine ry to 
deliver concrete , the concrete must be delivered before the 
init ial set takes p l ace ; abou t an h o u r can be al lowed for the 
concrete to r ema in in the p ipe wi thou t moving , b u t any longer 
per iod carries the risk t ha t the concrete m a y ' ' f reeze" in the 
pipe , i.e. it m a y set, wi th the consequent dange r of losing some 
of the equ ipmen t . 
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Pneumatic Placers 
A p n e u m a t i c p lacer is an excellent m e t h o d of del ivering 

m e d i u m or large quant i t ies of concre te . T h e cost of delivery 
is small when the quan t i t y which can be delivered wi thou t 
moving the p ipehne is large. I t m a y be c o m p a r e d direct ly to 
p u m p i n g , wi th which it shares some advan tages a n d dis­
advantages . Delivery lengths are similar to those for p u m p i n g , 
a n d similar considerat ions as to layout of the p ipehne a n d the 
effects of bends a n d rises apply equal ly to placers. 

The Placer, T h e placer was developed for d ischarging concrete 
in tunne l hnings by b lowing the concrete beh ind the shu t te r s ; 
correct ly used it is satisfactory, b u t has a t endency to cause 
segregation a n d this is accen tua ted by poor opera t ion in rock 
tunnels . I t consists essentially of a steel conta iner in the shape 
of an inver ted cone, fitted wi th a cha rg ing h o p p e r at the top 
a n d a discharging pipe at the bo t tom. T h e top is closed by a 
seahng cone. 

T h e m e t h o d of opera t ion is as follows. A b a t c h is cha rged 
into the conta iner . T h e top seahng cone is cleansed by com­
pressed air a n d then closed. Air pressure is i n t roduced in to 
the top a n d at the same t ime by a lead-in p ipe at the bo t tom. 
T h e air pressure at the top keeps the seahng cone closed a n d 
provides a push beh ind the body of concrete . T h e air inlet a t 
the bo t t om act ing on only a small a m o u n t of concrete pushes 
it a long the discharge p ipe to the end where it is ejected in to a 
discharge box. Th is is a steel con ta iner in to which the concrete 
is shot horizontal ly . I t contains a baffle p la te a n d a discharge 
open ing a t the b o t t o m th rough which the concrete falls. A 
discharge box is no t needed where the discharge end of the 
pipe is bur ied in the concrete or in l ining tunnels . 

I n addi t ion to the placer , pipel ine a n d discharge box a n 
a d e q u a t e air-receiver is r equ i red to provide a vo lume of air 
a t the requ i red pressure of a b o u t 110 p.s.i. Sizes of receivers 
are l inked to the capaci ty of the p lacer a n d the length of 
d i scharge ; for example , a \ cubic yd p lacer using a 4 in. p ipe 
300 ft long will requi re a b o u t 150 cubic ft receiver a n d a 
225 cubic ft /min compressor. 

As wi th p u m p i n g , a p lacer is capab le of del ivering concre te 
u p to 1000 ft hor izontal ly or u p to 140 ft vert ically. For the 
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successful opera t ion of a p lacer pipel ine there should no t be 
any bends wi th in the first 50 ft or so of p ipe if the discharge 
p ipe is long. T h e total n u m b e r a n d sharpness of bends should 
be a m i n i m u m , b u t a t the same t ime if the concrete has to be 
lifted the riser p ipe should be steep a n d nea r to the p lacer so 
as to take advan tage of the h igher air pressure. 

T h e usual sizes of p ipe are 4 a n d 6 in. d iamete r . W i t h a 
4 in. delivery the aggregate should be restricted to all ma te r i a l 
passing a f i n . sieve, a n d this can be increased to l | i n . wi th 
a 6 in. p ipe . As wi th p u m p i n g , the pipel ine mus t be p r imed , 
usually wi th a b a t c h of soft m o r t a r or a n over-sanded r ich mix 
of concrete . 

Operation, T h e opera t ion of a placer , like t ha t of a mixer , is 
simple, b u t if its opera t ion is depu t ed to the less intel l igent of 
the l abour force then there is a lowering of its efficiency a n d an 
increase in s toppages due to b a d m a i n t e n a n c e a n d poor 
opera t ion . 

Blockages can be caused by s topping the placer ab rup t l y 
du r ing the discharge of a b a t c h or by a t t emp t ing to move too 
large an aggregate t h rough too small a placer . If blockages do 
occur then they can usually be cleared by ma in t a in ing the air 
pressure a n d h a m m e r i n g the p ipe a t the site of the b lockage, 
the position of the blockage be ing easily located by " r i n g i n g " 
the p ipe wi th a small h a m m e r . If this is of no avail t hen the 
p ipe must be b roken d o w n a n d the blockage cleared by h a n d . 
For tuna te ly the r ema inde r of the pipel ine is usually empty , as 
opposed to p u m p i n g where the pipel ine is always full. 

Placing concrete 
Concre te should be proper ly p laced to ensure t ha t it can be 

well compac ted in to a homogeneous mass. I m p r o p e r p lac ing 
results in serious defects such as segregation, b leeding a n d 
honeycombing . These can arise ei ther because of a lack of 
knowledge of or a complete disregard for the r equ i rements of 
good placing. Besides avoiding segregation, p rope r me thods of 
p lac ing will p revent distort ion of the shut te r ing a n d m o v e m e n t 
of the reinforcement . Concre te is analogous to a heavy emul ­
sion of mater ia ls of diflPerent specific gravi t ies; i m p r o p e r h a n d ­
ling, therefore, results in the separa t ion of the coarse a n d fine 
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mater ia ls . Unres t r a ined d ropp ing , steep chu t ing a n d the 
hor izonta l flow of concrete in the shutters should no t be 
pe rmi t t ed . Concre te is sometimes p laced be tween vert ical 
shutters by simply al lowing it to d r o p regardless of the height . 
Th is resuks in the concrete r e b o u n d i n g on the re inforcement 
a n d the sides of the shutters a n d separa t ing in to its const i tuent 
par t s . At the same t ime the steel is p r e m a t u r e l y coa ted wi th 
m o r t a r which m a y d ry before it is finally covered wi th concrete . 
W h e n concrete is to be p laced be tween vert ical shut ters a n d the 
free fall exceeds 5 to 8 ft, it should be p laced in its final posit ion 
by a t remie p ipe , because it c an be d r o p p e d considerable dis­
tances t h rough such a ver t ical p ipe wi thou t difficulty a n d wi th­
out harmful segregation. Proper ly used such a p ipe will a d d 
little to the cost of p lac ing a n d will p reven t honeycombing wi th 
the consequent unsightly pa t ch ing hav ing to be done la ter . If 
the t remie is suppor ted on l ight cross-t imbers, it can be moved 
along the wall as concre t ing cont inues . 

Concre te should be p laced in the formwork close to its final 
position. M o v e m e n t of concrete in a hor izonta l d i rect ion 
usually results in a differential m o v e m e n t of the coarse a n d 
fine aggregates, so t ha t leading the concrete a long the forms 
wi th a v ib ra to r m a y result in segregation. F u r t h e r m o r e , 
d u m p i n g in large quant i t ies at any poin t a n d al lowing it to 
flow again causes segregation a n d also results in poor compac t ion 
wi th in the centre of the concrete mass. 

T h e dep th of any one layer of concrete should no t be grea te r 
t h a n 12 to 18 in. depend ing u p o n the congestion of reinforce­
men t , b u t in mass concrete work wi th cont inuous concre t ing 
operat ions the d e p t h of the layer is control led m o r e by the r a t e 
of delivery of the concrete t h a n by any o ther factor. I n such 
mass work h igh-powered 4 in. v ibra tors can adequa te ly com­
pac t layers at least 2 ft thick. I n the concre t ing of slabs a n d 
road or airfield pavements , the discharge from the d u m p e r , 
t ruck or p lacer is usually only a foot or two above the surface 
being concreted, whilst to ensure economy a n d speed of 
opera t ion the concrete is d u m p e d cont inuously over the a rea , 
so tha t no segregation takes place. 

Relat ively th in walls a n d columns in bui ldings a re a source 
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of t roub le ; the concrete m a y sometimes be d r o p p e d 12 ft or 
more into an a rea which canno t be proper ly inspected, wi th the 
result t ha t the concrete is p laced wi th little control . Besides 
r e b o u n d i n g on the side shutters , w h e n it hits the b o t t o m of such 
a section it usually forms a conical h e a p d o w n the sides of which 
the large aggregate rolls, p roduc ing a ha rsh concrete devoid of 
fines which no a m o u n t of v ibra t ion can compac t a n d result ing 
in segregation a n d honeycombing on the finished surface. If 
it is necessary to concrete walls 8 ft or more in one lift, t hen 
panels should be left out of one side of the shut te r ing so tha t the 
free fall can be restricted a n d the v ib ra to r in the concrete can 
be proper ly control led. Concre te t ha t is al lowed to slide d o w n 
a steep chute or is d ischarged from the end of a belt conveyor 
will segregate on falHng off unless a stop baffle is incorpora ted , 
a n d even then some segregation m a y occur . 

For the lower section of the first lift in a wall or co lumn, 
especially where the m a i n reinforcement laps wi th the s tar ter 
bars , it is often best to reduce the quan t i t y of coarse aggregate 
in the mix by half so as to provide a b o u t 6 in. of r icher concre te 
which will b o n d proper ly against the old concrete . I t is con­
sidered tha t this solution is a be t te r one t h a n the usual requi re ­
m e n t of a layer of mor t a r , which so often is a wet g rou t which 
weakens r a the r t h a n s t rengthens the concrete . 

Under-water Placing, P lacing concrete u n d e r wa te r is to be 
avoided wherever possible. W h e r e there is no a l ternat ive the 
concrete mus t be p laced wi thou t d i s turbance , as otherwise it 
will become mixed wi th the water . I t is not possible to c o m p a c t 
or v ibra te concrete p laced u n d e r wa te r so the concrete mus t 
b e self-compacting, i.e. wet enough to flow u n d e r its own weight 
b u t free from segregation a n d bleeding. 

A p a r t from the use of p re -packed or g routed concrete there 
are three methods of p lac ing concrete u n d e r wate r . T h e y are by 
d ropp ing th rough a t remie p ipe , using a bo t t om open ing skip, 
a n d d u m p i n g in bags. Concre te p laced by a b o t t o m open ing 
skip or by t remie forms a layer of la i tance on the surface of each 
hft. If, for some reason, the concrete has been d is turbed m o r e 
t han usual du r ing p lac ing the la i tance m a y be excessive. I t 
mus t be c leaned off before the next lift, b u t wherever possible 



M A N U F A C T U R E O F C O N C R E T E 195 

the concrete pou r should be con t inued to above wa te r level to 
avoid the occurrence of hor izonta l jo ints . 

Concre te p laced u n d e r wa te r is usually r ich in cement , a n d 
4:1 aggrega te /cement ratios are c o m m o n . 

Under-water Placing by Tremie, P lac ing concrete u n d e r wa te r 
by a t remie p ipe consists of d r o p p i n g the concrete t h r o u g h the 
pipe in such a way as to keep the p ipe full of concrete a n d 
prevent the concrete mixing wi th the wate r . 

T h e skill in using a t remie lies in ensur ing t ha t the concrete 
flows down the p ipe cont inuously, so t h a t the p ipe never 
becomes empty , otherwise the wa te r will rush in a n d p reven t 
successful concret ing. T o star t concret ing, the t remie p ipe , 
wi th its h o p p e r on top , is lowered unt i l it near ly touches the 
bo t tom. A p lug of cement bags is pushed in to the top of the 
pipe a n d the h o p p e r filled wi th concrete . T h e concrete pushes 
the p lug down a n d the h o p p e r is m a i n t a i n e d near ly full of 
concrete . Eventua l ly the concrete will cease to flow so the 
t remie is slowly hfted u p . This will s tar t the flow again . If the 
flow becomes too r ap id the t remie is lowered quickly. 

O r d i n a r y 6 in. d i amete r concrete p u m p or p lacer pipes m a k e 
a satisfactory t remie . A wet h o p p e r to regula te the flow to the 
t remie h o p p e r is usually necessary. I n concre t ing large areas 
t remie pipes at 12 to 15 ft centres will be necessary. T h e y m a y 
be moved lateral ly to extend the a rea of concret ing, b u t care 
must be taken to keep t h e m full of concrete whilst this is done . 
T h e t remie pipe is s imple to use for large unobs t ruc ted areas to 
be filled wi th mass concrete , b u t la tera l obstruct ions m a k e 
concret ing difficult w h e n they restrict the flow of the concre te . 

Under-water Placing by Bottom-opening Skips. J u s t as w h e n using 
a t remie , concrete p laced by skip mus t be d u m p e d wi th the 
m i n i m u m dis turbance . T h e skip mus t rest on the b o t t o m 
before the doors are opened , a n d the type of skip which opens 
w h e n it reaches the b o t t o m is an advan t age . W h e n the b o t t o m 
doors are opened the skip is raised g radua l ly to allow the 
concrete to flow out wi thou t d i s tu rbance . T h e skip should 
always be filled to capaci ty , a n d unless a special u n d e r w a t e r 
skip is used a cover should be p laced over it to e l iminate any 
agi ta t ion of the surface of the concrete while the skip is lowered 
th rough the water . 
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Dumping in Bags, Concre te m a y be p laced by d u m p i n g in 
bags. T h e bags are p laced in position by a diver in m u c h the 
same way as sand-bag walls are bui l t . T h e bags are b o n d e d 
together a n d m a y be used to form a re ta in ing wall in p lace of 
shut ter ing where a t remie or bo t tom-open ing skip is to be used. 

Canvas bags are also used to lower concrete to a diver w h e n 
he is to place it in confined spaces which do not w a r r a n t the 
use of a t remie . 

The compaction of concrete 
T h e compac t ion of concrete is the process whereby the 

a m o u n t of voids is r educed to a m i n i m u m a n d the particles of 
aggregate are const ra ined to pack more closely together so as 
to achieve the m a x i m u m potent ia l density a n d s t rength from 
the concrete . 

Before the adven t of mechan ica l v ibra tors this could be 
achieved only by h a n d r a m m i n g , p u n n i n g a n d spading . O l d 
specifications for concrete often inc luded clauses deal ing wi th 
such h a n d t a m p i n g a n d r a m m i n g ; these clauses were often 
most detai led a n d of grea t length , i l lustrat ing tha t the engineers 
responsible were most concerned a b o u t compac t ion . H a n d 
p lac ing as normal ly carr ied ou t to-day is a relatively inefficient 
a n d an expensive m e t h o d of p roduc ing a dense concrete free 
from large air voids. Concre te m a y have to be m a d e wet te r 
t h a n desirable w h e n h a n d compac ted . 

I n the early days of concrete construct ion ear th-mois t mixes 
were used almost exclusively; they were deposi ted in th in layers 
a n d were well r a m m e d using a large a m o u n t of l abour . Th i s 
p roduced good concrete , a n d since l abour was cheap a satisfac­
tory concrete could be p roduced . Occasional ly h a n d c o m p a c ­
tion is still necessary, b u t because of h igh l abour costs, the 
mater ia ls are now cheaper t h a n the l abour and , therefore, 
w h e n h a n d compac t ion must be used a mix r icher t h a n n o r m a l 
is necessary. 

T h e invent ion of reinforced concrete m a d e it impossible to 
place ear th-mois t concrete by r a m m i n g . T o pack the concrete 
a r o u n d the steel to ensure a d e q u a t e bond ing it was necessary 
to use wet te r mixes. T o achieve high strengths, however , 
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concrete must be m a d e relatively dry , the densi ty increased 
a n d the a m o u n t of voids in the concrete r educed to a m i n i m u m . 
T h e p rope r compac t ion of d ry ha r sh mixes can only be 
achieved mechanical ly , the most successful mechan ica l tool 
be ing the v ibra tor . Concre te displays an ent irely different 
p rope r ty w h e n v i b r a t e d ; the surface friction be tween adjacent 
particles is reduced , the concre te becomes plast ic, a n d it 
behaves like a heavy l iquid. 

Vibration of Concrete 

A p a r t from cer ta in specialist const ruct ion it is n o w doubtful 
whe the r the compac t ion of concre te by h a n d should be per ­
mi t ted . Vibra to rs , whe the r in te rna l or external , a re avai lable 
in all sizes to suit all jobs , a n d ear th-mois t concrete which can­
not be compac ted by v ibra tors is r equ i red on very few jobs , the 
m a i n except ion be ing pe rhaps pack ing in u n d e r p i n n i n g work. 

Concre te is v ib ra ted by the insert ion of a v ib ra t ing mass in to 
it (see Plate 6) or by the appl ica t ion of a v ib ra t ing mass to it, 
or by c l amping a mou ld filled wi th concrete to a v ib ra t i ng 
table a n d v ibra t ing the whole . Concre te which is to be com­
pac ted by vibra tors must have been proper ly p ropor t ioned , or 
segregation a n d bleeding m a y occur . I t is usually less workab le 
a n d has a lower sand conten t t h a n one sui table for p lac ing by 
h a n d compac t ion . 

Vibra to rs were first used in this coun t ry in a b o u t 1902 w h e n 
du r ing the extension of a foundry bu i ld ing the foundry v ibra tors 
were used to compac t the concrete . I n 1917 Freysinnet used 
p n e u m a t i c h a m m e r s to compac t concrete . I n 1927 D e n i a n of 
F rance pa ten ted a m e t h o d of direct v ib ra t ion by in te rna l 
v ibra tors a n d so replaced the previous shaking of the formwork 
together wi th rodd ing a n d spad ing to induce compac t ion . 

I n site construct ion work in te rna l v ibra tors are used a lmost 
exclusively; external or form vibra tors are only an adjunct , to 
assist surface compac t ion . I n the manufac tu re of precast con­
crete, however , form vibra tors or table v ibra tors are general ly 
used. 

I n the theoret ical invest igat ion in to v ib ra t ion S tewar t 
recognized three separa te phases in the process of compac t ion , 
bu t for pract ica l purposes using in te rna l v ibra tors only two 
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Plate 6. Compacting concrete around congested reinforcement by 
internal vibrators. 

phases need be considered a n d these are easily recognized by 
visual inspection. T h e first is the init ial collapse of the deposi ted 
concre te ; the loosely packed concrete subsides, the a rch ing 
act ion of the larger particles is b roken down, a n d the mass 
g radua l ly becomes like a viscous fluid. 

T h e second phase is de-aera t ion in which the e n t r a p p e d air 
bubbles are forced u p w a r d s a n d the voids are reduced to a 
m i n i m u m . If this phase is pro longed, segregation m a y take 
place wi th the g r adua l sinking of the large aggregate to the 
bo t t om a n d wi th the finer mater ia ls a n d cement slurry be ing 
d r a w n towards the v ibra tor . 
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Invest igat ions carr ied ou t to de t e rmine the best combina t ions 
of a m p h t u d e a n d frequency for in te rna l v ibra tors have suggested 
relatively low-frequency, h i g h - a m p h t u d e v ibra tors are best 
suited to dry concretes. High-frequency, low-ampl i tude v ibra ­
tion has the greatest effect d u r i n g the first phase of compac t ion , 
causing more r ap id collapse a n d subsidence of the loose u n c o m ­
pac ted concrete b u t low-frequency vibra t ion has a grea te r 
effect in the second phase causing a m o r e r ap id expell ing of 
the en t r apped air. O n the whole , however , it is p robab ly be t te r 
to use a high-frequency, low-ampl i tude v ib ra to r since wi th this 
a grea ter degree of compac t ion will be achieved d u r i n g the 
per iod of v ibra t ion commonly al lowed in site work. Ve ry little 
a t ten t ion has been pa id to the accelerat ion force of the v ibra tors 
b u t for satisfactory compac t ion the accelerat ion mus t be grea te r 
t h a n some critical va lue which varies wi th the mix, b u t is a b o u t 
4: g . W h e r e the whole mass of concrete is subject to v ibra t ion , 
as on a table v ibra tor , a t t en t ion mus t also be pa id to the 
inheren t s tabih ty of a mix. W i t h some mixes there is a t endency 
for the concrete to ro ta te in the mou ld , sucking in air on one 
side a n d p u m p i n g it out on the other . Th is difficulty is no t 
me t on site work using in te rna l or shut te r v ibra tors . 

T h e use of v ibra tors to achieve compac t ion results in the full 
s t rength of the concrete be ing achieved by reduc ing the air 
voids. A grea ter s t rength a n d densi ty can also be achieved 
because of the ab ih ty of v ibra tors to hand le less workab le 
concrete . T h e h igher s t rength results from the total a m o u n t 
of wa te r per cubic y a r d being reduced a n d the concrete m a d e 
leaner whilst ma in t a in ing the same wa te r / cemen t ra t io . 
Alternat ively, keeping the aggrega te /cement ra t io constant , the 
wa te r / cemen t ra t io can be reduced which aga in results in a 
h igher s t rength . 

A l though the correct use of v ib ra t ion will p roduce , e i ther 
directly or indirect ly a be t te r a n d usually cheaper concrete , it 
is sometimes suggested tha t there is a n overall increase in cost 
because the shut ters have to be m a d e heavier a n d m o r e wate r ­
t ight to resist the grea ter pressure a n d preven t b leeding. 
Al though this is difficult to refute, the cost of formwork depends 
more u p o n the n u m b e r of uses, its hand l i ng ab ih ty a n d also 
the ease of erection a n d d ismant l ing . If shut ters are p roper ly 
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Fig. 4.1. Effect of revibration on strength of t w o concretes. 

constructed to m a k e the total cost, inc luding l abour a n d 
mater ia ls , a m i n i m u m , then it will usually be found t ha t they 
are of sufficiently h igh s t anda rd for v ib ra ted concrete w i thou t 
costing any more . 

Revibration, Occasional ly references are m a d e to the revibra-
t ion of concrete , a n d as to whe the r it should be pe rmi t t ed . 
Concre te which is subject to v ibra t ion whilst still plastic b u t 
after it has been compac ted in place m a y be said to be 
revibra ted . Par t ia l ly set concrete should no t be d is turbed 
unless the d is turbance is dehbe ra t e a n d control led. 

T h e revibra t ion of par t ia l ly set concrete which comes a b o u t 
by chance is Ukely to cause h a r m to the concrete . Rev ib ra t ion 
can be used w h e n it has been necessary, for some reason, to 
place a concrete wet te r t h a n requ i red a n d it is desirable to 
increase the s t rength to the m a x i m u m a t ta inab le . If the 
concrete is too wet w h e n first p laced, however , con t inued 
v ibra t ion will result only in segregation a n d a weakening of the 
concrete . 

T h e concrete m a y be compac ted a n d left for a per iod of u p 
to 4 hours a n d then rev ibra ted . This per iod allows some 
hydra t ion of the cement a n d on revibra t ion there is an increase 
in bo th density a n d s t rength. T h e increase m a y be from 10 to 
40 per cent of the non- rev ibra ted concrete (see Fig. 4 .1) . T h e 
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increase depends u p o n the or iginal s t rength of the concrete a n d 
the t ime of revibra t ion, the m a x i m u m increase usually occur r ing 
a b o u t 2 hours after init ial c o m p a c t i o n ; after 4 hours , rev ibra t ion 
causes a decrease in s t rength unless the set t ing a n d h a r d e n i n g 
has been delayed by a r e t a rd ing agen t (see Fig. 4 .1) . 

Vibrators 

Vibra to rs a re of two genera l classes, in te rna l a n d external . 
T h e external v ib ra to r is usually a v ib ra t ing m a c h i n e which is 
c l amped to the formwork, b u t there are special types used in 
slab a n d pav ing construct ion in which the v ibra t ion is app l ied 
to the top surface of the concrete . 

Internal Vibrators. I n t e rna l v ibra tors a re the more c o m m o n . 
T h e y consist of a high-speed ro ta t ing e lement enclosed in a 
sui table casing; the e lement be ing ou t of ba lance , the h igh­
speed ro ta t ion impar t s a v ib ra t ion to the whole of the head . 

T h e ro ta t ion is p roduced in one of two ways ; by a flexible 
dr ive from a n electric or pet rol motor , or by a di rect coupled 
electric or air mo to r m o u n t e d in the h e a d of the v ib ra to r . 

For most work vibra tors of 1 to 4 in . d i ame te r a re sui table , 
a 2 in. v ib ra to r be ing used for o rd ina ry reinforced concre te 
beams a n d columns a n d a 4 in. v ib ra to r for m o r e massive work . 
W h e r e the reinforcement is very congested a th in poker v ib ra to r 
m a y be requ i red to pene t ra t e be tween closely spaced bars . 

C u r r e n t pract ice tends towards the use of a high-frequency 
v ib ra to r of 9000 to 10,000 c .p .m. a l t hough v ibra tors u p to 
13,000 a n d 14,000 c.p.m. a re avai lable . High-f requency 
vibra tors have an effective v ib ra t ing r ange in reinforced concre te 
of be tween 2 ft a n d 4 ft 6 in . Unfor tuna te ly the power con­
sumpt ion of a high-frequency v ib ra to r is always h igher t h a n a n 
equivalent low-frequency 3000 c .p .m. v ibra tor , a n d a t the 
same t ime m a i n t e n a n c e is usually grea ter for higher-frequency 
vibra tors . 

T o achieve h igh frequencies of the o rder of 9000 c.p.m., 
diflferent mechan ica l me thods a re used. T h e simplest is to r u n 
the v ib ra to r from a flexible shaft ro ta t ing a t h igh speed. Th i s 
allows a choice of p r ime movers a n d the v ib ra t ing h e a d is 
simple, b u t the high-speed flexible dr ive shaft is a source of 
weakness, a n d requires careful use a n d m a i n t e n a n c e . T o 
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overcome this weakness the shaft can be r u n a t a b o u t 3000 
r .p .m. a n d high-frequency vibra t ions induced by a s tep-up 
gear ing in the h e a d of the v ibra tor . T h e const ruct ion of such 
gear ing in the h e a d means t ha t the gears a re subject to ex t ra 
wear d u e to the t ransmi t ted v ibra t ion . T h e type wi th a m o t o r 
in the h e a d also suffers s imilar ly; no flexible shaft is r equ i red , 
b u t the use of a bui l t - in electric mo to r involves precision 
engineer ing wi th the consequent necessity for careful use a n d 
ma in t enance . 

W h e r e compressed air is freely avai lable , as is usually the 
case in tunne l work, the p n e u m a t i c v ib ra to r is sui table . Th i s 
is more robust t h a n the c o m p a r a b l e electric mode l a n d is a n 
efficient tool. I t is no t general ly used merely because of the 
necessity to provide a separa te compressor. 

Mos t mechan ica l t roubles a re overcome in v ibra tors which 
have a slow-speed flexible dr ive shaft a n d in which the v ib ra ­
tions a re i nduced by a loosely held rod which is free to wobble 
wi th in the v ib ra to r casing. R o t a t i n g this rod causes it to strike 
the inside of the v ib ra to r casing, so causing high-frequency 
vibrat ions . W i t h some models , however , it is necessary to 
knock the end of the v ib ra to r w h e n it is first switched on to 
cause it to v ibra te , a n d this can lead to d a m a g e in use. 

External Form Vibrators. F o u r types of external form v ib ra to r 
a re avai lable , the usual type consisting of a high-speed ro ta t ing 
e lement which is ou t of ba lance , a n d produces v ibra t ions of 
3000, 6000 or 9000 c .p .m. Besides this type there is the pneu ­
ma t i c tu rbo-motor , the frequency of which depends u p o n the 
air pressure, b u t more t h a n 12,000 c .p .m. can be r eached wi th 
some Cont inen ta l machines . A n o t h e r a i r -dr iven v ib ra to r is the 
rec iprocat ing air mo to r which can opera te u p to 5000 c .p .m. 
b u t bo th this a n d the e lect ro-magnet ic type of electrically 
d r iven v ibra to r a re seldom used. 

Ex te rna l v ibra tors should be used only where it is impossible 
to use in te rna l v ibra tors , or where these are to be supp lemented 
by ext ra v ibra tors to p roduce a good surface finish. T h e 
pr inc ipa l direct ion of v ibra t ion should be hor izonta l , so the 
v ib ra to r should be m o u n t e d vert ically. D o w n w a r d v ib ra t ion is 
less efficient a n d tends to shake the shutters apa r t . Shu t t e r 
v ibra tors should have a h igh frequency wi th a low a m p l i t u d e 
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to reduce the wear on the shut ters to a m i n i m u m , as too large 
an ampl i tude causes excessive wear . 

T h e efficient compac t ion of the concrete depends u p o n the 
successful transfer of the v ibra t ion from the external v ib ra to r 
to the concrete . T h e shut ters should be as stiff a n d as l ight as 
possible, because a small mass vibra tes more easily t h a n a large 
one . If the formwork is no t stiff enough it will t end to flutter 
a n d so cause p u m p i n g of the concre te in the shut ters , a n d this 
ent ra ins air . T h e formwork mus t no t be rigidly bol ted to a n 
immovab le mass, otherwise the v ibra t ions will b reak the 
shut te rs ; for example , precas t ing moulds mus t no t be r igidly 
bol ted to the floor b u t mus t be suppor ted u p o n r u b b e r 
mount ings . 

The Operation of Internal Vibrators, I n descr ibing the two 
m a i n types of v ib ra to r some indica t ion has been given of the 
w a y they should be opera ted , b u t no h a r d a n d fast rules can 
be laid d o w n because the p rope r use of a v ib ra to r is l ea rned 
only by experience. T h e following a re a few genera l points . 
I n t e rna l v ibra tors of 2 in. d i ame te r should be inser ted in to the 
concrete a t 2 ft cent res ; smaller v ibra tors should be used a t 
closer intervals . T h e v ibra tors should be inser ted to the 
b o t t o m of the lift a n d if possible in to the top of the previous lift 
to ensure comple te b o n d i n g of the new concrete . W h e r e the 
previous lift has h a r d e n e d so t h a t this c anno t be done , the nex t 
lift should be less t h a n usual a n d the concre te mus t be well 
compac ted to b o n d wi th the previous lift. I f the set concre te 
is older t h a n a b o u t 4 hours b u t less t h a n 16, i t m igh t be 
d a m a g e d du r ing the v ibra t ion of the new concre te ; u p to 
2 hours , however , such v ib ra t ion will mere ly cause rev ibra t ion 
of the old concrete a n d m a y lead to a n ac tua l i m p r o v e m e n t in 
its s t rength a n d density, because rev ibra t ion helps to r emove 
e n t r a p p e d air from a r o u n d the aggrega te a n d causes fur ther 
compac t ion . 

T h e a m o u n t of v ib ra t ion necessary to effect comple te com­
pac t ion is best de t e rmined by exper ience. V i b r a t i o n is usual ly 
complete , however , w h e n the cemen t m o r t a r is b r o u g h t to the 
surface a n d air bubbles no longer a p p e a r ; this gives the concre te 
a shining a p p e a r a n c e which d isappears rap id ly after the v ibra ­
t ion ceases. If there is a n y d o u b t a b o u t w h e t h e r the v ib ra t ion 
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Plate 7. Faulty construction caused by poor compaction. 

I n theory it is possible to cont inue v ibra t ion unt i l the large 
aggregate separates ou t a n d sinks to the bo t tom. I n prac t ice 
this would take so long, wi th o ther t h a n wet mixes, t h a t it is 
seldom likely to h a p p e n . I f segregat ion takes place wi th n o r m a l 
amoun t s of v ibra t ion then it is a sure sign t ha t the mix was too 
wet a n d was bad ly p ropor t ioned . T h e r e m e d y is to r educe the 
a m o u n t of wa te r a n d not the a m o u n t of v ibra t ion . 

W h e r e reinforcement is heavy it m a y be difficult to apply 
sufficient v ibra t ion . I n congested reinforcement i t is be t te r to 

is sufficient, it is general ly be t te r to give the concrete m o r e 
v ibra t ion . T h e dangers of over-vibra t ion are less t h a n the evils 
of insufficient v ib ra t ion ; the evils of under -v ib ra t ion m a y be 
easy to see in the finished s t ruc ture , see plates 7 a n d 8. 
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Plate 8. Poor compaction of workable concrete (Note nib where 
concrete has flowed between shutter joints) 

place the concrete in the midd le of the re inforcement a n d 
v ibra te it to the outside of the forms, r a t h e r t h a n to t ry to 
v ibra te the concrete from the outside inwards . V i b r a t i o n of 
the reinforcement has little effect; fears t ha t the v ib ra t ion w h e n 
t ransmi t ted a long the steel will b reak the b o n d be tween steel 
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a n d concrete a re unfounded, a n d contac t be tween v ib ra to r a n d 
the reinforcement causes no d a m a g e . I n heavily congested 
reinforcement it m a y be advan tageous to use the re inforcement 
itself to spread the v ibra t ion forces in to the wet concrete b u t it 
mus t be r e m e m b e r e d t ha t ty ing a poker v ib ra to r to a steel b a r 
usually damages the v ibra tor . 

Surface Vibrators. Besides in te rna l a n d form vibra tors , there 
is in use a th i rd type — the surface v ibra tor . Th is is used to 
app ly surface v ibra t ion to a slab, a n d to finish oflF slabs p re ­
viously compac ted by immers ion v ibra tors . A n u m b e r of large 
special machines have been developed for laying concre te to 
form roads a n d pavements , these be ing usually of e i ther 
Amer i can or Cont inen ta l origin. T h e y are self-propelled a n d 
travel on rails or road forms. T h e concrete is del ivered to t h e m 
from the ba t ch ing p lan t by lorry or d u m p e r , a n d the m a c h i n e 
spreads, in ternal ly vibrates , screeds a n d surface vibra tes the 
concrete p roduc ing a finished concrete slab a t rates of u p to 
lOf t /min . T h e larger machines will complete ly finish a 27 ft 
wide slab in one opera t ion , requ i r ing only the appl ica t ion of a 
cur ing m e m b r a n e . 

O n smaller jobs v ib ra t ing screeds are used, while on floor 
slabs compac t ion m a y be by p a n or power float. 

Vibrating Screed. A v ib ra t ing screed consists of a screed b o a r d 
wi th handles a t each end a n d wi th a v ib ra to r m o u n t e d in the 
midd le . T h e v ib ra to r is usually a pet ro l -dr iven self-contained 
un i t wi th a frequency of a b o u t 3000 to 4000 c .p .m. a n d a small 
ampl i t ude of 0-01 in. Screeds wi th large ampl i tudes are 
difficult to hold a n d guide . 

Curing 
W h e n the concrete has been mixed, p laced in position a n d 

compac ted , it mus t be cured a t an a d e q u a t e t e m p e r a t u r e to 
ensure t ha t p rope r hydra t ion of the cement takes place a n d the 
concrete ha rdens a n d gains s t rength . Concre te contains enough 
wa te r to hyd ra t e the cement w h e n first p laced in position, b u t 
u n d e r the influence of sun a n d dry ing winds this mois ture m a y be 
dr ied out a n d the hydra t ion of the cement p r ema tu re ly cur ta i led . 

I n addi t ion the s t rength of concrete is d e p e n d e n t on the 
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t empe ra tu r e a n d the length of t ime for which it is ma in t a ined . 
Sufficient t ime is essential, therefore, to achieve full s t rength . 
P roper cur ing involves the preservat ion of the mois ture con ten t 
in the concrete a n d the m a i n t e n a n c e of a sui table t e m p e r a t u r e . 

Water. C e m e n t combines chemical ly wi th app rox ima te ly 22 
to 25 per cent of its own weight of wa te r du r ing hyd ra t i on 
(water /cement ra t io 0-22 to 0-25). Concre te is m a d e wi th 
wa te r / cemen t ratios from 0-35, so t ha t a t the t ime of mix ing it 
contains enough wa te r to h y d r a t e the cement . But in th in 
sections, such as floor a n d road slabs, r e ta in ing walls a n d th in 
beams , the concrete m a y be subject to r ap id d ry ing on the 
surface, a n d this by suction pressure will d r a w wate r from the 
inter ior of the concrete . T h e concrete can then become 
sufficiently d ry for hydra t ion to cease. If d ry ing occurs w h e n 
the concrete is green — wi th in the first few hours of sett ing — 
then capillaries can be formed in the concrete a n d its p e r m e -
ab ih ty a n d resistance to frost be adversely affected. 

T h e wa te r in the concrete can be re ta ined ei ther by rep lac ing 
tha t r emoved by hot sun or d ry ing winds , or be t te r still by 
prevent ing evapora t ion tak ing place . T h e most efficient cur ing 
is a t t a ined w h e n the concrete is kept u n d e r water . Th is can 
be achieved in road a n d airfield const ruct ion by pond ing , i.e. 
bu i ld ing a small b a n k of ea r th or clay a r o u n d the a rea of 
concrete to be cured a n d filling wi th wate r . O n most sites such 
a me thod is not prac t icable because the banks are easily b roken , 
a n d it is difficult to clean off the m u d after the concrete has 
been cured. 

A cont inuous spray of wa te r provides very efficient cur ing , 
a n d can be ob ta ined from perforated plastic hose such as is used 
for wate r ing lawns. T h e coverage from one hose is l imited a n d 
the m e t h o d is no t suited for large areas , b u t it m a y be used for 
cur ing floor slabs. T h e quan t i t y of wa te r used, however , can 
be qui te large, a n d this m a y cause interference wi th o ther 
bui ld ing work be ing carr ied ou t on lower floors. 

O n m a n y jobs the cur ing wa te r is p rovided by spraying 
in te rmi t ten t ly by h a n d . T h e d ry ing concrete readi ly takes u p 
water , b u t in cur ing the first d a y or two is crit ical, a n d since 
per iodic spraying is a h a p h a z a r d affair then cur ing m a y be only 
par t ia l ly effective. 
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Evapora t ion of the wa te r a l ready in the concrete m a y be 
prevented in a n u m b e r of ways. T h e concrete m a y be covered 
wi th d a m p sacks, hessian or sand, a n d these are all successful 
so long as they do not d ry out . A n al ternat ive m e t h o d is to 
cover the concrete wi th a n impervious film; poly thene sheet ing 
has been used for floor slabs. W a t e r tends to evapora te from 
the concrete a n d condense on the unders ide of the sheets, so 
they must be kept down at the edges to p revent the wind 
blowing u n d e r n e a t h . This also apphes to semi-pervious 
mater ia ls such as ta rpaul ins or waterproof pape r . 

Evapora t ion can also be prevented by spraying the concrete 
wi th a seahng c o m p o u n d to seal the surface a n d so p reven t 
mois ture escaping. T h e r e are m a n y such mater ia ls on the 
marke t , wi th various efficiencies, bu t there are two genera l 
types, a clear a n d a p igmented mater ia l . A uniform a n d com­
plete coverage of the concrete surface can be more easily 
ob ta ined wi th the p igmented mate r ia l , b u t even so it is difficult— 
if not impossible — to ob ta in an impervious m e m b r a n e wi th 
one sealing coat. T h e clear mate r ia l causes ht t le discoloration 
a n d m a y be used wi th advan tage where the concrete is u n d e r 
cover. For road slabs a n d o ther concrete exposed to the 
wea the r the p igmented mate r i a l is be t te r because it is easier to 
see whe the r complete coverage is ob ta ined . T h e p igmen t is 
wea the red away in a few weeks. T h e p igment is usually whi te 
or a l umin ium colour, because these colours reflect the sun a n d 
help to ma in t a in the concrete at a more uniform t e m p e r a t u r e . 

Bi tuminous paints are used to form an impervious seal, 
especially in tunnel , p ipe a n d culvert work where they also 
provide some protec t ion against corrosion. Bi tuminous paints 
are not as suitable for road slabs because of their colour. Being 
black they readi ly absorb hea t , so t ha t when the sun shines the 
t empe ra tu r e in the slab rises rap id ly a n d this can cause cracking, 
especially in green concrete . But in this count ry , wi th its 
t empera t e c l imate , cracking does not often occur, while on the 
o ther h a n d b i tuminous paints u n d o u b t e d l y prevent evapora t ion 
by dry ing winds. O n airfields, however , b i t u m e n m a y be 
softened a n d become tacky by fuel spillage, so its use is somewha t 
restricted on this account . 

S t ruc tura l concrete is protec ted by the shutters on most of 
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its surfaces for the first 16 hours after casting, b u t after t ha t w h e n 
the side shutters are s t r ipped — or before if subject to winds in 
d ry wea the r — it m a y need covering wi th wet hessian. Floor 
slabs should be covered wi th wet hessian, d a m p sand or d a m p 
sawdust . 

T h i n sections need more a t t en t ion t h a n large ones to p reven t 
d ry ing out for the first 3 to 7 days. Mass concrete takes a long 
t ime to dry, b u t r ap id dry ing of the surface can cause craz ing 
a n d surface cracking. O n surfaces subject to erosion or abras ion 
this reduces the resistance of the surface to de ter iora t ion , a n d 
the surface of floor slabs which have been al lowed to d ry ou t 
soon after casting will have a grea ter t endency to dust ing. If 
new concrete which has crazed is kept wet cont inuously for 7 to 
14 days, m u c h of the cracking will hea l due to au togenous 
heal ing. I n hot dry summers ext ra care a n d pro tec t ion is 
requ i red to p revent evapora t ion a n d to keep the concre te wet . 
I n t e rmi t t en t spraying wi th wa te r is successful w h e n the wea the r 
is d a m p , b u t du r ing the occasional ho t s u m m e r such me thods 
are i n a d e q u a t e . I n ho t cl imates the concrete mus t be covered 
immedia te ly it has been cast ; otherwise plastic shr inkage 
cracks develop before the concre te has set. 

Temperature, Satisfactory cur ing can be a t t a ined wi th in a 
wide range of t empera tu res . Concre te gains little s t rength 
below 50°F a n d the t e m p e r a t u r e should be above this. Because 
of the var ia t ions in t e m p e r a t u r e be tween s u m m e r a n d win te r 
it is necessary to cure for a b o u t 7 days in win te r as opposed to 
say 3 days in summer . These periods are only a p p r o x i m a t e 
a n d obviously depend u p o n the ac tua l a m b i e n t t empera tu res . 

O n site work, even in ho t countr ies , the m a x i m u m surface 
sun t empe ra tu r e is p robab ly a b o u t 120°F. Th i s t e m p e r a t u r e 
has no deleterious effect on Por t l and cements a l though it m a y 
cause inversion a n d loss of s t rength in h igh a l u m i n a cements . 
Such t empera tu res can cause plast ic shr inkage if the concrete 
is no t p reven ted from dry ing out . 

T h e r e is evidence t ha t t empera tu re s above 150°F will cause 
some reduc t ion in the u l t ima te s t rength , a l t hough h igh-s t rength 
concrete can be p roduced by s team cur ing u n d e r pressure a t 
t empera tu res of 220°F. S t eam cur ing is used mostly in the 
p roduc t ion of precast concrete , as descr ibed below. 
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Heat ref lect ing white curing membrane -5 -5 
Max. temp. 70**F 
Min. temp. 53**F 
Humidity 7 0 to 8 5 % 
Roin on 10 dovs in 28 

Fig. 4.2. Effect of curing conditions on strength during warm damp 
weather. 

T e m p e r a t u r e changes in the concrete induce t h e r m a l stresses, 
so t ha t the ideal cur ing t e m p e r a t u r e is the average t e m p e r a t u r e 
a t which the concrete will r e m a i n du r ing use. Such ideal 
condit ions canno t be a t t a ined a n d in some cases where concre te 
is in use in cold cl imates it would requi re an excessive per iod 
for cur ing . T h e cur ing t e m p e r a t u r e is control led only w h e n 
concrete is cast in winter , a n d this is described u n d e r win te r 
concret ing. T h e vast major i ty of concrete is cured a t the 
seasonal average t e m p e r a t u r e . I n s u m m e r mon ths spraying 
wi th wa te r a n d covering wi th wet hessian helps to keep the 
concrete t e m p e r a t u r e constant , a n d by evapora t ion slightly 
below shade t e m p e r a t u r e ; covering wi th a hea t reflecting whi te 
cur ing m e m b r a n e will also he lp to reduce the concrete t e m p e r a ­
ture . Th is is shown in Fig. 4.2, where the resul t ing lower 
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matu r i t y has resulted in a lower s t rength for the concre te 
covered wi th a whi te m e m b r a n e . 

T h e hea t of hyd ra t i on cont r ibu tes to the t e m p e r a t u r e of the 
concrete in mass work a n d c a n result in h igh t e m p e r a t u r e 
differences wi th in the mass wi th consequent overstressing which 
m a y result in cracking. Th i s is a p r o b l e m which c a n be solved 
only by a combina t ion of satisfactory mix design wi th p r o p e r 
construct ion a n d cur ing . T h e concre te should have a low 
cement conten t a n d be m a d e wi th a low hea t cement . I n 
add i t ion it m a y be necessary to a r r a n g e the const ruct ion so as 
to dissipate hea t as speedily as possible a n d to incorpora te 
special cur ing a r r angemen t s a n d use c i rcula t ing wa te r to keep 
d o w n the t e m p e r a t u r e in the mass. 

Steam Curing of Concrete 

S t e a m cur ing is used to accelerate the r a t e of ga in of s t rength 
in the manufac tu re of precast concre te p roduc t s . I t reduces 
the t ime taken for cur ing a n d so permi t s ear ly release of t he 
concrete moulds , the reby increasing the p roduc t ion r a t e a n d 
reduc ing the cost. 

T h e s t rength of concrete is re la ted to its ma tu r i t y , defined as 
the p roduc t of t ime a n d t e m p e r a t u r e . A given s t rength m a y be 
achieved by cur ing for a long t ime a t a low t e m p e r a t u r e or a 
short t ime a t a h igher t e m p e r a t u r e , so t ha t it is reasonable to 
increase the cur ing t e m p e r a t u r e if the cur ing t ime is to be 
decreased. Concre te gains s t rength m o r e rap id ly a t h igher 
t empera tu res whilst in add i t ion the t ime- t empera tu re g rad ien t 
of the concrete affects the final s t rength , so t h a t a p red ic tab le 
s t rength canno t be de t e rmined exact ly from the m a t u r i t y 
re la t ionship. I n addi t ion , s team cur ing does no t a lways 
p roduce an exactly pred ic tab le result. Some types of Po r t l and 
cement have , u n d e r commerc ia l t r ea tmen t , r e sponded be t t e r 
t h a n others , whilst in some plants cer ta in o p t i m u m t e m p e r a ­
tures or special cur ing cycles have been found to p r o d u c e the 
best results. 

T h e r e a re two different me thods of s team cur ing , wh ich va ry 
only in the m e t h o d of app ly ing the h e a t a n d p reven t ing the 
concrete from drying . T h e r e is the high-pressure s team process, 
which requires specially cons t ruc ted s teamt igh t c h a m b e r s 
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where pressure of s team above a tmospher ic pressure can be 
ma in ta ined . This process is necessarily a b a t c h process. T h e n 
there is the low-pressure m e t h o d in which the s team is ma in ­
ta ined a t or slightly above a tmospher ic pressure a n d which m a y 
be ei ther a cont inuous or a b a t c h process. 

High-pressure Process, I n this process t empera tu res of 1 2 0 -
160°C are usual a n d the cur ing per iod is short . T h e r e is a 
r ap id increase in s t rength owing to the h igher t empera tu res , 
b u t wi th cer ta in aggregates a l ime-si l ica react ion m a y take 
place a n d the s t rength developed m a y be in excess of t ha t 
predic ted from the ma tu r i ty . T h e e q u i p m e n t involves a h igh 
capi ta l out lay, however , a n d since the concrete is cured in 
ba tches there is m u c h wastage of s team a n d hea t so t ha t the 
process has a low the rma l efficiency. Dense aggregates reduce 
the pene t ra t ion of hea t due to their g rea te r hea t capaci ty , a n d 
in consequence precast member s m a d e wi th such aggregates 
will take longer to hea t u p . T h e size of the precast concrete 
m e m b e r will also affect the ra te of hea t ing a n d the a m o u n t 
of hea t requi red . Large r uni ts requi re more careful control of 
the t e m p e r a t u r e rise to g u a r d against cracking caused by 
differential stresses due to high t empe ra tu r e gradients . 

Low-pressure Process, This process is cont inuous a n d the 
concrete units are cured in a s team tunne l in the same m a n n e r 
as bricks are manufac tu red in a tunne l kiln. T h e uni ts a re 
stacked on trolleys a n d travel cont inuously t h rough the tunne l . 
T h e y are first hea ted by waste s team a n d then they enter the 
h igh - t empera tu re section where they are cured for the requ i red 
period, followed by a longer cooling per iod where the hea t 
given off is re-circulated to p re -hea t the fresh uni ts en te r ing 
the s team tunnel . T h e low-pressure process may , of course, be 
used as a b a t c h process carr ied ou t in a ba t t e ry of cur ing 
chambers . T h e efficiency of such a ba t t e ry is h igher t h a n t h a t 
of a single chamber , b u t because it is more difficult to re-circulate 
a n d re-use waste hea t the efficiency is lower t h a n t h a t of the 
cont inuous process. 

Effect of Steam Curing on the Properties of Concrete, S t e a m 
cur ing m a y begin as soon as the concrete is cast a n d compac t ed 
in to the moulds . A wai t ing per iod is no t necessary, b u t care 
mus t be taken to ensure t ha t the rise in t e m p e r a t u r e is no t 
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excessive; a rise of 20 to 30°F per h o u r is often used b u t the 
concrete should not reach 212°F unt i l 5 to 6 hours after mixing. 
T o o rap id a rise in t e m p e r a t u r e d u r i n g the first few hours m a y 
lead to a lower final s t rength, a n d in fact a very h igh t empe ra ­
ture grad ien t in fresh concrete m a y lead to excessive expansion 
a n d disrupt ion, p robab ly due to some interference wi th the 
n o r m a l process of sett ing. 

Provided there is no disrupt ion, s team cur ing u n d e r n o r m a l 
commerc ia l condit ions results in the concrete con t inu ing to 
gain s t rength on subsequent s torage. I n high-pressure cur ing 
the eflFects due to the cement hyd ra t i on are almost entirely 
obscured by the hme- s ihca react ion. Mos t aggregates con ta in 
sihca which reacts u n d e r hyd ro - the rma l condit ions wi th the 
l ime in the cement a n d increases the total s t rength . F o a m e d 
slag a n d expanded clay aggregates result in par t icu la r ly large 
increases in s t rength u n d e r high-pressure cur ing . Limestone 
aggregate , on the o ther h a n d , does no t con ta in silica, a n d m a y 
give a lower s t rength after high-pressure s team cur ing t h a n 
would otherwise be expected. 

High-pressure s team cur ing results in a n increased resistance 
to a t tack by sulphates a n d in a reduc t ion in the init ial d ry ing 
shr inkage a n d the moisture movemen t . Th i s increased resistance 
is p robab ly due to the increased s t rength a n d impermeab i l i ty 
result ing from the s team cur ing a n d the reduc t ion in free l ime 
by its react ion wi th the silica in the aggregate . S t eam cur ing 
a t a tmospher ic pressure has little eflfect. 

Low-pressure s team cur ing has little eflfect on the mois ture 
movemen t of concrete a l though d ry ing shr inkage m a y be 
slightly reduced owing to the dry ing out of the concrete on 
removal from the kiln. 

T h e mix propor t ions have little eflfect on the eflBciency of 
s team cur ing. Ca lc ium chloride a n d o ther admix tures m a y be 
used wi th s team cur ing w h e n necessary. 

Winter concreting 
T h e s toppage of concre t ing in win te r d u e to freezing t e m p e r a ­

tures m a y result in ext ra costs where such s toppage is u n p l a n n e d , 
a l though on some jobs it is cheaper to stop work t h a n to a d o p t 
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all the precaut ions necessary to ensure the p rope r condit ions 
for cur ing the concrete . I n this coun t ry it is only on a b o u t 10 to 
12 days per year t ha t the t empera tu re actual ly falls below 
freezing. M a n y specifications for concrete call for the work to 
be s topped should the t e m p e r a t u r e fall below 35 to 40°F, b u t 
where necessary concre t ing can be carr ied ou t du r ing m u c h 
colder wea the r so long as the concrete is ma in t a ined above , 
say, 50°F, i.e. w a r m enough to ensure t ha t p rope r cur ing 
continues. 

At t empera tu res below 40°F concrete sets a n d ha rdens only 
slowly. At freezing t empera tu res new concrete m a y be dis­
rup t ed because such concrete has little s t rength a n d the g rowth 
of ice crystals breaks d o w n the gel s t ruc ture of the set cement . 
T h e concrete is weakened pe rmanen t ly , if not entirely b roken 
u p . For successful win te r concre t ing it is necessary to ensure 
t ha t the fresh concrete never freezes a n d secondly to ensure t ha t 
it cures proper ly , a t a t e m p e r a t u r e of above 50°F, for the first 
two or three days. I n countries where very cold wea the r is 
experienced all winter , t hen successful concret ing can be car r ied 
ou t by freezing the concrete immedia te ly it is deposi ted. I t is 
ma in t a ined in this state unt i l the spring when it is carefully 
thawed out a n d allowed to set a n d h a r d e n . This process has 
been used in Russia b u t it is significant tha t it is never used 
w h e n t empera tu res a l te rna te be tween freezing a n d thawing — 
a win te r condi t ion typical of this count ry . 

T h e ma in t enance of p rope r cur ing condit ions so tha t the 
concrete will a t t a in a d e q u a t e s t rength depends u p o n the mass 
of concrete a n d the m e t h o d of construct ion. T h e t e m p e r a t u r e 
of the concrete m a y be ma in t a ined ei ther by pu t t ing sufficient 
hea t in to the wa te r a n d aggregates, so tha t the concre te will 
conta in enough hea t to keep it above 50°F du r ing the first few 
hours unt i l the mass of concrete can genera te sufficient heat , by 
hydra t ion , to ma in t a in itself above this necessary t e m p e r a t u r e ; 
or al ternat ively, where the mass of concrete is small , as in 
reinforced concrete frame construct ion wi th concrete m e m b e r s 
less t h a n 12 in. thick, it m a y be necessary to pro tec t the 
concrete by insulat ion a n d at the same t ime supply hea t by 
coke stoves, hav ing first hea ted the wa te r a n d aggregates before 
mixing. 
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W h e n no precaut ions are taken, o ther t h a n covering u p the 
concrete at night , then concrete should not be mixed or p laced 
unt i l the air t e m p e r a t u r e is above 35°F a n d is still rising. If 
the t e m p e r a t u r e is not rising, or if it is falhng a n d is below 40°F, 
concrete should no t be mixed or p laced . W h e n concre t ing 
stops the work should be covered over wi th t a rpau l ins spread 
over ba t tens to preserve an air-space above the concrete , the 
sides of the t a r p a u h n s be ing held d o w n to p reven t cold winds 
blowing over the concrete surface. T h e coarse aggregates a n d 
sand in the stockpiles should also be covered over to ensure 
t ha t they are not frozen w h e n concre t ing is next s tar ted . 

R a p i d h a r d e n i n g Por t l and or cold wea the r cemen t (which is 
r ap id h a r d e n i n g Por t l and to which 2 pe r cent ca lc ium chlor ide 
has been added) is often used u n d e r these condi t ions as a safe­
g u a r d against frost d a m a g e or to ensure t ha t the shut ters can 
be struck on t ime, bu t because r ap id h a r d e n i n g or cold wea the r 
cement is used does not m e a n tha t the precaut ions out l ined 
here in can be a b a n d o n e d . H i g h a l u m i n a cement can also be 
used, b u t it has to be restricted to small masses to p reven t large 
t e m p e r a t u r e stresses a n d cracking. 

Use of additives 

Var ious addit ives m a y be used to accelerate sett ing a n d 
ha rden ing so long as the concrete is w a r m enough a t the s tar t 
a n d is sufficiently well insulated after p lac ing. I n very cold 
wea the r the usual dose of 1 to 2 per cent of ca lc ium chlor ide, 
or any o ther addi t ive , canno t take the place of p rope r hea t ing 
and cur ing. T h e purpose of using admix tures is to ensure t ha t 
the h a r d e n i n g of the concrete is accelerated so t h a t it gains the 
necessary s t rength before becoming cold. Th is can be done 
when the t empe ra tu r e is, say, 35 to 45°F, b u t w h e n the t em­
pe ra tu re is below 40°F a n d still falling r ehance must be p laced 
on p roper cur ing. Because of the misplaced confidence which 
m a y result from using addit ives it m a y be be t te r to b a n their 
use du r ing freezing wea ther . Addit ives canno t be used wi th 
high a lumina cement . 

Ai r -en t ra in ing agents are often prescr ibed for concre te 
subject to freezing. T h e use of a i r -en t ra in ing agents to pro tec t 
concrete against frost mus t not be confused wi th win te r 
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Heating the Concrete Materials 

T o ensure t ha t concrete has a sufficiently h igh t e m p e r a t u r e 
w h e n first p laced in cold wea the r (below 35°F) it m a y be neces­
sary to supply hea t to it by hea t ing ei ther the wa te r or the 
aggregates or bo th . T h e a im is to achieve a p laced concrete 
wi th a t e m p e r a t u r e of 50 to 60°F. Apprec iab ly h igher t empe ra ­
tures do not give a grea ter pro tec t ion from freezing because the 
hea t loss is more rap id . 

Heating the Water, Th i s is the simplest a n d cheapest way of 
a d d i n g hea t to the concrete mix. W h e n n ight frosts are likely 
or w h e n the day t e m p e r a t u r e is nea r freezing, then it is necessary 
to hea t the wate r to abou t 70 to 80°F. W h e n the t e m p e r a t u r e 
is colder wi th say 10 or 12° of frost it will be necessary to hea t 
the wate r u p to 160°F. Colder t empera tu res will requi re the 
hea t ing of the aggregates as well so as to ensure t ha t the p laced 
concrete has a t e m p e r a t u r e of not less t h a n 50°F. 

T h e wa te r m a y be hea ted separate ly by means of a calorifier 
using hot wa te r or s team. Alternat ively, it m a y be hea t ed by 
passing live s team th rough the wa te r tank, bu t care is necessary 
or the wate r m a y be overheated . T h e addi t ion of ho t wa te r 
above 80°F to a mix can cause a flash set, b u t wi th the t empe ra ­
tures r ecommended , if the cement is a d d e d last to the mixer 
then there is little danger . 

T h e methods adop ted depend entirely u p o n the size of the 

concret ing. T h e purpose of winter concre t ing precaut ions is 
to prevent green concrete of little s t rength be ing subject to 
d isrupt ion by freezing, a n d to provide the cur ing condit ions 
whereby the concrete can gain sufficient s t rength. T h e purpose 
of a i r -ent ra in ing agents is to p reven t fully m a t u r e d , p roper ly 
cured concrete from dis integrat ing u n d e r the repea ted a t tacks 
of freezing du r ing the life of the concrete , a l though they m a y 
also be used to increase the workab ih ty d u r i n g placing. 

I n cer ta in s tructures, for example road slabs, it m a y be t h a t 
if it is necessary to take precaut ions in winter for the p rope r 
construct ion of concrete then t ha t concrete will, d u r i n g its life, 
be subject to m a n y repeti t ions of winter condit ions and , 
therefore, should conta in an a i r -en t ra in ing agent . 
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j o b ; for example , using a 10/7 mixer a small domest ic or coke 
boiler m a y be all t h a t is necessary to supply sufficient hea t . 

Heating the Aggregates. Aggregates are frequently hea ted by 
s team which is passed t h rough the s torage bins by means of a 
perforated p ipe . Al ternat ively s team coils m a y be p laced in or 
u n d e r the stock piles a n d the s torage bins kept hea ted by hot -
wate r coils. O n small jobs sufficient aggregate for u rgen t work 
m a y be hea ted on i ron sheets over coke braziers . I t is difficult 
to hea t aggregates uniformly to a control led t e m p e r a t u r e , so 
t ha t where it is necessary to hea t t h e m any adjus tments necessary 
to achieve a concrete t e m p e r a t u r e of 50°F should be m a d e in 
the hea t ing water . 

I t is essential t ha t no frozen aggregates be inc luded in the 
mix, for r ehance canno t be p laced on the add i t ion of ho t wa te r 
to the mix to defrost the aggregates . A t the same t ime local 
overhea t ing of the aggregates mus t be avoided, as this could 
lead to a r ap id react ion w h e n in con tac t wi th the cemen t which 
would t end to destroy the m o r t a r b o n d . Unless large quant i t ies 
of hea t are necessary to compensa te for low work ing t empe ra ­
tures, the coarse aggregates should be w a r m e d only sufficiently 
to p reven t t h e m freezing. T h e sand m a y be hea ted to 90 to 
100°F wi thou t causing p r e m a t u r e h a r d e n i n g w h e n mixed wi th 
the cement , b u t in general the hea t ing of aggregates is expensive 
a n d is to be avoided where possible. 

Curing Environment 

H a v i n g p roduced concrete wi th a m i n i m u m t e m p e r a t u r e of 
50°F, the p rob lem is then to ensure a w a r m cur ing env i ronment . 
T h e precaut ions necessary a re d e p e n d e n t u p o n the wea the r , 
the mass of concrete a n d the type of construct ion. 

T h e most i m p o r t a n t wea the r e lement in win te r concre t ing 
is t empe ra tu r e , b u t the severity of a low t e m p e r a t u r e is grea t ly 
increased by the occurrence of h igh winds a t the same t ime . 
For example , a cold wind b lowing over concrete m a y reduce 
the t e m p e r a t u r e a t the surface, edges a n d corners to below 
freezing a n d so cause p e r m a n e n t d a m a g e . Besides t e m p e r a t u r e 
a n d wind speeds, r ad ia t ion losses a n d genera l t opog raphy have 
an effect on the ra te a t which concrete will cool down . A n 
excavat ion can become a frost hole, subject to severe n igh t 



218 C O N C R E T E P R O P E R T I E S A N D M A N U F A C T U R E 

frosts not easily cleared next day . All these factors affect the 
a m o u n t of hea t a n d insulat ion necessary to keep the concrete 
w a r m . 

Similarly the concrete mass a n d type of const ruct ion have an 
effect; a large mass of concrete m a y be w a r m e d sufficiently by 
the hea t of hydra t ion , whilst a medium-size block m a y need 
only the addi t ion of ca lc ium chloride to the mixing wa te r so 
as to speed u p the l iberat ion of the hea t of hydra t ion for the 
concrete to achieve sufficient s t rength la ter to wi ths tand 
freezing t empera tu res . 

Before any concrete is p laced the forms a n d reinforcement 
must be completely cleared of any snow or ice, a n d in very cold 
wea the r it m a y be necessary to w a r m t h e m by means of a 
s team je t . T h e cost of so doing m a y be too expensive on 
any th ing b u t a large j o b , a l though on very small jobs the forms 
m a y be cleared by swilhng out wi th boil ing water . W h e r e 
concrete is to be p laced on frozen g round , this mus t e i ther be 
removed or covered over wi th a b lanket of d ry gravel or clinker, to 
form an insulat ion be tween the concrete a n d the frozen g round . 

After p lacing it will be necessary to provide insulat ion a n d 
ext ra hea t to the concrete . T h e insulat ion can be ta rpaul ins 
spread over the surfaces of the concrete , b u t in very cold 
wea the r more e labora te precaut ions inc lud ing insulat ion 
board ing , s t raw boa rd ing or insulat ing quilts on ba t tens m a y 
be necessary. W o o d e n formwork provides some protec t ion , the 
va lue of which can be increased by covering wi th t a r p a u h n s or 
by forming an air space by tacking bui ld ing p a p e r over ba t t ens . 
Steel forms should be avoided as they readi ly conduc t hea t away 
from the concrete . T h e i r insulat ing effect m a y be increased by 
backing wi th several layers of old cement bags covered over 
wi th ta rpaul ins to keep t h e m dry . I n some cases, for example 
in concrete frame construct ion, the p rope r cur ing env i ronmen t 
can be achieved by hang ing hessian or ta rpaul ins to enclose the 
space in which the beams , columns or slabs are to be cast, a n d 
then w a r m i n g the inter ior by braziers or coke stoves. I n general , 
however , comple te enclosure of the construct ion work is too 
expensive, a n d braziers t end to increase the ra te of d ry ing of 
the concrete so t ha t extra care is necessary to ensure t ha t the 
concrete is kept d a m p . 
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Sa tu ra t ed s team from a coke-boiler m a y be used to hea t the 
enclosed space. I t provides an excellent b u t somewha t m o r e 
expensive a l ternat ive to coke stoves. T h e cur ing effect is 
superior because the concrete is kept w a r m a n d d a m p at the 
same t ime. T h e risk of fire is e l iminated a n d there is no d a n g e r 
of the concrete be ing dr ied ou t p rema tu re ly . 

W h e n s team cur ing is used it is usual ly necessary only in the 
first three days. Sufficient s team is r equ i red to hea t the concrete 
to 50°F. I t m a y be possible to l imit the use of s team to n igh t 
t ime. T h e a m o u n t of s team requ i red can be r educed by cur ing 
the different concrete masses individual ly by forming separa te 
cur ing chambers wi th ta rpaul ins . 
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QUALITY CONTROL 

I T m a y be a cliché b u t it is still t rue to say t h a t concrete is the 
only construct ion mate r ia l ac tual ly manufac tu red on the site. 
O t h e r mater ia ls are merely shaped to use in site work, b u t 
concrete is p roduced from basic mater ia ls , a n d considerat ion 
must therefore be given to control l ing the qual i ty . 

T h e r e are two advantages in control l ing qua l i ty ; it ensures 
t ha t the concrete is of the requ i red s t rength, a n d it results in 
uniform concrete , a n d uniform concre te is cheaper . T h e r e is 
no wastage because of poor mater ia ls , l abour costs do no t 
fluctuate widely owing to difficulties in p lacing, a n d the m a r g i n 
of s t rength requi red to take accoun t of var ia t ions in the final 
p roduc t is reduced so tha t there is economy in mate r ia l . 

Q p a h t y control does not m e a n the p roduc t ion of h igh-s t rength 
concrete of low workab ih ty ; it means efficient p roduc t ion wi th 
the qual i ty control led to achieve the desired proper t ies . T o 
p roduce concrete wi th a s t rength h igher t h a n necessary is 
wasteful of mater ia ls , a n d to p roduce concrete wi th wide 
var iat ions in workabi l i ty due to lack of p rope r control is 
wasteful of m a n p o w e r . 

Field control 
T h e control of qual i ty can be eflFected by control of the 

s t rength a n d the workabi l i ty , a l though qua l i ty control also 
involves the supervision of the mater ia ls used, their p ropor t ion­
ing, mixing a n d placing. Uni form concrete is achieved by a 
combina t ion of correct mix design wi th efficient p ropor t ion ing 
a n d mixing by the use of p rope r a n d correct me thods of p l ac ing ; 
in short , by good workmansh ip a n d efficient p l an t . T h e less 
efficient the p lan t used a n d the poorer the workmansh ip , the less 
uniform will be the concrete p roduced . 

221 
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M a n y of the best practices in mixing a n d plac ing concrete 
are described in this book. I t is in the appl ica t ion of this 
knowledge a n d in ensur ing good workmansh ip a n d p l an t 
ma in t a ined a t peak efficiency tha t var ious grades of control or 
supervision have to be recognized. 

T h e various grades of control are infinite, b u t can be roughly 
classified in to four m a i n g rades : excellent, good, fair a n d poor . 
Excellent control can be achieved by the work being supervised 
a n d control led by a resident concrete engineer wi th , if necessary, 
assistants specially t ra ined in concrete technology, together 
wi th a testing l abora to ry on site. T h e concrete engineer should 
control bo th the qual i ty a n d the ou tpu t , a n d wi th an efficient 
wel l - t ra ined m a n this will result in the m a x i m u m o u t p u t of the 
most uniform concrete . Good control can be achieved on a 
site on which an assistant engineer is resident, wi th per iodic 
visits from a concrete engineer . A simple l abora to ry sufficient 
to car ry ou t a few tests will also be necessary. Fa i r control can 
be achieved on smaller sites which are visited periodical ly by 
a concrete engineer wi th pe rhaps an assistant resident on site 
a t the beg inning of the j o b to he lp the foreman a n d ganger . 
W h e r e sites are not visited a n d have no assistance from an 
experienced concrete engineer, except pe rhaps w h e n t roubles 
occur, t hen the average degree of control mus t no t be expected 
to rise m u c h above poor . 

T h e reason for the various grades of control is the cost of a 
concrete engineer a n d assistants. T h e i r emp loymen t is often 
considered economic only where ei ther the chen t is will ing to 
p a y for the be t te r q u a h t y work or the con t rac tor is able to 
p roduce cheaper concrete . I n consequence, qua l i ty cont ro l 
becomes associated ei ther wi th large-scale p roduc t ion or the 
p roduc t ion of expensive work. T h e r ema inde r of concrete 
p roduc t ion tends to faU into the fair or poor category. 

W h e r e no a t t e m p t is m a d e to control q u a h t y then large 
var ia t ions in s t rength m a y occur, wi th m a n y results be ing m u c h 
h igher t h a n necessary a n d m a n y below the specified m i n i m u m . 
Genera l ly the s t rength for which the mix is p ropor t ioned is 
based on an assumpt ion t ha t only 1 per cent of the cubes tested 
will fall below the requi red m i n i m u m . I n pract ice this figure 
is seldom realized on sites where control is poor a n d little 
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a t t e m p t is m a d e to raise the design s t rength to keep wi th in this 
p ropor t ion — it would be uneconomic . T h e n u m b e r of failures 
m a y be h igh a n d yet not lead to excessive "difficulties" on the 
site. This m a y be due to an assumpt ion t ha t it is impossible to 
p roduce concrete wi th a n a r r o w r ange of va r i a t ion ; such 
concrete is not d e m a n d e d , therefore, a n d w h e n wide var ia t ions 
occur then they are accepted as inevi table . Th is a t t i tude is 
often l inked to the specifying of concrete by n o min a l mix 
propor t ions . 

O n the o ther h a n d the a im in concrete manufac tu re some­
times appears to be only the speedy p roduc t ion of concrete wi th 
the m i n i m u m of t rouble , wi thou t d u e a t ten t ion to the m a i n ­
tenance of uniform q u a h t y . Th is is often combined wi th a 
disinclination to change methods of p roduc t ion because of a 
fear of increasing the cost a n d because of ignorance of the 
va lue of qual i ty control . 

I t is still possible, however , to improve the q u a h t y of the 
concrete by a few simple expedients . O n e , over wh ich there 
has been m u c h discussion, is the correct use of l abour . I n 
concrete p roduc t ion there a re two i m p o r t a n t men , the mixer-
driver a n d the ganger . M a n y a rgumen t s have been a d v a n c e d 
for not m a k i n g ei ther a recognized concre t ing t r ade , b u t a 
well- t rained mixer-dr iver a n d ganger , led by a good foreman 
a n d advised by a concrete engineer , can t u r n fair control in to 
good control . 

T h e second essential for uniform concre te is uniform mater ia l s . 
T h e q u a h t y of cement is usually good a n d near ly always above 
the m i n i m u m requi rements of B.S.12, b u t from some works it 
can vary from t ime to t ime. I t requires careful a n d consistent 
testing to de te rmine any var ia t ions in qual i ty , so t ha t ht t le can 
be done on most sites. If, however , purchas ing is restr icted 
to one works the var ia t ions due to cemen t will be a b o u t half 
those which m a y occur if the cemen t is pu rchased from a 
n u m b e r of works. 

W h e r e more t h a n one works is avai lable to supply a site, 
then a s tudy should be m a d e of the qua l i ty of the var ious 
cements . If there is t ime a n d the j o b w a r r a n t s it i n d e p e n d e n t 
tests should be conduc ted over a per iod of some m o n t h s ; if not , 
then average results of s t anda rd m o r t a r cube tests can be 
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obta ined from each works. Occasional ly o ther factors m a y 
mer i t a t t en t ion ; for example , in a s i tuat ion where the concrete 
would be subject to shght su lphate a t tack, no t sufficient to 
w a r r a n t using sulphate resisting cement a t h igher cost, it would 
be advan tageous to choose a n o rd ina ry Por t l and cement wi th 
a low C3A ( t r i -calcium a lumína te ) content . 

Mos t suppliers p roduce aggregates wi th satisfactory propert ies 
because compet i t ion usually precludes the r eady sale of 
aggregates conta in ing deleterious mater ia ls . But the g rad ing 
of aggregates is, wi th some notab le exceptions, most er ra t ic . 
T h e supply of aggregates wi th a constant g rad ing depends 
almost entirely u p o n the supplier a n d the efficiency of his p l an t . 
Coarse aggregate is often ob ta ined in several sizes a n d re-
combined in the correct propert ies in ba tch ing . This ensures 
tha t the g rad ing of the coarse aggregate is sensibly the same 
for each mix, b u t even so var iat ions in gradings m a y occur 
because of the way in which the aggregates a re separa ted in to 
single sizes at the pit . I n any case the | to ^ in. mate r ia l a n d 
the sand g rad ing play a more i m p o r t a n t p a r t t h a n the coarse 
aggregate . Unfor tuna te ly few supphers are aware t h a t the 
supply of aggregates, par t icular ly sand, wi th a constant g rad ing 
leads to simple concrete control . 

If the cement /aggrega te ra t io is constant a n d the wate r / 
cement ra t io is ma in t a ined constant then the workabi l i ty will 
va ry directly wi th the var ia t ions in the aggregate g rad ing . 
Equal ly , if the aggregate g rad ing is ma in t a ined constant a n d 
the workab ih ty is kept the same, then the wa te r / cemen t ra t io 
will r ema in constant . 

T h e a m o u n t of wa te r to be a d d e d to a ba t ch of concrete to 
p roduce a requi red wa te r / cemen t ra t io depends u p o n the 
moisture content of the aggregates. This can va ry be tween 
successive lorry loads by 6 per cent for the sand a n d 2 per cent 
for the coarse aggregate , a n d for efficient control would requi re 
cont inual checking du r ing concre t ing ; bu t by the t ime the 
moisture content has been de te rmined , five to ten batches of 
concrete have been p roduced a n d condit ions have p robab ly 
changed . If the g rad ing of the aggregates is ma in t a ined con­
stant , however, then the control of the wa te r is simplified. T h e 
mixer-dr iver is t ra ined to recognize the workabiht ies requ i red 
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for the different mixes, a n d to a d d only sufficient wa te r to 
p roduce tha t workabih ty . A good mixer-dr iver can p roduce 
concrete wi th consistent workab ih ty , a n d such concrete m a d e 
from aggregates wi th a constant g rad ing will have a cons tant 
wa te r / cemen t ra t io . 

This m e t h o d of control leads to more uniform q u a h t y t h a n 
the m e t h o d of cont inual ly checking the mois ture conten t a n d 
adjusting the wa te r to give a cons tant wa te r / cemen t ra t io 
irrespective of the aggregate g rad ing . I t depends for its 
success u p o n the inspection of the concrete by the mixer-dr iver . 
T o assist a n d t ra in the mixer-dr iver a n d facihtate control of 
workabih ty , the au toma t i c compac t ing factor, the V B a p p a r a t u s 
and the s lump cone have all been used wi th some success. 

T h e r e are one or two snags even wi th this m e t h o d of control . 
H a v i n g t ra ined a mixer-dr iver to p roduce concrete of one 
workabih ty , it is sometimes difficult to pe rsuade h i m to p roduce 
concrete of a different workabi l i ty which m a y be necessary 
due to special condit ions. Secondly, no correct ion is m a d e for 
the difference in weight of the aggregate con ta in ing differing 
quant i t ies of water , b u t this er ror is small if a correct ion is 
m a d e for average condit ions, say 4 to 6 pe r cent mois ture in 
the sand a n d 2 to 4 per cent in the coarse aggregate . Th i rd ly , 
this m e t h o d of control is unsui ted to the p roduc t ion of a large 
n u m b e r of different wa te r / cemen t a n d aggrega te /cement ratios 
such as is c o m m o n in ready-mixed concrete p l an t s ; such p lants 
are usually specially equ ipped wi th b a t c h i n g mechanisms which 
can compensa te for the var ia t ion in mois ture in the aggregate . 

H a v i n g t ra ined the mixer-dr iver to p roduce concrete wi th 
consistent workabi l i ty it is essential t ha t he measure ou t the 
mater ia ls wi th the m a x i m u m accuracy . A p a r t from a u t o m a t i ­
cally control led cont inuous p lants which use vo lume propor ­
t ioning, all o ther plants should use weigh-ba tch ing . N o 
difhculties are experienced wi th large p lants wi th separa te 
weighing of the cement , b u t in most site p lants the cemen t is 
weighed in the same h o p p e r as the r e m a i n d e r of the aggregates . 
C e m e n t is a most difficult ma t e r i a l ; it flows steadily only w h e n 
agi ta ted wi th compressed air, it compac ts in the s torage silo 
a n d discharges in gushes. I n weighing ou t cemen t the mixer-
driver is usually unab le to adjust the weight of cemen t to a n 
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accuracy greater t h a n 20 lb, a n d in any case weigh-batchers 
on large mixers are not ca l ibra ted in less t h a n 20 lb mark ings . 
A well- t rained mixer-dr iver knows the dange r of no t a d d i n g 
enough cement , so t ha t if the weight of cement is jus t below 
tha t requi red then he adds a little more a n d since cemen t 
discharges at a ra te of a b o u t 1 cwt every 2 seconds this m a y 
result in using u p to 20 lb more cement per ba t ch . 

W h e n the cement is weighed in wi th the r ema inde r of the 
aggregates the errors are increased. T h e dampness from the 
aggregates causes cement to bui ld u p in the weighing h o p p e r 
a n d this leads to inaccuracy , b u t the m a i n errors arise because 
of the use of cumula t ive weighing. T h e cement is usually 
weighed after the coarse aggregate a n d before the sand. T h e 
dial gauge on the weigh-ba tcher is m a r k e d off wi th the 
requi red cumula t ive weights, a n d any er ror in the coarse 
aggregates is corrected in weighing out the cement . If the 
mixer-dr iver weighs out too m u c h aggregate he cuts d o w n to 
the correct total on the cemen t ; if on the o ther h a n d he does 
not weigh out enough aggregates then he makes u p on the 
cement . This helps to accen tua te a n d double the errors in 
wa te r / cement ra t io . 

Whereve r possible the cement should be weighed separate ly , 
for example in the h o p p e r provided wi th most po r t ab le silos. 
These opera te on the b e a m a n d jockey-weight pr inciple , a n d 
are qui te accura te . O n m a n y sites the cemen t is a d d e d by the 
b a g ; it has been ment ioned a l ready t ha t spht t ing a b a g produces 
large errors, b u t an even grea ter er ror occurs if the mixer-dr iver 
forgets to a d d a complete bag , as sometimes h a p p e n s ! 

T h e a d d i n g of the wa te r is difficult to control on most mixers 
because they are fitted wi th only one tank, whereas w h a t is 
requ i red is a large t ank to discharge most of the wa te r a n d a n 
aux ihary t ank from which to a d d small quant i t ies to p roduce 
the requi red workabi l i ty . T h e large t ank would then be set to 
discharge abou t 1 or 2 gal less t h a n the total requ i red , a n d be 
t imed to discharge du r ing the per iod w h e n the aggregates a n d 
cement were being charged in. T h e r e m a i n d e r of the wa te r 
would be a d d e d after the concrete h a d been mixing for a b o u t 
a minu te . Even so this m e t h o d of working is sui table only for 
positive mixers such as a p a n mixer . I n opera t ing non- t i l t ing 



Q ^ U A L I T Y C O N T R O L 227 

d r u m mixers the mixer-dr iver adjusts the mix by a d d i n g small 
amoun t s of wate r du r ing the whole mixing per iod. 

Electrical resistivity probes are avai lable which can be fixed 
into a mixer to indica te the mois ture conten t of the mater ia ls , 
bu t they need careful cahbra t ion wi th different sands a n d 
cements a n d for various aggrega te /cement ratios, a n d their use 
is not yet fully developed. 

Commencing Operations, O n a site where the foreman a n d 
ganger are bo th interested in a n d t ra ined to p roduce uniform 
concrete , the concrete engineer 's task is simphfied. M o r e 
normal ly , however , before concre t ing commences , a n u m b e r 
of things must be checked; for example , is the mixer level ? D o 
all the controls work? Does the wa te r - t ank fill p roper ly a n d 
discharge the correct q u a n t i t y ? T h e weigh-ba tcher should be 
checked for weighing accuracy wi th dead weights to its full 
capaci ty . T h e doors of wet hoppers a n d skips should be 
inspected to see tha t they open a n d close proper ly . 

If aggregate has a l ready been delivered it should be checked 
to ensure tha t it is the mate r ia l requi red , t ha t the r ight ma te r i a l 
has been ordered a n d delivered, a n d tha t the g rad ing corres­
ponds wi th t ha t on which the mix was p ropor t ioned . T h e 
average mois ture content of the aggregates should be deter­
mined a n d then abou t three or four trial ba tches should be 
m a d e a n d the workabi l i ty measured a n d demons t r a t ed to the 
mixer-driver . I t will be found tha t the workab ih ty of a large 
ba t ch is slightly be t ter t h a n tha t of a small tr ial mix, a n d these 
first ba tches enable sHght adjustments to be m a d e to the mix 
if necessary. 

T h e behav iour of these batches t h rough the various p lants — 
wet hopper , skip, ba r row, placer — should be noted , a n d the 
way in which the concrete responds should be observed a n d 
any difficulties i roned out . 

Cubes should be m a d e from concrete sampled a t different 
points, for example as discharged from the mixer , from the 
skip or ba r row, a n d as placed in the work. W h e n these cubes are 
tested they should be b roken open a n d inspected a n d any differ­
ences be tween t hem no ted ; for example , did the samples from 
the mixer p roduce differently g raded concrete because of the poor 
discharge characterist ics of, say, a non- t i l t ing d r u m mixe r? 
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Statistics and concrete quality 
Wheneve r in engineer ing a large n u m b e r of articles has to 

be p roduced wi th the same propert ies , it will be found con­
venient to de te rmine the uniformity wi th which these same 
propert ies are p roduced by a series of tests on samples. I n the 
simplest p rocedure every article is tested to ensure t ha t it 
conforms to the requi red s t andard , b u t this m a y be costly a n d 
sometimes impossible. I n such cases representat ive samples a re 
taken a n d tested a n d the q u a h t y of the whole j u d g e d from the 
results. 

Th is can be done wi th concrete . But if the whole of a mixed 
b a t c h of concrete is m a d e in to 6 in. cubes, the result of testing 
all the cubes would no t be a single value for the compressive 
s t reng th ; there would be a scat ter ing of the results abou t a 
m e a n value , the grea ter n u m b e r being concen t ra ted wi th in a 
r ange of pe rhaps ± 2 5 0 p.s.i. T h e a m o u n t of scat ter ing is, in 
itself, a measure of q u a h t y ; where the s a m p h n g of the concrete 
is not restricted to one b a t c h b u t is spread over a n u m b e r , t hen 
the scat ter a b o u t a m e a n va lue is grea ter a n d m a y be say ± 5 0 0 
p.s.i. depend ing u p o n a n u m b e r of factors. 

T h e var ia t ions which occur in compression test results, even 
w h e n testing all the concrete from one ba tch , a re not due to 
faulty workmansh ip b u t are inheren t in the m a k i n g a n d testing 
of concrete . T h e y m a y be due to an accumula t ion of h a p ­
h a z a r d events in the supply a n d use of the concrete aggregates , 
a n d in the ba tch ing , mixing a n d testing condit ions. T h e 
ma thema t i ca l principles of statistical analysis have been 
appl ied to concrete qual i ty control to assist in the in te rp re ta t ion 
of results. I t is first necessary to unde r s t and these principles 
before discussing whe the r a n d in w h a t c i rcumstances they can 
be appl ied profitably to concrete . 

Arithmetic Mean. T h e simplest concept is the m e a n or average 

W h e n all the e q u i p m e n t is working correctly a n d the 
requ i red qual i ty of concrete is be ing p roduced , then steps can 
be taken to ma in t a in t ha t q u a h t y by the use of simple statistical 
control . This is deal t wi th below. 
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value . If χ is the observed compression s t rength of a concre te 
cube a n d if there are jV cubes then 

the m e a n s t rength = χ 

where Σχ is the a r i thmet ica l add i t ion of all the compression 
strengths of the cubes. 

T h e m e a n value of a n u m b e r of results gives no ind ica t ion 
of the extent of var ia t ion of s t r eng th ; for example , the average 
s t rength of two cubes of s trengths 3000 a n d 4000 p.s.i. is the 
same as tha t of two cubes of s t rengths 2000 a n d 5000 p.s.i. b u t 
the var ia t ion in s t rength in the la t te r case is m u c h greater . 

T h e extent of the var ia t ion can be de t e rmined by re la t ing 
the indiv idual s trengths to the m e a n s t rength a n d de t e rmin ing 
the var ia t ion from the m e a n . Th is is described below. 

I t should no t be t hough t t h a t the average or m e a n s t rength 
is a cons tant va lue . I n the example suggested above of t u rn ing 
the whole of a b a t c h of concrete in to cubes, if the cubes were 
divided into two lots a n d then tested, the average for each lot 
would no t be the s a m e ; the averages would be of the same order , 
bu t would become ident ical only if the n u m b e r of cubes in 
each lot was very large. 

Normal Distribution, Statistical observat ions on concrete 
strengths are based on w h a t is t e rmed a n o r m a l d is t r ibut ion 
(see Fig. 5.1 which is ob ta ined by p lo t t ing on a h i s togram the 
results of a large n u m b e r of cube s t rengths from the same 
concre te ; Fig. 5.2 shows a typical h i s togram from results 
ob ta ined on an ac tua l j o b site). T h e results a re said to follow 
a no rma l dis t r ibut ion if they are equal ly spaced a b o u t the m e a n 
va lue a n d if the largest n u m b e r of cubes have a s t rength close 
to the m e a n value , the n u m b e r falling off as the results a re 
m u c h grea ter or less t h a n the m e a n va lue . F r o m Fig. 5.2, it 
migh t be considered to be doubtful whe the r ac tua l results lie 
wi th in a no rma l dis t r ibut ion curve , b u t for the purpose of 
statistical analysis they are considered to do so. 

T h e difference be tween the largest a n d smallest va lue in the 
results is obviously the r a n g e ; for example , if the m e a n va lue of 
20 cube results is 3500 p.s.i. a n d the lowest is 2000 p.s.i . a n d 
the highest 4000 p.s.i. the range is 2000 p.s.i. 
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This applies when the value of η is very large a n d there is no 
error due to using a small n u m b e r of test results. W h e n the 
n u m b e r of test results is small this formula tends to unde r ­
est imate the t rue value of the s t a n d a r d devia t ion. T h e s t a n d a r d 
deviat ions of concrete test results are usually ca lcula ted from 
the m e a n of a small n u m b e r of tests. I f the n u m b e r of results 
was large then the t rue m e a n would be a slightly different 
v a l u e ; it follows, therefore, t h a t the sum of the squares of the 
deviat ion {x — x^ ca lcula ted a b o u t the average for a small 
n u m b e r of results given by ¿"jv/jVmust be less t h a n the devia t ion 
calcula ted a b o u t the t rue m e a n Exjn where η is very large. 

I t can be shown tha t a correct ion JV/(jV — 1), k n o w n as 
Bessel's correct ion, mus t be appl ied to the s t anda rd devia t ion 
from the formula -^\_Σ[χ — xYjri] w h e n the va lue of η is small . 

If there were 200 results the chances of a very low result or 
a very high one occurr ing would be correspondingly increased ; 
wi th 200 cube results the lowest migh t be 1000 p.s.i. a n d the 
highest migh t be 5000 p.s.i. so t ha t the r ange then becomes 
4000 p.s.i. This does no t m e a n t h a t the concrete qua l i ty has 
de ter iora ted , b u t merely t ha t the more cubes one makes a n d 
tests, all o ther things being equal , the grea ter is the hkel ihood 
of a " f reak" high or low result. O n the o the r h a n d it is only 
w h e n large n u m b e r s of cubes are tested t h a t statistics can be 
appl ied to the results. 

Standard Deviation. If it is assumed t ha t freak results will 
occur, then some cri terion o ther t h a n the r ange mus t be used 
as a check on the concrete q u a h t y . T h e more closely the cube 
results are g rouped abou t the m e a n then the nea re r does every 
cube correspond to the average value , A measure of this 
closeness of g roup ing m a y be used as a measure of the concrete 
q u a h t y . 

T h e g roup ing m a y be de t e rmined by the s t a n d a r d deviat ion, 
which is a measure of the n u m b e r of results which are closely 
g rouped a b o u t the m e a n . T h e t rue s t a n d a r d devia t ion is given 
by the equa t ion 
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-J 

Μ " jV - 1 

Μ - 1 

where S = s t anda rd deviat ion 
X = ind iv idual cube s t rength 

Σχ 

X = m e a n s t rength of JV cubes = -j^ 

T h e t e r m - or — ^ 7 — — 

is the var iance . I n the assessment or control of concrete qua l i ty 
it is not m u c h used. 

If the s t anda rd devia t ion for a series of results is known, it 
is possible to calculate w h a t percen tage of the results will lie 
wi th in a given range . T h u s if the m e a n s t rength is 3500 p.s.i . 
a n d the s t anda rd deviat ion is say 500 p.s.i. t hen wi th in a r ange 
of 1000 p.s.i. abou t the m e a n (i.e. be tween 3000 a n d 4000 p.s.i.) 
there will lie abou t 68 per cent of all the results. Similarly, 
wi th in a r ange of 2000 p.s.i. will lie 95 per cent of the resul ts ; 
this figure of 95 per cent corresponds to a b o u t twice the s t a n d a r d 
devia t ion ; o ther figures a re given below. 

Percentage of results P robab ih ty factor 
wi th in the r ange 

38 0-5 
68 1 -00 
87 1 -50 
95 1-96 
98 2-33 
99-7 3-0 

I t is often assumed t ha t the results of a series of tests will be 
satisfactory if one result in a h u n d r e d fails or falls below the 
requi red m i n i m u m so tha t 98 per cent of the results will be 

i.e. equa l to jV, so t ha t the es t imated s t anda rd devia t ion is 
de te rmined from the formula 
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EXAMPLE OF CALCULATION OF STANDARD DEVIATION 
RESULTS OF TESTS ON 4 5 CONCRETE CUBES 

MADE FROM A NUMBER OF BATCHES OF CONCRETE 

{See also Fig. 5 . 2 ) 

Compressive Compressive 
Strength Strength 

2 8 days, p.s.i. 2 8 days, p.s.i. 

w {x-x) {X - χγ w {x^'x) [x-^xY 

4 1 3 0 3 0 0 9 0 , 0 0 0 4 7 1 0 2 8 0 7 8 , 4 0 0 
4 7 4 0 3 1 0 9 6 , 1 0 0 4 8 1 0 3 8 0 144 ,400 
4 4 1 0 2 0 4 0 0 5 1 8 0 7 5 0 5 6 2 , 5 0 0 
4 4 1 0 2 0 4 0 0 5 1 9 0 7 6 0 5 7 7 , 6 0 0 
2 8 6 0 1570 2 , 4 6 4 , 9 0 0 4 2 5 0 180 3 2 , 4 0 0 
3 4 5 0 9 8 0 9 6 0 , 4 0 0 4 2 1 0 2 2 0 4 8 , 4 0 0 
3 6 6 0 7 7 0 5 9 2 , 9 0 0 4 3 5 0 8 0 6 , 4 0 0 
3 8 8 0 5 5 0 3 0 2 , 5 0 0 4 1 7 0 2 6 0 6 7 , 6 0 0 
4 1 7 0 2 6 0 6 7 , 6 0 0 4 4 1 0 2 0 4 0 0 
5 1 0 0 6 7 0 4 4 8 , 9 0 0 4 4 6 0 3 0 9 0 0 
3 7 9 0 6 4 0 4 0 9 , 6 0 0 4 5 5 0 120 14 ,400 
3 9 0 0 5 3 0 2 8 0 , 9 0 0 4 4 8 0 5 0 2 , 5 0 0 
6 2 6 0 1830 3 , 3 4 8 , 9 0 0 4 7 2 0 2 9 0 8 4 , 1 0 0 
5 7 1 0 1280 1 ,638,400 4 7 9 0 3 6 0 129 ,600 
5 5 1 0 1080 1 ,166,400 4 7 1 0 2 8 0 7 8 , 4 0 0 
3 8 4 0 5 9 0 3 4 8 , 1 0 0 4 5 5 0 120 1 4 , 4 0 0 
3 9 7 0 4 6 0 2 1 1 , 6 0 0 4 3 6 0 7 0 4 , 9 0 0 
4 0 2 0 4 1 0 168 ,100 4 0 8 0 3 5 0 122 ,500 
4 5 8 0 150 2 2 , 5 0 0 4 0 9 0 3 4 0 115 ,600 
4 4 5 0 2 0 4 0 0 4 2 9 0 140 19 ,600 
5 3 1 0 8 8 0 7 7 4 , 4 0 0 4 0 9 0 3 4 0 1 1 5 , 6 0 0 
4 3 1 0 120 14 ,400 4 0 9 0 3 4 0 1 1 5 , 6 0 0 
4 2 9 0 140 19 ,600 

Σχ^ 199,290 

jV = 45 

Σχ 

x=-y = 4430 p.s.i . 

S t a n d a r d Devia t ion S = 

Σ{χ - x ) 2 = 15,763,600 

Σ{χ - χ ) 2 

jV - 1 
= 358,263 

JV _ 1 = 598 p.s.i . 

large then S = 

Coefficient of Va r i a t i on V = 

N O T E : If JV= 4 5 is considered to be 
'Σ{χ - ϊ ) 2 

100 5 

= 5 9 1 

= 13-3 (per cent) 
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within the r ange (if one resultáis too low one mus t be too h i g h ) ; 
a figure of 2 -33 S is often used, therefore, it be ing assumed t h a t 
in every h u n d r e d cubes one will have a s t rength lower t h a n 

the m e a n s t rength - 2 - 3 3 X S 
a n d one cube will have a s t rength h igher t h a n 

the m e a n s t rength + 2-33 X .S 
If the m i n i m u m s t rength is r equ i red to be 3000 p.s.i . a n d a 

s t anda rd devia t ion of 600 p.s.i . is assumed, t hen the m e a n 
s t rength mus t be 

3000 + 2-33 X 600 = 4398 p.s.i . 
so t ha t the concrete would be designed for 4400 p.s.i . a n d 1 pe r 
cent of the cubes tested would be expected to have a s t rength 
less t h a n 3000 p.s.i . 

Coefficient of Variation. Ins tead of using the s t anda rd devia t ion 
to denote the way in which the results are closely (or widely) 
spaced a b o u t the m e a n value , it is possible to represent the fact 
by a coefficient which is ca lcula ted as a percen tage of the m e a n 
s t rength. This figure is called the coefficient of var ia t ion V. 

X 

ν Σχ2 — Jsfx^ 

— — Ϊ — 

Σχ 
X = m e a n s t rength of Ν cubes = 

X = ind iv idua l cube s t rength 

If the s t anda rd devia t ion is 500 p.s.i . a n d the m e a n s t rength 
3000 p.s.i. the coefficient of var ia t ion = 16-6. 

T h e use of ei ther the s t anda rd deviat ion or the coefficient of 
var ia t ion is based on the following a r g u m e n t . If control was 
perfect so t ha t the mater ia ls , mixing a n d sampl ing were all 
uniform, then every result would be the same a n d would 
correspond to the m e a n va lue . I t is impossible for things to be 
perfect, b u t the more uniform they are the closer will the 
results correspond to the m e a n va lue a n d hence the lower will 
be the va lue of the s t anda rd deviat ion. 

I t follows t h a t if the same degree of control is exercised on 
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concrete wi th a m e a n s t rength of 2000 p.s.i. the s t a n d a r d 
deviat ion will be the same as for concre te wi th m e a n s t rength 
of 6000 p.s.i. , therefore the concrete qua l i ty can be j u d g e d b y 
the s t a n d a r d devia t ion. I n fact, however , site exper ience shows 
t ha t it is more difficult to achieve consistent results wi th h igh-
s t rength concretes, a n d the s t a n d a r d devia t ion is g rea te r t h a n 
for concretes of m e d i u m or low s t rength . 

I t has been suggested tha t the s t a n d a r d devia t ion is p ropor ­
t ional to the va lue of the m e a n s t r eng th ; in o ther words t h a t 

s t anda rd devia t ion 
: -r— = cons tan t 

m e a n s t rength 
This , of course, is the coefficient of var ia t ion . W i t h a cons tant 
coefficient of var ia t ion the s t a n d a r d devia t ion increases wi th 
s t rength a n d is larger for h igh-s t rength concrete . 

N o w nei ther of these theories works in pract ice , for they do 
no t take accoun t of h u m a n n a t u r e ; o n the site, h igh-s t rength 
concrete receives special t r e a t m e n t mere ly because everyone is 
impressed wi th the fact t h a t it is h igh-s t rength concre te ; 
concrete wi th a s t rength of 3000 p.s.i . is too c o m m o n to receive 
very m u c h thought , while on the o the r h a n d low-st rength 
concrete receives a t t en t ion to ensure t h a t it is p laced wi th the 
m a x i m u m speed — it is often mass concrete , a n d the most 
i m p o r t a n t aspect is p roduc t ion . 

These factors a re p a r t of concre te m a k i n g a n d canno t be 
overlooked, yet they seldom receive considerat ion. T h e r e is 
some a r g u m e n t as to whe the r the s t a n d a r d devia t ion o r the 
coefficient of var ia t ion is the correct test to apply . T h a t in fact 
there is a r g u m e n t indicates t h a t the answer is complex, a n d 
whilst i t will eventual ly be resolved by m o r e site d a t a , a t 
present a compromise is used. 

O n the basis of his experience M u r d o c k has suggested t h a t 
the s t anda rd devia t ion be used u p to s t rengths of 3000 p.s.i . 
a n d the coefficient of va r ia t ion be used for s t rengths above this 
figure. I t is now suggested, however , t h a t the figure of 3000 
p.s.i . is too low, because the s t a n d a r d devia t ion appea r s to be 
cons tant u p to a b o u t 4000 p.s.i . a n d increases above this. I n 
the design of mixes for s t rengths u p to a b o u t 4000 p.s.i . the 
s t a n d a r d devia t ion should be assumed to be constant , a n d for 
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S t r e n g t h s above this a cons tant coefficient of va r ia t ion should 
be assumed. 

I n the appl ica t ion of statistical control to the qua l i ty of 
conc re te it should be no ted t ha t a statistical analysis c anno t be 
appl ied to only half a dozen cube results, for it is based on 
r a n d o m sampl ing a n d r a n d o m d a t a of a large n u m b e r of 
samples . 

T h e var ia t ions in s t rength m a y be caused by some or all of 
the following factors: 

(1) P ropor t ion ing of the mater ia ls 
(2) w a t e r / c e m e n t ra t io 
(3) qua l i ty of the mater ia ls 
(4) efficiency of mix ing 
(5) age a n d cur ing of the concrete 
(6) inefficient sampl ing of the concrete 
(7) errors in m a k i n g a n d testing the concrete . 
Some of these factors have a l ready been discussed a n d 

commen t s m a d e on the difficulties which occur in p ropor t ion ing 
mater ia l s . If, for example , cubes a re m a d e always from the 
first ba r row- load of the mix, by the same m a n in the same 
m a n n e r a n d tested in the same labora tory , t hen the s t a n d a r d 
deviat ion will be less t h a n if r a n d o m samples are ob t a ined a n d 
tested in different laborator ies . T h e first essential, therefore, 
is to e l iminate var ia t ions d u e only to the manufac tu re of cubes 
a n d the testing technique . But even so, if the n u m b e r of cubes 
for any one mix is less t h a n say 100, too m u c h t ime need no t 
be spent on statistical analysis. T h e s t a n d a r d devia t ion will 
be useful as a check b u t it m a y easily be con t rad ic ted on 
ano the r j o b . O n the o ther h a n d , a t t empts should be m a d e 
wherever possible to collect d a t a a n d to de te rmine s t a n d a r d 
deviat ions a n d coefficients of var ia t ion for different condi t ions, 
for we still know very little a b o u t the m a t t e r ; for example , it is 
no t yet possible to say whe the r the assumpt ion of n o r m a l 
d is t r ibut ion for cube test results is justified. 

Concre te test cubes are r ega rded as the chief measure of 
concrete qual i ty , b u t results p lo t ted on a h i s togram often show 
m a r k e d skewness. F r o m the publ ished results so far avai lable 
it is impossible to decide whe the r this skewness is d u e to the 
peculari t ies of the ind iv idua l j obs from which the results were 
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obta ined , or whe the r it is a character is t ic of cube s t rength such 
as to w a r r a n t a re-appra isa l of the e r ror in assuming a n o r m a l 
dis t r ibut ion. I n any case tests can be m a d e only on a small 
a m o u n t of the concrete p roduced a n d so can serve mere ly as a 
guide . I n addi t ion , the results are not a measure of the qua l i ty 
of the concrete in the const ruct ional work b u t a re a measure of 
the potent ia l s t rength of the concrete a t the place where it was 
sampled . I n a d e q u a t e compac t ion a n d incomple te cur ing a n d 
hydra t ion of the cement will result in only a por t ion of the 
potent ia l be ing realized. 

I t appears from the results of u l t rasonic tests on in situ 
concrete — w h e n lower results are often measu red in w h a t is 
considered satisfactory concrete — t h a t the whole of t he 
potent ia l s t rength of concrete is se ldom a t ta ined . 

T h e compressive s t rength is sensitive to wa t e r / cemen t ra t io , 
a n d since the p ropor t ion ing of b o t h the cemen t a n d the wa te r 
are the most difficult t hen the compressive s t rength is a sui table 
test cri terion for qual i ty con t ro l ; i.e., it is no t the absolute 
va lue of the compressive s t rength which is a measure of qua l i ty , 
b u t the relative value , the d is t r ibut ion of the results a b o u t the 
requi red m e a n . 

T h e effectiveness of testing concrete cubes to assess the 
qual i ty depends u p o n the fineness wi th which they can be used 
to discr iminate be tween acceptable a n d unaccep tab l e concre te ; 
to he lp to achieve satisfactory d iscr iminat ion a statistical 
a p p r o a c h to the p rob l em is of va lue . 

Values of s t anda rd deviat ions or coefficients of va r ia t ion 
canno t be followed too slavishly, however , as the following 
examples show. 

Guesses of Cont ro l 
coefficients of var ia t ion 

by S tan ton Wa lke r 
5 per cent A t t a inab le only in well 

control led l abora to ry tests 
10 per cent Excellent , a p p r o a c h i n g 

l abora to ry precision 
15 per cent G o o d 
20 per cent Fa i r minus 
25 per cent Bad 
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S t a n d a r d deviat ions given Cont ro l 
by H i m s w o r t h 
400 p.s.i. Excellent 
500 p.s.i . V e r y good 
600 p.s.i. Good 
800 p.s.i. Fa i r 

1000 p.s.i. Poor 
1200 p.s.i. Uncont ro l l ed 

Assume tha t the m i n i m u m requ i red s t rength below which 1 per 
cent of the cubes will fail is as shown in the tab le below. T h e 
table gives the m e a n s t rength requ i red to achieve this m i n i m u m 
st rength for three s tandards of control based on b o t h the 
coefficient of var ia t ion m e t h o d a n d the s t anda rd devia t ion 
m e t h o d . 

Compressive strength (p.s.i.) 
Control Minimum Strength 2000 4000 6000 

Excellent Mean strength: 
Coefficient of variation 5% 2230 4460 6700 
Standard deviation 400 p.s.i. 2930 4930 6930 

Good Mean Strength: 
Coefficient of variation 15% 2700 5400 8100 
Standard deviation 600 p.s.i. 3400 5400 7400 

Fair Mean strength: 
Coefficient of variation 18% 2840 5680 8520 
Standard deviation 800 p.s.i. 3860 5860 7860 

T h e purpose of this compar i son is no t to critize adversely 
the values of ei ther the coefficient of var ia t ion or s t a n d a r d 
deviat ion suggested by S tan ton Walke r or H imswor th , b u t to 
show the inheren t difficulties in the appl ica t ion of statistics to 
concrete mix design. T h e difficulties are so grea t in fact t h a t 
ma themat i c s of app ly ing statistics to mix design can be avoided 
b y m a k i n g a good ' 'guess-es t imate" of the answer based on 
experience a n d inspired guesswork. 

Statist ical analysis can , however , be used to good purpose in 
showing whe the r the qual i ty of the concrete is be ing m a i n t a i n e d 
or whe the r it is falhng off. T h e m e t h o d is sui table only for 
large jobs or jobs of long dura t ion . I t is first essential for the 
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engineer to de te rmine whe the r the mater ia ls , mixing, p lac ing 
a n d sampl ing of the concrete a re satisfactory. Th i s mus t be done 
by visual inspect ion a n d invest igat ion by a n engineer exper ienced 
in the manufac tu re a n d use of concrete . T h e results from a 
relatively large n u m b e r of tests car r ied ou t w h e n the work is 
j u d g e d to be proceeding efficiently will t hen enable the 
s t anda rd deviat ion or coefficient of var ia t ion to be de te rmined . 

T h e average strengths a n d the s t a n d a r d devia t ion or co­
efficient of var ia t ion are calcula ted from a n u m b e r of samples 
for each mix a n d for each mixer from the formulae a l r eady 
given. T h e n u m b e r of samples tested to de te rmine these ini t ial 
values for each mix a n d for the var ious mixers in use should 
be l a rge ; not less t h a n 25 is sui table, a l though six is often used 
a n d is the m i n i m u m n u m b e r (jV) which is of any va lue . H a v i n g 
established basic values of s t a n d a r d devia t ion or coefficient of 
var ia t ion for the site, t hen cube test results c a n be used as they 
come to h a n d to de te rmine the t r end of the s t anda rd devia t ion 
or coefficient of var ia t ion . T h e cube test results ob ta ined a t 
7 a n d 28 days are , in fact, useless by themselves. T h e y have 
to be corre la ted wi th inspect ion a n d control observat ions 
du r ing n o r m a l ba tch ing . I t is t rue t h a t the failure of a cube 
to reach the requ i red m i n i m u m acts as the " u l t i m a t e de t e r r en t " , 
b u t once a requ i red s t a n d a r d has been achieved the object of 
the cube test is to p revent any de ter iora t ion . 

T h e s t anda rd deviat ion for each b a t c h of cubes tested is 
p lot ted on a t ime basis a n d any general t r end de t e rmined by 
inspection. I n this day- to-day control a ' ' b a t c h " m a y be as 
low as 2 a n d the results still be of va lue . 

This m e t h o d of control m a y be refined a n d ex tended where 
justifiable to inc lude the de t e rmina t ion of the diflferent s t anda rd 
deviat ions for the var ious opera t ions such as ba tch ing , mix ing 
a n d cur ing, a n d sampl ing a n d testing. Such refined analysis 
is requi red only on larger jobs a n d even t hen its va lue in 
p romot ing more uniform a n d cheaper concrete is open to 
doub t , a l though it can be a rgued t ha t if the factors causing 
var ia t ion are identified a n d their relat ive i m p o r t a n c e es t imated, 
an improvemen t in control a n d inspect ion can be achieved. I n 
fact it m a y well be t ha t a t rue apprec ia t ion of the most va r i ab le , 
factors in concrete manufac tu re will be achieved only if the 
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Method A 
Method Β 

Required minimum 
strength 

Improved quality resulting in 
reduced stondord deviation 

Mean strength = design strength 

' Higher design strength 
required for method Β 

Allowable percentage 
of cubes which may be 
below minimum strength 
usually 1 % ~^ 

Meon strength = average strength 
but too many cubes below 
minimi 

" Will meet specification ' 
but design strength 
high due to high 
standard deviation 

Compression strength 

Fig. 5.3. Two methods of achieving required minimum strength. 

A n example of the two methods of achieving the m i n i m u m 
st rength is shown in Fig. 5.3, in terms of s t anda rd devia t ion 
a n d design s t rength. W h e r e the qual i ty control is unsatisfactory 
more cubes t h a n is permissible will fall below the requ i red 
m i n i m u m . This m a y be overcome by increasing the design 
s t rength , which has the effect in Fig. 5.3 of shifting the dis t r ibu­
t ion curve to the r ight ( M e t h o d B). Increas ing the design 
s t rength is achieved by using a lower wa te r / cemen t r a t i o ; to 
m a i n t a i n the same workabi l i ty the concrete must t hen be m a d e 

coefficient of var ia t ion or s t anda rd deviat ion for the cement , 
the ba tch ing , mixing, s a m p h n g a n d testing are ah de t e rmined 
separately a n d not , as at present , as one overall coefficient or 
s t anda rd deviat ion. 

W h e n the s t anda rd deviat ion is known separate ly for each 
opera t ion then the overall s t anda rd deviat ion is the square 
root of the sum of the square of the deviat ions for each cause. 
T h u s if 5i , 6*2 a n d ^3 a re the s t anda rd deviat ions for cemen t 
var ia t ion, mixing a n d testing, then the overall s t a n d a r d 
deviat ion is 

S = V(S,^ + S^^ + Ss^) 
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r icher a n d more expensive. If the qua l i ty is improved , however 
(Me thod A) , the s t anda rd devia t ion is r educed a n d the min i ­
m u m st rength is achieved. I m p r o v e d qua l i ty often results 
merely from a t ightening u p of site efficiency a n d this c a n lead 
to a n increased product iv i ty a n d a saving in cost. 
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C H A P T E R 6 

RESISTANCE OF CONCRETE 

TO DETERIORATION 

I N general , concrete m a d e from sui table mater ia ls p roper ly 
p laced a n d compac ted has a h igh resistance to de ter iora t ion , 
b u t w h e n bad ly m a d e or p roduced from unsui tab le mater ia ls it 
deter iorates rapid ly . Wel l -made concrete often survives in a 
bet ter condi t ion t h a n migh t otherwise be expected s imply 
because of its impermeab i l i ty a n d its abil i ty to wi ths tand the 
ent ry of corrosive mater ia ls . T h e less the surplus voids the 
grea ter is the resistance to de ter iora t ion . T h e surplus voids a re 
those due to incomple te compac t ion or to the use of too m u c h 
mixing water , in contras t to the m i n u t e air bubbles resul t ing 
from control led a i r en t r a inmen t . Air e n t r a i n m e n t increases 
the resistance to deter iora t ion, b u t the bubbles p roduced are 
very different from the voids d u e to incomple te compac t ion . 

T h e first essential, therefore, for concre te to resist corrosion, 
is t ha t it should be well m a d e a n d thorough ly compac ted . I t 
should have a low permeabi l i ty a n d wa te r absorp t ion a n d 
(apar t from a i r -en t ra ined concrete) it should have a h igh 
density. T h e m o r e comple te the compac t i on a n d the lower 
the wa te r / cemen t ra t io , the grea te r will be the resistance to 
a t tack . 

Deter iora t ion m a y be caused by in te rna l or ex terna l causes. 
T h e in te rna l causes a re unsoundness of the cement , poor 
q u a h t y of the aggregates, corrosion of the steel re inforcement 
or a n adverse chemica l react ion be tween cemen t a n d aggregates . 
T h e resistance of concrete to in te rna l d is rupt ion does no t 
depend direct ly u p o n the cement , b u t concrete m a d e wi th 
sulphate-resist ing, super-sulphated , blastfurnace or h igh 
a l u m i n a cements has a h igher resistance to a t t ack by sulphates 
in sea wa te r t h a n concrete m a d e wi th o rd ina ry Po r t l and cement . 

243 
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Externa l causes of de ter iora t ion are adverse react ions 
be tween cement a n d various chemicals ; for example , o rd ina ry 
Por t l and cement concrete is a t tacked by organic acids present 
in bot t l ing a n d cann ing factories. I t is also a t t acked by sea 
water , su lpha te -bear ing g round waters , a n d frost. I n addi t ion , 
r oa d slabs, pavings a n d wate rways m a y suffer from abras ion 
or erosion. 

Corrosion of reinforcement 
I n reinforced a n d prestressed work the concrete has a dua l 

function. I t has to wi ths tand the compressive a n d shear forces 
in the s t ruc tura l m e m b e r a n d also to pro tec t the steel from 
corrosion. Corrosion, in reinforced concrete , causes spall ing 
a n d is a major cause of deter iora t ion, b u t in prestressed concrete 
i t is more serious because it m a y lead to the failure of a 
s t ruc tura l m e m b e r . 

T h e protec t ion of the steel depends u p o n the qual i ty of the 
concrete a n d the a m o u n t of concrete cover. I t can be shown 
t h a t the ra te of corrosion is p ropor t iona l to the a m o u n t of 
cover, which in n o r m a l f rame-construct ion m a y be | in . b u t 
in indust r ia l areas should be increased to 1 in. Reinforced 
concrete in sea wa te r should have a m i n i m u m cover of 2 in. , 
a n d 3 in. is bet ter . 

Steel e m b e d d e d in freshly m a d e concrete is su r rounded by 
a n alkaline layer wi th a p H of a b o u t 11. T h e corrosion of steel 
a t o rd ina ry t empera tu res is a n electrochemical process a n d 
depends u p o n differences in electro-potent ial . A t a p H of 11 
the electro-potent ial a n d the ra te of corrosion is very small a n d 
to all in tents a n d purposes the steel does no t corrode . 

W i t h the passage of t ime the concrete is p e r m e a t e d by mois ture-
car ry ing ca rbon dioxide. T h e ca rbon dioxide converts the free 
h m e in the presence of mois ture to ca lc ium ca rbona te , a n d this 
leads to a g r adua l decrease in the p H to values as low as 9. 
T h e electro-potent ial increases a n d corrosion takes p lace . I n 
wa te r the pene t ra t ion of the concrete by sodium a n d m a g n e s i u m 
chlorides a n d o ther soluble salts also reduces the pro tec t ion of 
the steel result ing from the alkalini ty of the concrete . Sea 
wa te r acts as a n electrolyte a n d facilitates the e s t abhshment of 
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anodic a n d ca thodic areas in the steel a t distances which m a y 
be some feet a p a r t ; corrosion starts a t the anod ic areas . 
Sulphates in sea wa te r react wi th the free l ime a n d this helps 
to lower the p H . 

T h e corrosion p roduc t formed by the expansion of the i ron to 
i ron oxide, cracks the concrete . T h e cracks so formed assist in 
the corrosion process since they al low wa te r to pene t r a t e the 
concrete more easily, p romote the ca rbona t ion of any r ema in ing 
free l ime a n d supply oxygen to assist the rus t ing of the steel. 
Eventual ly lumps of concrete spall off, the e lectro-potent ia l 
be tween the exposed a n d the e m b e d d e d steel is increased a n d 
corrosion spreads a long the bars . 

Concre te is thus subject to dis integrat ion by the corrosion of 
e m b e d d e d steel wherever condit ions favour the ca rbona t ion of 
the free l ime, the format ion of cracks in concrete a n d the 
pene t ra t ion of wate r -ca r ry ing soluble salts. T h e worst s i tuat ions 
are exposed surfaces in heavy indust r ia l p lants wi th a h igh 
ca rbon dioxide content in the a tmosphere , surfaces exposed to 
salt a n d sea spray or e m b e d d e d in sea wa te r a n d subject to 
t idal a n d wave action, a n d finally exposed surfaces subject to 
freezing a n d thawing . 

T h e r e is some evidence tha t a h igh percen tage of soluble 
salts in concrete , such as would lead to efflorescence, facilitates 
corrosion whenever such concrete is subject to d a m p condi t ions. 
As the mois ture pene t ra tes the concrete the salts dissolve, 
yielding a low p H at a h igh salt concent ra t ion . This s tate of 
affairs m a y result from using sea wa te r for mix ing the concre te 
or using sea-shore sand as fine aggregate . T h e richness a n d 
denseness of concrete which results in low absorp t ion a n d 
permeabi l i ty re tards the effect a n d it m a y no t be i m p o r t a n t 
for such concretes, b u t for reinforced concrete in m a r i n e 
s tructures it is be t te r to avoid mater ia ls which result in a h igh 
content of soluble salts in the concrete . 

Crack ing of reinforced concre te i nduced by shr inkage usual ly 
occurs at a b r u p t changes of section or of re inforcement . I t is 
a t such sections t ha t future corrosion of the steel c a n be 
expected. Corrosion is more r ap id w h e n the cover is small and , 
therefore, relatively th in s t ruc tura l m e m b e r s suflfer most . I n 
addi t ion , the ra te of corrosion increases wi th a n increase in the 
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permeabi l i ty of the concrete . W e t mixes, incomple te c o m p a c ­
tion, poorly m a d e construct ion jo in ts a n d insufficient cur ing , 
all lead to the concrete be ing more pe rmeab le to the pene t ra t ion 
of mois ture , air a n d soluble salts a n d hence more hab le to 
failure by corrosion of the reinforcement . 

Reaction between aggregate and cement 
Atten t ion was first d r a w n to the react ion be tween some 

aggregates a n d cer ta in cements by S tan ton in 1940, a l though 
the first s t ructure in which a failure was la ter t raced to this 
react ion was a br idge bui l t in California in 1920. T h e failure 
of this s t ructure was typical of the adverse reactions be tween 
cement a n d aggregates . W h a t h a p p e n e d was t h a t the concre te 
in the piers was split by extensive expansion a n d r a n d o m 
cracking. Tests showed tha t the expansion which caused the 
cracking was due to the g rowth of a silicate gel which h a d 
resulted from a react ion be tween aggregate a n d cement wi th 
an a lkah content (Na20) g rea ter t h a n 0-6 per cent . T h e 
aggregates which caused the in terac t ion con ta ined opa l ine 
silica a n d some chalcedonic silica. 

T h e cause of expansion a n d disrupt ion of concrete by the 
react ion of cement wi th aggregate lies in the format ion of an 
alkali silicate gel which swells a n d so creates an expansive 
pressure. Expans ion a n d disrupt ion occur only w h e n there is 
a sufficient concen t ra t ion of react ive aggregate to give a n 
a m o u n t of alkali silicate gel whose swelling more t h a n fills any 
voids in the concrete , so t ha t the react ion is d e p e n d e n t on the 
presence in the aggregate of silica in reactive form. T h e silica 
must be ei ther in a very finely divided state, of which opal ine 
silica gel is an ext reme example , or in an uns table form such 
as a supercooled glass, as in volcanic types of rock. T h e 
expansion will be greater , the larger the area of aggregate 
exposed to the a lkah. For a given percentage of react ive 
aggregate , the extent of the react ion increases wi th a decrease 
in the aggregate size. For expansion to occur there must be 
sufficient a lkah avai lable to react wi th the aggregate a n d 
genera te enough gel to exert pressure ; this h a p p e n s wi th a 
cement conta in ing more t h a n the equivalent of 0-6 per cent 
Na20. I t is possible, however , t ha t even a cemen t wi th less 
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t h a n 0-6 pe r cent of equivalent Na20 m a y in t ime cause t rouble . 
T o eschew these t roubles it is necessary ei ther to avoid cer ta in 
aggregates or to use a cement wi th a low alkali content . T h e 
alkali con ten t of British Po r t l and cements is general ly above 
the 0-6 per cent equivalent Na20 l imit , a n d thus they will reac t 
if used in combina t ion wi th react ive aggregates . 

T h e most likely sources of react ive aggregates a re flints a n d 
cer ta in types of volcanic rock. T h e gravels used extensively in 
S.E. Eng land , for example the T h a m e s Val ley aggregates , a re 
der ived from flints. T h e y are used wi thou t t rouble , however , 
a l though, theoretical ly, potent ia l ly react ive. Fo r tuna te ly the 
types of volcanic rock which con ta in react ive minera ls are no t 
m u c h worked owing to the inaccessibihty of the deposits, b u t 
wi th the adven t of nuclear power stations sited in w h a t m a y 
otherwise be inaccessible places, the possibility of using local 
rocks as concrete aggregates m a y involve the use of react ive 
mater ia ls . This m a y be a source of t rouble where there is no 
backg round of site experience to ind ica te t h a t the aggregates 
it is proposed to use a re no t react ive. O f the var ious groups of 
rocks only the basal t a n d p o r p h r y groups conta in react ive rocks. 
I n the basal t g roup the only rock likely to reac t is andesi te a n d 
any deposit inc luding this ma te r i a l should be tested. T h e 
p o r p h r y g roup contains a n u m b e r of rocks k n o w n to be 
reactive a n d a t ten t ion should be pa id to rhyolites, felsites a n d 
t rachytes . O t h e r rock groups , such as gran i te , g a b b r o , l ime­
stone a n d quar tz i t e do not conta in any rocks known to be 
associated wi th reactivi ty. 

Reaction of Chemicals in Aggregates 
A p a r t from the react ion of opal ine silica wi th the alkalis in 

the cement , cer ta in aggregates m a y con ta in i ron pyrites which 
oxidize a n d reac t wi th the free l ime in Po r t l and cement , b u t 
they are not a cause of serious t rouble . Marcas i t e , which like 
pyrites m a y occur in cer ta in flint gravels, can give rise to 
unsightly i ron s taining on the exposed surface of the concrete . 

Resistance to various chemicals 
Carbon Dioxide. T h e a t tack of c a rbon dioxide a n d su lphur 

dioxide gases depends u p o n the humid i ty . T h e y are present in 
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flue gases a n d in the a tmosphere in m a n y indust r ia l u n d e r ­
takings such as gasworks a n d i ron foundries. U n d e r d ry con­
ditions the effect on concrete more t h a n two or three weeks old 
is negligible, b u t in n o r m a l h u m i d condit ions a fairly r ap id 
a t tack of Por t l and cement takes place. T h e concrete is weakened 
by removal of the cement ing const i tuents . C a r b o n dioxide is 
one of the m a i n causes of acidity in soft m o o r l a n d waters . 

Occasional ly t roubles m a y occur if coke stoves are used in 
a n enclosed a tmosphere for the cur ing of concrete d u r i n g 
winter wea ther . T h e green concrete m a y be a t t acked on the 
surface, leaving it wi th a soft chalky skin. 

Chloride, M a n y chloride salts have a t endency to combine 
wi th the free l ime in Por t l and cement to form ca lc ium chlor ide 
which is soluble a n d m a y be leached out , causing porosity of 
the concrete . H i g h concentra t ions of ca lc ium chlor ide h a v e a 
destruct ive effect on concrete surfaces. These h igh concent ra ­
tions occur w h e n the de-icing of roads is carr ied ou t by using 
a mix tu re of sodium a n d ca lc ium chlorides. 

Chlorine, I n the presence of mois ture it will combine wi th the 
l ime in Por t l and cement b u t it also a t tacks a l u m i n a in all 
cements . W h e r e the p roduc ts of dis integrat ion are no t r emoved 
by erosion or abras ion, however , the react ion does not pene t r a t e 
the concrete more t h a n a fraction of an inch. 

Chromium Salts, C h r o m i u m salts m a y be a d d e d to concrete to 
p reven t corrosion of the reinforcement , b u t they are poisonous 
a n d so dangerous to use t ha t benzoa te salts should be used 
instead. 

Detergents. M a n y detergents are based on one of the sod ium 
poly-phosphate g roup of chemicals . Slow a t tack of concrete is 
likely by these due to the format ion of phosphor ic acid which 
will a t tack Por t l and cement . H i g h a l u m i n a cement is a t t acked 
by alkali detergents which are used in c leaning d o w n to remove 
organic acids in dairies a n d cann ing factories. 

Fatty Oils. An ima l a n d vegetable fat oils, which conta in fatty 
acids or esters of fatty acids, will a t tack concrete . Fa t t y acids 
react wi th the ca lc ium salts a n d free l ime in Po r t l and cemen t 
to form calc ium silicates in the concrete so t ha t it becomes soft. 
T h e act ion is usually slow, b u t is increased rap id ly if the oil or 
fat is w a r m e d or if the oil is able to pene t ra t e the concrete . 
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Formaldehyde, F o r m a l d e h y d e is used in the manufac tu re of 
synthet ic resins; aqueous solutions a t t ack Po r t l and cemen t by 
the oxidat ion of formaldehyde to formic acid, wh ich combines 
wi th the free l ime to form ca lc ium formate which is soluble 
in water . 

Fruit juices and Sugars, T h e sugar a n d acid in fruits slowly 
a t tack concrete . 

Gypsum, A l though used in the manufac tu re of cement , 
gypsum (calcium su lpha te ) , hke all sulphates , a t tacks set 
concrete . 

Hydrogen Sulphide, H y d r o g e n sulphide is formed by the 
decomposi t ion of sewage a n d is responsible for m u c h of the 
a t tack of concrete in sewage systems. H y d r o g e n sulphide com­
bines wi th free h m e to form ca lc ium sulphide which can be 
oxidized to ca lc ium sulphate . H y d r o g e n sulphide is also 
oxidized directly to su lphur ic acid which will a t t ack the free 
l ime, aga in forming ca lc ium su lpha te . 

Inorganic Acids, ΑΠ inorganic acids a t tack Por t l and cemen t 
concrete , some more severely t h a n others . T h e y reac t wi th the 
free h m e to form chlorides, sulphates or ni t ra tes . T h e severity 
of the a t tack depends u p o n condit ions such as the solubility of 
the c o m p o u n d in wa te r a n d the concen t ra t ion a n d mass of the 
acid. T h e react ion is speeded u p if the acid is hot . 

Lactic Acid, Lact ic acid is p roduced d u r i n g the fe rmenta t ion 
of milk, beer , silage a n d similar organic mater ia ls . I t a t tacks 
Por t l and cement concrete by reac t ing wi th the free l ime a n d 
forming ca lc ium lac ta te , which is soluble in wate r . As wi th 
o ther mater ia ls soluble in water , d a m a g e to concrete in lact ic 
acid occurs above the wa te r or l iquid line due to the g rowth of 
crystals in the concrete pore space. H i g h a l u m i n a cemen t is 
a t tacked even more severely t h a n Po r t l and cemen t in concen­
trat ions of lactic acid grea ter t h a n 1 per cent . 

Lead, I n the presence of mois ture , the free l ime in Po r t l and 
cement reacts wi th lead. Some d a m a g e is caused to the concrete 
b u t usually the greatest d a m a g e is t h a t caused to the lead. 
W h e r e , as is often the case, lead pipes are bur i ed in concrete , 
corrosion will result in comple te des t ruct ion of the lead by the 
format ion in the presence of mois ture of lead oxides. L e a d 
pipes in concrete should be pro tec ted by be ing w r a p p e d . 
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Oils, Refined minera l oils, a l though able to pene t ra t e 
concrete , have little effect u p o n it. C r u d e oils, par t icu lar ly 
su lphur -c rude , m a y have a very corrosive effect on Por t l and 
cement concrete due to the h igh acid content . O r g a n i c oils 
general ly a t tack Por t l and cement concre te ; their a t tack is 
dependen t u p o n the ease wi th which they can pene t ra t e the 
concrete , i.e. u p o n the viscosity of the oil a n d the p e r m e a b i h t y 
of the concrete . Those oils which t u r n ranc id w h e n exposed to 
air a n d develop acid products a t tack bo th Por t l and a n d h igh 
a lumina cement . M a n y oils can be stored successfully in 
concrete tanks w h e n not exposed to air a n d mois ture . Some 
dry ing oils, for example t u n g a n d linseed oil, cause slight a t tack , 
b u t w h e n pa in ted on the surface of concrete a n d al lowed to 
dry, they oxidize a n d h a r d e n a n d m a y be used to pro tec t the 
concrete surface. 

Organic Acids. O r g a n i c acids, like inorganic acids, combine 
wi th the free l ime of Por t l and cement to form ca lc ium salts. 
These organic ca lc ium salts are no t always as soluble as the 
inorganic salts a n d the a t tack m a y thus be less. But in add i t ion 
the organic acids a t tack the a lumina compounds . 

Salt for De-Icing. Sodium, ca lc ium a n d magnes ium chlor ide 
are all used ei ther separate ly or in mixtures to remove or 
reduce icing on roads . A l though it is usually assumed tha t 
sodium chloride, for example , is not harmful to concrete , some 
d a m a g e m a y be expected on the concrete surface. T h e concre te 
m a y scale a n d form small potholes. This is p robab ly due to 
crystalhzat ion in the surface of the concrete . T h e r e is little 
relat ion be tween durabi l i ty a n d the type of cement used. Air 
en t r a inmen t reduces the a m o u n t of surface scahng, b u t this 
m a y be due entirely to the h igher resistance of the concrete to 
the effect of frost. 

Water. T h e a t tack of wa te r on concrete depends u p o n its 
acidity ( p H value) a n d the salts it contains . T h e effects of 
su lpha te-bear ing waters , sea-water a n d moor l and a n d acid 
waters are described separately. 

Resistance to sulphate attacl< 
Sulphates present in soil, g r o u n d wa te r a n d sea wa te r a re 

known to be the cause of a t t ack on concrete . T h e pr inc ipa l 
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sulphates are ca lc ium su lpha te (gypsum), m a g n e s i u m su lpha te 
(Epsom salts) a n d sodium su lpha te (Glauber ' s salts). These 
react wi th the ca lc ium a lumina t e a n d the free l ime in Po r t l and 
cement concretes. 

W h e n such concrete is in contac t wi th su lpha te solutions 
ca lc ium sulphate is formed. This reacts wi th the a lumina tes to 
form sulpho-a luminates a n d su lpho-a lumina te compounds , in 
the presence of l ime, take u p a larger vo lume a n d so cause 
expansion a n d disrupt ion of the concrete . 

Sod ium sulphate reacts to p roduce hydroxide , a n d if there 
is a cont inuing supply of sulphates this reac t ion cont inues as 
long as the sodium hydroxide is cont inuously removed as, for 
example , by flowing g r o u n d water . M a g n e s i u m hydrox ide is 
p roduced w h e n magnes ium su lpha te reacts wi th the free l ime, 
a n d this m a y be deposited as h a r d granules in the pores of the 
concrete a n d so h inder further pene t ra t ion . T h e deposi t ion of 
magnes ium hydroxide , however , allows the ca lc ium su lpha te 
formed to react to form su lpho-a lumina tes a n d so causes 
disrupt ion. I n consequence the a t tack by magnes ium sulphates 
can be more extensive t h a n a n a t tack by sodium a n d ca lc ium 
sulphates which, a l though they p roduce soft mushy concrete , 
do not cause such extensive d a m a g e . 

Repor t s on the d u r a b i h t y of concrete have laid stress on the 
necessity for dense r ich concrete based on the assumpt ion t ha t 
if the concrete was sufficiently dense a n d r ich then the su lpha te -
bear ing waters could no t p e r m e a t e it a n d so would no t cause 
dis integrat ion. This is very largely t rue , b u t a l though the r a t e 
of a t tack by su lpha te -bear ing waters proceeding inwards from 
the surface is dependen t on the ease wi th which such wa te r c a n 
pene t ra t e the concrete , a low permeabi l i ty is not enough . T h e 
chemical composi t ion of the concrete mus t be resistant to 
su lphate a t tack. T h e specification of a r ich dense mix is only 
p a r t of the requ i rements for sulphate-resist ing concrete , for it 
has been shown tha t the ra te of dis integrat ion is control led by 
the C3A ( t r i -calcium a lumina te ) content . Cements con ta in ing 
less t h a n 6 per cent C3A exhibi t s t rong resistance, b u t w h e n the 
C3A conten t exceeds 12 per cent the concre te is hab le to suflfer 
from a t tack by sulphates no m a t t e r w h a t the density of the 
concrete . I n fact Mil ler a n d M a n s o n found from an extensive 
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l abora to ry invest igation tha t w h e n the C3A conten t exceeded 
9 pe r cent , total dis integrat ion occur red wi th in five years . 

T h e ra te of dis integrat ion varies somewha t wi th the richness 
of the concrete , a more r ap id a t tack occurr ing wi th lean m o r t a r 
t h a n wi th a r ich mor t a r . O n the o ther h a n d lean concrete wi th 
a cemen t wi th low C3A conten t has a be t te r resistance t h a n 
r ich concrete wi th a h igh C3A con ten t bu t , of course, porous 
concretes m a d e wi th a cemen t w i th a low C3A con ten t will 
still suffer d a m a g e by su lpha te a t tack because the wa te r per­
colates t h rough the concrete , evaporates , leaves su lpha te salts 
beh ind a n d thus increases the salt concen t ra t ion unt i l crystals 
are formed. Th i s a t tack by physical , as well as chemical forces, 
increases the d a m a g e . T h e d a m a g e is likely to be grea ter wi th 
the more soluble sodium a n d magnes ium sulphates present in 
sea wa te r t h a n wi th ca lc ium su lpha te present as gypsum in 
var ious clays. 

Concrete in Sulphate-bearing Soils 

M a n y soils conta in considerable quant i t ies of su lpha te a n d 
it is necessary to take precaut ions to pro tec t the concrete from 
a t t ack or to use concrete which has a h igh resistance. 

I t is first necessary to investigate the g r o u n d condi t ion to 
de te rmine the concent ra t ion of sulphates . T h e grea ter the 
a m o u n t , the more severe will be the a t tack, b u t local condi t ions 
will affect the result. A soil which has a h igh concent ra t ion of 
sulphates m a y not cause m u c h d a m a g e if the sulphates are 
present as gypsum crystals a n d the concen t ra t ion in the g r o u n d 
wa te r is low, because it is the sulphates in solution which a t t ack 
concrete . O n the o ther h a n d if concrete in soil con ta in ing 
sulphates has a n exposed surface from which wa te r can 
evapora te , t hen if su lpha te -bear ing wa te r permea tes the con­
crete severe d a m a g e m a y be caused due to the concen t ra t ion 
of sulphates caused by evapora t ion , even though the su lpha te 
conten t of the g round wa te r is low. Similarly the flow of the 
g r o u n d wa te r t h rough or a r o u n d a concrete s t ruc ture will 
increase the a m o u n t of d a m a g e , since the produc ts of the 
chemical react ions will be removed a n d fresh concrete 
cont inual ly exposed to corrosion. 

T h e a t tack of sulphates in soil a n d g r o u n d wa te r is no t 



R E S I S T A N C E O F C O N C R E T E T O D E T E R I O R A T I O N 253 

usually associated wi th acid a t tack . T h e g r o u n d wa te r from 
the var ious clays in which sulphates a re present is usual ly 
neu t ra l or even slightly alkal ine. Acidic condit ions m a y be 
found in su lpha te -bear ing g r o u n d wa te r in m a r s h l a n d a n d 
pea ty areas, a n d the corrosion is t hen m o r e severe. 

Concre te can be pro tec ted from su lpha te a t t ack in soils b y a 
layer of asphal t , b i t umen , p i tch or r u b b e r t a r -emuls ion ; such 
mater ia ls , in fact, as are usually used to form a waterproof ing 
m e m b r a n e . Epoxy resins m a y also be used, b u t while they a re 
highly resistant to acids a n d alkalis they are expensive. I t is 
essential to ensure t ha t the coat ing adheres strongly to the 
concrete surface, otherwise failure m a y occur . 

T o have a h igh resistance to su lpha te a t tack , concrete mus t 
be dense a n d well compac ted , while in add i t ion the cemen t 
mus t be resistant to su lpha te a t tack (i.e. have a low t r i -ca lc ium 
a l u m í n a t e con ten t ) . W h e n the su lpha te con ten t of the g r o u n d 
wa te r is low, t hen dense concrete m a d e wi th o rd ina ry Po r t l and 
cement m a y be sufficiently d u r a b l e ; for modera te ly severe 
condit ions however the cement mus t be sulphate-resist ing, i.e. 
e i ther a su lpha te resisting Po r t l and cemen t or a super -su lpha te 
slag cement . For severe condit ions ei ther super -su lphate or 
h igh a l u m i n a cement mus t be used. 

T h e condit ions of severity a re difficult to define; it is necessary 
to consider the worst condit ions inc lud ing the po ten t ia l su lpha te 
con ten t of the g r o u n d water . W h e r e the soil has a h igh con ten t 
b u t the g r o u n d wa te r only a low concen t ra t ion of sulphates , 
t hen the re is the possibility of the sulphates in the g r o u n d wa te r 
increasing. I n add i t ion it should be r e m e m b e r e d t ha t m a g ­
nes ium su lpha te can p roduce more severe corrosion t h a n most 
o ther sulphates . T h e size a n d type of s t ruc ture mus t also be 
cons idered; a large concrete founda t ion m a y no t u n d e r g o 
sufficient de ter iora t ion to aflfect its stabil i ty or requ i re a n y 
remedia l measures , whereas a concrete p ipe which has sufifered 
the same a m o u n t of de ter iora t ion of its surfaces m a y have to 
be replaced. 

Concrete in Sea Water 

Concre te is one of the m a i n mater ia ls used in sea defence 
works a n d in the construct ion of docks a n d ha rbours , a n d is 
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subject to destructive activity bo th from physical p o u n d i n g by 
the sea a n d from chemical a t tack by the salts conta ined 
in it. 

T h e act ion of sea waves in causing extensive des t ruct ion of 
sea defence works du r ing storms is well known. I t is no t always 
reahzed , however , t ha t chemical a t tack m a y he lp physical 
destruct ion as well as physical des t ruct ion assisting the ra te of 
chemical a t tack. Crack ing leads to the pene t ra t ion of sea wa te r 
in to the concre te ; wi th reinforced concrete , corrosion of the 
reinforcement follows, a n d wi th p la in concrete the d e p t h of 
chemical a t t ack is increased. 

T h e chemical a t tack by sea wa te r consists essentially of two 
pa r t s ; a t tack of the concrete which is submerged , a n d a t tack 
of t ha t which is jus t above the wa te r level. I n concrete which 
is jus t above high wa te r level the sea wa te r rises by capi l lary 
a t t rac t ion . N o concrete has zero absorpt ion, so t ha t by 
absorpt ion a n d evapora t ion a s t rong concent ra t ion of salts is 
formed, wi th eventual crystall ization. T h e salts reac t wi th the 
cement , a n d the g rowth of crystals physically disrupts the 
concrete . I n addi t ion a l te rna te wet t ing a n d dry ing causes 
small movements of the concrete a n d in cold wea the r a l t e rna te 
freezing a n d thawing has a disrupt ive effect, a l though in this 
coun t ry it is unlikely t ha t the sal t - laden mois ture in the pores 
will freeze. I t is the concrete lying be tween h igh a n d low w a t e r 
which is subject to the p o u n d i n g effect of waves, to the leaching 
out of any react ion chemicals formed by the act ion of the sea 
wa te r on the cement , a n d to the erosive act ion of beach sand 
a n d gravel . 

Below low wate r level, concrete is subject only to the chemical 
a t tack wi th pe rhaps some abras ion due to sand a n d gravel , 
depend ing u p o n the coastal s i tuat ion. A few feet below the 
sea surface the i m p a c t force of waves is very m u c h reduced , so 
t ha t physical erosion a n d p o u n d i n g is not as great . 

T h e chemical a t t ack by sea wa te r is more complex t h a n t ha t 
of simple su lpha te solutions, due to the presence of o ther 
chemicals . Chlorides t end to r e t a rd any swelhng of the concrete 
which would result from a react ion wi th sulphates only. I n 
addi t ion free l ime is more soluble in sea wa te r t h a n p la in wate r . 
T h e combined chemical a n d physical a t tack of sea wa te r leads 
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to more aggressive leaching t h a n would take place in g r o u n d 
waters conta in ing a similar concen t ra t ion of sulphates . 

I t is the combined effects of erosion, physical p o u n d i n g a n d 
chemical corrosion which cause the greatest d a m a g e , however . 
W h e r e the concrete is subject to all these causes of a t t ack it 
should have a h igh density wi th a m i n i m u m cement con ten t 
of 5 to 6 cwt /cubic yd a n d be m a d e wi th a cemen t whose C3A 
content is below 6 per cent. Su lpha te resisting Por t l and , 
Por t l and blastfurnace, super -su lpha ted slag or h igh a l u m i n a 
cements should be used in preference to o rd ina ry Por t l and 
cement . Su lpha te resisting or Po r t l and blastfurnace cements 
are sui table for most work. Super - su lpha ted slag cements a re 
sui table for mass work, because of thei r low hea t of hydra t ion . 
H igh a lumina cement can be used wi th a d v a n t a g e in t e m p e r a t e 
chmates for th in reinforced concrete sections, b u t the mix should 
no t be r icher t h a n 5 :1 a n d should no t be used in mass 
work. 

T h e concrete mus t be well c o m p a c t e d by efficient v ibra t ion . 
Reinforced concrete should have a d e q u a t e cover to the steel. 
T h e aggregates used should be d u r a b l e wi th a low mois ture 
absorpt ion a n d shr inkage. I n reinforced concrete work f or 
1J in. aggregates are suitable, a n d in mass work 2^ in. aggregate , 
wi th the wa te r conten t r educed so as to ensure jus t sufficient 
workab ih ty for the concrete to be compac t ed wi th a heavy 
(3^ in.) v ibra tor . A d e q u a t e cur ing of all concre te exposed to 
sea wa te r is essential to reduce cracking a n d shr inkage. 

W h e r e concrete in sea wa te r is no t subject to heavy p o u n d i n g 
a n d erosion, leaner mixes can be used ; aggrega te /cement ratios 
of 10:1 have been used for mass work where the very r o u n d e d 
n a t u r e of the gravel pe rmi t t ed a relatively low wa te r / cemen t 
ra t io (0-6) b u t wi th a d e q u a t e workabi l i ty (VB 3 sec). 

I t is seldom possible to pro tec t concrete from sea wa te r 
a t tack by a waterproof m e m b r a n e , a l though piles u p to 100 ft 
long have been p roduced at Los Angeles since 1925. These 
are pressure-grouted ( W a k e m a n et al., 1958) a t 100 p.s.i . wi th 
hot b i t u m e n after d ry ing at 250°F, in m u c h the same m a n n e r 
as wood is creosoted. 
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Resistance to soft moorland waters 
Soft moor l and waters are acid wi th a p H as low as 3-5, a n d 

are soft wi th a total hardness of less t h a n 20 p . p . m . T h e y 
a t tack concrete by leaching out the free l ime a n d a t t ack ing the 
ca lc ium a luminates . Besides the p H a n d hardness , the free 
ca rbon dioxide is i m p o r t a n t . W h e n the t e m p o r a r y hardness is 
be tween 10 a n d 20 p . p . m . a t tack takes place only w h e n the 
free ca rbon dioxide is above 10 p .p .m. , b u t wi th a hardness 
be low 10 p .p .m . wa te r will a t tack concrete in any case even if 
it has a relatively h igh p H of 6 -5 to 7 

O r d i n a r y Por t l and cements suffer most. H i g h a l u m i n a 
cemen t is not a t tacked in this way , b u t canno t be used in m a n y 
s tructures which suffer a t t ack ; such s tructures are usually large 
concrete dams a n d o ther hydrau l i c s t ructures where the 
hydrau l ic pressure induces a flow of wa te r t h rough the s t ruc ture , 
a n d the leaching act ion of the acid wa te r is thus accen tua ted . 

Concre te pipes a n d culverts m a y also suffer corrosion by 
moor l and waters bu t the a t tack is often less t h a n migh t o ther­
wise be expected, for the surface becomes coated wi th a th in 
deposit of pea t slime. This m a y reduce the car ry ing capac i ty 
b u t it helps to protec t the concrete . W h e n concrete pipes a re 
first p u t in to service car ry ing soft waters there is a n init ial 
alkali p ick-up by the wa te r in the first few mon ths w h e n free 
l ime is leached from the surface. Concre te for pipes a n d 
aqueduc t s should be a r ich dense mix wi th a low wa te r / cemen t 
ra t io . M o r t a r as rich as 1:1 to 2:1 (aggrega te /cement ra t io by 
weight) wi th a wa te r / cemen t ra t io of 0-35 has been used in situ 
to provide a new hn ing to cor roded i ron a n d steel pipes. T h e 
p rope r cur ing of such linings a n d of all concrete pipes is 
essential to prevent shr inkage cracks. A d e q u a t e cur ing can be 
achieved by pa in t ing the exposed concrete surface w h e n it is 
6 to 8 hours old with a cu t -back b i tuminous pa in t . This has 
the advan tage of ehmina t ing the init ial alkali p ick-up a n d 
pro tec t ing the concrete surface from a t tack unt i l it is qu i te 
old — 5 to 10 years a t least, even wi th acid waters . W h e r e the 
leaching a t tack of soft wa te r is severe, the aggregate m a y be 
exposed a n d then removed by erosion. Th is exposes fresh 
una t t acked surfaces to corrosion, which then cont inues . I n an 
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a q u e d u c t this roughen ing of the surface reduces the flow 
capaci ty , the H a z e n - W i l h a m s flow coefficient d r o p p i n g from 
130—140 to say 70—80. 

Resistance to sewage 
Concre te is not normal ly affected by domest ic sewage, wh ich 

is alkaline a n d is usually in a fresh condi t ion. T r a d e wastes 
m a y be highly acid or alkaline a n d cause severe a t tack . 
Sewage m a y decompose a n d become septic, a n d wi th the he lp 
of su lphide-reducing bac te r ia minera l sulphates are r educed to 
hydrogen sulphide. Such sewage will a t t ack concrete . Fresh 
sewage does not p roduce sulphides in apprec iab le a m o u n t s 
unt i l it has been stored for two or th ree days, b u t once sulphide-
forming bac te r ia are present they can rap id ly decompose fresh 
sewage a n d p roduce sulphides in a few hours . F u r t h e r m o r e , 
increases in t e m p e r a t u r e p roduced ei ther by hot wea the r or by 
the addi t ion of hot t r ade wastes can p r o m o t e the p roduc t ion 
of hydrogen sulphide. 

H y d r o g e n sulphide combines wi th free l ime to form ca lc ium 
sulphide, which can then be oxidized to ca lc ium su lpha te . I n 
addi t ion it is oxidized directly to su lphur ic acid which will 
a t tack the free l ime to form ca lc ium su lpha te . Po r t l and 
cement concrete which has been a t t acked exhibits a yellowish-
whi te flaky coat ing on the concrete . T h e concrete surface is 
a t tacked by in te rmi t t en t c r u m b h n g , a n d often becomes soft 
a n d pu t ty -hke . Th is de ter iora t ion is most m a r k e d a t or nea r 
the sewage wa te r l ine. Concre te entirely immersed or 
completely exposed to the air is usually free from at tack. 

H i g h a lumina cement has a h igher resistance t h a n Po r t l and 
cements , b u t is not the comple te answer in t ha t it c an be 
par t ia l ly corroded. Moreover , h igh a l u m i n a cement in sewers 
may , du r ing ho t wea ther , be subject to t empera tu res above 
85°F ; w h e n combined wi th the h igh h u m i d i t y this causes 
reversion in the cement wi th a reduc t ion of its s t rength a n d 
resistance to corrosion. 

T o prevent the corrosion of concrete by sewage, the best 
p recau t ion appears to be to avoid the format ion of septic sewage. 
If su lpha te - reduc ing bac te r ia a re present their activities should 
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be minimized by ensur ing a d e q u a t e vent i la t ion and , if necessary, 
by chemical t r ea tmen t of the sewage. 

Resistance to freezing 
T h e resistance of concrete to frost is p robab ly more i m p o r t a n t 

on the Cont inent , in Russia, C a n a d a a n d the U n i t e d States 
t h a n in this count ry . I n d e e d in some of these countr ies it is 
not possible to bui ld in the win te r wi thou t taking special 
precaut ions . I n this count ry , on the o ther h a n d , the frost 
resistance of concrete is i m p o r t a n t mostly in road const ruct ion 
where from t ime to t ime in cold winters some d a m a g e occurs. 
This is usually restricted to surface scahng a n d spa lhng a t jo in ts , 
bu t occasionally concrete slabs are dis integrated. 

W h e n wa te r freezes it e x p a n d s ; if res t ra ined, this expansion 
can cause a h igh in te rna l pressure sufficient to d is rupt even the 
strongest concrete . Since, however , concrete can successfully 
wi ths tand repea ted freezing a n d t hawing it follows tha t e i ther 
the wate r in the concrete is no t necessarily frozen even w h e n 
there is ice on the surface, or else the ice in the concrete was able 
to expand due to all the voids in the concrete not be ing filled 
wi th water . 

For a concrete to be resistant to frost it should have a low 
wate r content , so tha t it is never fully sa tura ted . I t should have 
a low absorpt ion a n d low permeabi l i ty so t ha t it will no t readi ly 
take u p water . I n add i t ion the cemen t paste should have a 
high permeabi l i ty , so t ha t on freezing of the wa te r h igh pres­
sures are not genera ted wi th in its pores. This last r equ i r emen t 
is incompat ib le wi th a low overall permeabi l i ty , b u t if the 
concrete contains small en t ra ined air bubbles then the dis tance 
any wa te r is forced to migra te to the first free void space (or a i r 
bubble) will compensa te for the low permeabi l i ty of a r ich 
mor t a r . T h e concrete should have a relatively h igh cement 
conten t at a low wa te r / cemen t ra t io so t ha t as m u c h wa te r as 
possible is used u p combin ing wi th the cement du r ing hyd ra t i on 
a n d sufficient s t rength is achieved to resist stresses set u p d u r i n g 
freezing condit ions. I n general the wa te r / cemen t ra t io should 
not exceed 0-60, a n d for road slabs should be restr icted to 0-50. 

These requ i rements m a y a p p e a r cont radic tory , b u t they are 
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m a d e clearer when we consider how concrete is subject to 
dis integrat ion by freezing. 

Freezing of Green Concrete 

T h e simplest exp lana t ion of the d a m a g e caused by frost is 
tha t it is due to the g rowth of ice crystals in the voids in the 
concrete . I n a concrete road slab, for example , w h e n any layer 
reaches a sufficiently low t e m p e r a t u r e the wa te r in the larger 
pores, where it is free from surface tension, will begin to freeze. 
T h e wa te r gives u p its la tent hea t , a n d tends to m a i n t a i n a 
constant t empe ra tu re a t the poin t of ice format ion by the 
transfer of hea t be tween the cool surface a n d the poin t where 
freezing takes place. T h e mechan i sm is as follows. 

Ice crystals, which are formed in the water-filled voids, will 
by the creat ion of a suction d r a w unfrozen wa te r from the 
su r round ing small pores. I n this way the ice crystals con t inue 
to grow. I n any case the force exer ted by the ice lens will be 
pe rpend icu la r to the cold surface, so t ha t if the concrete is of 
low s t rength a p lane of weakness para l le l to the surface will 
form as ice lenses grow. T h e growing crystals of ice d r a w wa te r 
first from the largest voids a n d then from the smaller ones. As 
less wa te r becomes avai lable the g rowth of ice is r educed . T h e 
release of la tent hea t from the freezing of the wa te r is t hen no t 
sufficient to m a i n t a i n cons tant the t e m p e r a t u r e at the po in t of 
ice formation, a n d in consequence the t e m p e r a t u r e will once 
more begin to fall. This reduc t ion in t e m p e r a t u r e of the 
concrete progresses inwards from the surface, b u t since the 
voids in the immed ia t e vicinity of the ice crystals are devoid of 
water , freezing will no t aga in take place unt i l the low-
t e m p e r a t u r e front arrives a t voids sufficiently far away from the 
previous ice lenses as to conta in sufficient wa te r to allow the 
g rowth of further ice. T h e result is t h a t the concrete will con ta in 
a series of planes of weakness paral le l to the surface, which can 
result in the seahng of the concrete surface. 

If the concrete is subject to subsequent cycles of freezing a n d 
thawing , ice will again form at the same levels as before because 
the pores in the concrete will have been di la ted by the previous 
ice growth , the voids will be larger , a n d the freezing po in t of 
the wate r in t h e m will be h igher t h a n in the su r round ing 
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concrete . D a m a g e to the concrete is caused no t so m u c h by 
the increase in vo lume of the wa te r in the voids on freezing as 
by the subsequent g rowth of ice crystals a n d by the concen t ra t ion 
of ice into lenses. 

Physics of Saturated Concrete 

T h e e n t r a i n m e n t of air increases the resistance of concre te 
to d a m a g e from freezing, b u t to u n d e r s t a n d how this occurs i t 
is first necessary to consider the s t ruc ture of the cemen t pas te . 
T h e hyd ra t i on of cement produces a porous gel wh ich envelopes 
the u n h y d r a t e d cement part icles. If this gel, together wi th the 
aggregates , completely filled the avai lable space, the only pores 
r ema in ing would be the very small ones in the gel itself W h e n , 
as is usually the case, the gel does no t fill the space completely, 
t hen the paste is intersected by a system of capi l lary pores. 
D u r i n g hyd ra t i on these capillaries, a t first full of wate r , a re 
par t ia l ly empt ied as a result of the hydra t ion process, a n d they 
do no t readi ly refill wi th wa te r even w h e n the concrete is cured 
u n d e r water . I n addi t ion , w h e n a cement m o r t a r is dr ied , it 
shrinks, a n d as a result the cemen t paste can reabsorb only 
a b o u t 95 per cent of the original vo lume of wa te r t h a t it he ld . 
Th is is i m p o r t a n t because it cont r ibutes towards the frost 
resistance of concrete . W h e n dr ied concrete is complete ly 
sa tu ra ted by first r emoving the air from it u n d e r v a c u u m , t h e n 
instead of be ing able to wi ths tand say 100 or m o r e cycles of 
freezing a n d t hawing it will d is integrate complete ly in less t h a n 
5 cycles. T h e completely sa tu ra ted concrete is no t able to 
wi ths tand the pressures t ha t are developed w h e n the wa te r in 
it freezes. Since appa ren t ly sa tu ra ted concrete does no t 
ordinar i ly fail completely on first freezing, this means t ha t it 
was not fully sa tu ra ted a n d there is enough u n s a t u r a t e d space 
in the concrete to a c c o m m o d a t e the expansion tha t accompanies 
freezing. 

Concre te is able to wi ths tand m a n y cycles of freezing a n d 
thawing before dis integrat ion if its wa te r con ten t is initially 
below abou t 90 per cent sa tura t ion , a n d below 80 pe r cent it is 
rarely d a m a g e d . Sa tu ra t ion aflfects the t e m p e r a t u r e below 
freezing a t which ice can exist in concrete . W h e n concrete is 
near ly or complete ly sa tu ra ted , the freezing poin t is only slightly 



R E S I S T A N C E O F C O N C R E T E Τ Ο D E T E R I O R A T I O N 261 

Mechanism of Disintegration 

W h e n concrete is subject to freezing a n d t h a w i n g it m a y 
show little change in weight a n d a p p e a r a n c e b u t suflfer large 
losses in s t rength a n d resil ience; a l ternat ively it m a y slowly 
c rumble a n d spall on the surface b u t show little loss in s t rength , 
or it m a y show a combina t ion of b o t h c rumbl ing a n d loss of 
s t rength . 

U n d e r some condit ions concrete m a y be d a m a g e d by freezing 
even w h e n the degree of sa tura t ion of the specimen as a whole 
is below the 90 per cent crit ical va lue t h a t would cause 
dis integrat ion. 

Consider a road slab whose surface has been sa tu ra ted wi th 
ra in a n d which is then exposed to frost. T h e wa te r freezes, 
thus sealing the surface of the slab. Ice forms on the outside 
first because the freezing poin t of the w a t e r inside the concrete 
is lower t h a n 32°F. Nex t the wa te r in the large spaces of the 
concrete nea r the surface will freeze, whilst wa te r unfrozen in 
the smaller capillaries will be displaced towards the less 
sa tu ra ted inter ior by the expansion of the frozen water . I f the 
wa te r were free to move wi thou t resistance, no hydrau l i c 
pressure wha teve r would develop. But the wa te r is r equ i red to 
move t h rough a fine porous cemen t gel, so t ha t a pore wa te r 
pressure is set u p . If the freezing is sufficiently r ap id then it is 
possible for the pore pressure to become so h igh as to exceed 
the s t rength of the cemen t m o r t a r , a n d so cause spall ing. 

O n the o ther h a n d wi th slowly repea ted freezing a n d t h a w i n g 
in water , concrete will absorb wa te r a n d on freezing a t the 
surface m o r e wa te r will be pushed inside the concrete . As the 
thickness of the sa tu ra ted region increases, the resistance to 
d isp lacement of wa te r ou t of it t oward the region of lower 
wa te r content increases. W h e n the sa tu ra ted region becomes 
sufficiently thick the h y d r a u h c pressure becomes grea te r t h a n 

below 32°F. As the sa tu ra t ion is r educed the wa te r is he ld by 
the finer capillaries a n d the t e m p e r a t u r e a t wh ich it will fireeze 
becomes progressively lower, because the surface tension in 
these small capillaries holds the wa te r in a s tate of stress a n d 
reduces its freezing point . 
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the s t rength of the mate r ia l a n d causes dis integrat ion or spall ing 
of the surface. 

If concrete is uniform in s t ruc ture a n d not wholly sa tu ra ted 
a t the start of freezing, no c rumbl ing or spall ing will result 
unt i l a cer ta in a m o u n t of wa te r has been absorbed, sufficient 
to sa tura te the surface region to the crit ical dep th . T h e pore 
pressure genera ted will depend u p o n the permeabi l i ty , the 
ra te of freezing, a n d the a m o u n t of wa te r in the concrete a t 
the freezing surface. I t follows t ha t the lower the permeabi l i ty 
then the h igher will be the pore pressure genera ted , so t ha t a 
r ich concrete will conta in h igher pore pressures t h a n a lean one . 
But this is offset by the low absorpt ion of r ich concrete . L e a n 
concrete absorbs wate r m u c h more rapidly , whereas r ich 
concrete does not become fully sa tu ra ted , even after p ro longed 
soaking. 

U n d e r n a t u r a l condit ions of exposure, concrete is subject to 
a l te rna te wet t ing a n d dry ing as well as freezing a n d thawing . 
T h e periods of d ry ing are usually long relat ive to the periods 
of wet t ing so tha t dense, i m p e r m e a b l e concrete is less sa tu ra ted 
t h a n lean concrete which absorbs wa te r quickly. I n addi t ion , 
where a lower permeabi l i ty is due to a r ich mix, such concrete 
will have a h igh degree of desiccation due to hydra t ion of the 
cement , as a l ready described. I n freezing a n d t hawing tests the 
advan tage of a r ich concrete in hav ing a low ra te of absorp t ion 
is no t always demons t ra ted . Since frost d a m a g e is m o r e easily 
caused w h e n the concrete is highly sa tu ra ted , t hen the greatest 
a m o u n t of d a m a g e m a y be expected w h e n a wet a u t u m n is 
followed by a sharp spell of frost, or where early winter is very 
wet a n d is followed by freezing weather , so t ha t the pore 
pressures genera ted in the unfrozen wa te r by the expansion 
du r ing the format ion of ice crystals force the unfrozen w a t e r 
in to the small voids. 

I t follows, therefore, t ha t the grea te r the n u m b e r of the air 
voids the less will be the d a m a g e due to freezing, a n d the 
closer they are together the lower will be the pore pressure. 

T h e s t rength of concrete is affected by the a m o u n t of air 
voids present , every 1 per cent of air r educ ing the s t rength by 
5 per cent . I t is essential to ensure t ha t concrete has a d e q u a t e 
s t rength, a n d the a m o u n t of air voids must therefore be l imited. 
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For a l imited a m o u n t of air the m a x i m u m resistance to freezing 
is ob ta ined if the average size of the air bubbles is small , so t h a t 
there are a large n u m b e r of t h e m closely spaced. Th i s can 
only be achieved by incorpora t ing an addi t ive which will 
en t ra in a controlled a m o u n t of air (usually 5 to 7 pe r cent) 
a n d p roduce a large n u m b e r of equal ly spaced small air bubbles 
in the concrete . 

I t is possible for a i r -en t ra ined concrete to have a frost 
resistance no grea ter t h a n non-a i r -en t ra ined concrete . Th is is 
because some a i r -ent ra in ing agents increase the air con ten t by 
en t ra in ing only a few large air bubbles . 

Resistance to erosion and abrasion 
I n the U n i t e d States the p rob lem of erosion was invest igated 

in connexion wi th the de ter iora t ion of spillways of the Boulder 
a n d G r a n d Coulee dams . F r o m the investigations it was con­
cluded tha t well m a d e a n d proper ly compac ted concrete is 
essential for m a x i m u m resistance to erosion. Poorly c o m p a c t e d 
concrete or concrete wi th a rough surface de te r iora ted rap id ly . 
Provided concrete is well m a d e a n d proper ly p laced its resistance 
to erosion depends more u p o n the design of the s t ruc ture t h a n 
u p o n the concre te ; in o ther words if the hydrau l i c characteris t ics 
of the s t ruc ture are poor , so t ha t a b r u p t changes of velocity or 
direct ion of flow occur, p r o d u c i n g cavi ta t ion, t hen h igh erosion 
will be induced . 

W h e r e , as sometimes occurs in spillways, wa te r a t h igh 
velocity carries suspended gravel , sand or silt, t hen erosion of 
the concrete surface can be expected. T h e resistance of concre te 
to such erosion is hnked to its resistance to abras ion, in t h a t 
imperfect work or poor mater ia ls p roduce a layer of friable 
mate r ia l on the surface which is par t icu la r ly susceptible to 
erosion or abras ion. Th is friable ma te r i a l consists ma in ly of 
cemen t la i tance a n d fine sand, which is rap id ly a b r a d e d ; 
af terwards the ra te of abras ion is usual ly constant . W h e r e the 
coarse aggregate is a h a r d ma te r i a l such as flint gravel or 
grani te , the ra te of abras ion is re la ted direct ly to the qua l i ty 
of the ma t r ix su r round ing the coarse aggrega te . As the qua l i ty 
of this ma t r ix is improved the resistance is increased. W h e r e 
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Resistance to fire 
T h e resistance of concrete to fire depends u p o n the mater ia ls 

wi th which it is m a d e , its condi t ion, a n d the shape a n d size of 
the s t ruc tura l e lement subjected to the fire. T h e most i m p o r t a n t 
of these factors is the shape a n d size of the concrete m e m b e r . 
T h e fire resistance of a b e a m increases rapid ly wi th increase 
in size a n d mass, b u t is less if it is an I section wi th a th in 
b o t t o m flange or a Τ section wi th a th in stem. 

N o concrete s t ructure can wi ths tand indefinitely the effects 
of fire, b u t the larger a n d more massive the s t ruc ture the grea ter 
is the resistance. Fire resistance, however , is chiefly of concern 
to the s t ruc tura l engineer deal ing wi th relatively th in reinforced 
or prestressed concrete members . I n such construct ion, besides 
the shape a n d size of the s t ruc tura l e lement , the a m o u n t of 
cover over the steel or prestressing wires a n d the pro tec t ion 
afforded by a plaster coat ing are of more i m p o r t a n c e t h a n the 
mater ia ls , age a n d condi t ion of the concrete . 

Cer ta in aggregates, however , have a be t te r resistance to flre 
t h a n others, while resistance to high t empera tu res can be 
achieved by using h igh a lumina cement a n d refractory 
aggregates . 

Aggregates wi th a h igh resistance to fire are dolerites, basalts , 
l imestone a n d near ly all the manufac tu red a n d l ightweight 
aggregates, such as blastfurnace slag, foamed slag, s intered 
clay a n d shale aggregates, vermicul i te , a n d broken brick if 
free from qua r t z . Manufac tu r ed aggregates such as slag a n d 
sintered clays are unaffected by t empera tu res u p to 1000°C, 
which is less t h a n t ha t to which they were hea ted d u r i n g 
manufac tu re . Limestone calcines a t a b o u t 700°C a n d is l iable 
to disintegrate u p o n subsequent exposure to air. Flints a n d 
coarsely crystalline rocks such as grani tes a n d gabbros a re less 
resistant to flre because the qua r t z they conta in causes spall ing. 
Even wi th these mater ia ls , however , flre tests have shown t h a t 
explosive spall ing of concrete m a d e wi th flint gravel is unlikely 

the coarse aggregate is a weak mater ia l , such as weakly 
cemented sandstone, then this mater ia l , a n d not the mor t a r , 
will control the ra te of abras ion. 
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to occur w h e n the s t ruc tura l m e m b e r has no p a r t less t h a n 2 in . 
thick. If, however , the t e m p e r a t u r e is h igh enough , c racking 
a n d spaUing wih occur, even on massive s t ructures , d e p e n d i n g 
u p o n the t ime over which the h igh fire is effective. 

I t is most i m p o r t a n t to be able to assess the s t rength r e m a i n i n g 
in a concrete s t ruc ture after a fire. If the fire has been extensive, 
lasting for more t h a n an h o u r or two, t hen the concrete will 
have ceased to be a s t ruc tura l ma te r i a l for its t e m p e r a t u r e will 
have reached 1000°C; this will be ind ica ted by extensive 
spall ing wi th the m a i n reinforcing steel left b a r e a n d showing 
signs of seahng. T h e r ema in ing concrete will show vary ing 
amoun t s of c rumbl ing , scaling a n d cracking. Usual ly the only 
satisfactory solution in such a case is demol i t ion a n d 
re-construct ion. 

I n a less extensive fire, b r o u g h t u n d e r control wi th in a n 
h o u r or so, m u c h of the s t ruc ture m a y r e m a i n sound. T h e 
residual s t rength depends u p o n the t e m p e r a t u r e r eached in the 
concrete a n d the form of const ruct ion. Tests a t the Fire 
Research Sta t ion have shown tha t wi th a surface t e m p e r a t u r e 
of 700°C the following t empera tu re s were reached a t var ious 
depths . 

Dis tance T e m p e r a t u r e T e m p e r a t u r e 
from face after 15 m i n after 30 m i n 

(in.) exposure (°C) exposure (°C) 
1 380 510 
1 180 320 
2 70 110 

Sands tone a n d flint aggregate concretes show different 
colours depend ing u p o n the t e m p e r a t u r e (see Fig. 6.1). F r o m 
this it m a y be seen t h a t if the t e m p e r a t u r e reaches 500 to 600°C, 
then the residual s t rength of t ha t concre te is less t h a n ha l f of 
the init ial s t rength . A l though gran i te a n d o ther igneous rocks 
do no t show these colour changes , they still occur in concretes 
conta in ing such rocks b u t m a d e wi th a n o r m a l q u a r t z sand . 
W h e n the t e m p e r a t u r e reaches 573°C q u a r t z changes its 
chemical s t ruc ture wi th a r ap id increase in vo lume , a n d this 
leads to spall ing. T h u s spall ing of the concrete cover ing the 
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reinforcement, accompan ied by a pinkish colour, is an ind ica t ion 
tha t the concrete p robab ly has only half its s t rength, a l though 
in b e a m a n d slab construct ion the compression concrete , if 
r emote from the fire, m a y not be m u c h affected. 

Fire , of course, affects steel reinforcement , b u t the effect is 
m u c h less for mi ld steel, a l though a t e m p e r a t u r e of 800 to 
1000°C m a y lower the yield poin t by a b o u t 25 per cent . T h e 
effect on prestressed concrete is more serious. A t 200' 'C a 
prestressed m e m b e r will show some loss of prestress, a l though 
the u l t imate s t rength m a y still be a h igh p ropor t ion of its 
or iginal va lue . T e m p e r a t u r e s of 200°C in the wires m a y be 
reached by conduct ion of hea t from adjacent m e m b e r s subject 
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to the fire. T h e r e is a m a r k e d reduc t ion in b o n d be tween 
concrete a n d steel a t 300°C, whilst a t 400°C it can be assumed 
tha t the prestressing wires have lost near ly all their prestress. 
T h e y will have been annea led so t ha t they are the equiva len t 
of mild steel bars . At this t e m p e r a t u r e , however , the concrete 
m a y show very ht t le colour change a n d not m u c h cracking. 

Heat-resistant Concrete 
Concre te resistant to hea t u p to 1000°C is used in the 

construct ion of boiler a n d oven foundat ions , a n d is p roduced by 
using high a lumina cement wi th var ious aggregates . Crushed 
brick aggregate or crushed fire br ick is often used. T h e mix 
p ropor t ion by vo lume is 1 :2 :2 to 1 :2 :4 , d e p e n d i n g u p o n the 
size of the coarse aggregate , which is usually l imited to | in. 

O r d i n a r y Por t l and cement a n d n o r m a l aggregates can be 
used for t empera tu res u p to 150°C where precaut ions are t aken 
to d ry out a n d hea t u p the concrete g radua l ly a n d where the 
changes in t e m p e r a t u r e occur slowly. Such concrete has been 
used wi th success for longi tudina l pits u n d e r n e a t h br ick t unne l 
kilns. 
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C H A P T E R 7 

SURFACE TREATMENT OF CONCRETE 

T h e surface t r ea tmen t of concrete consists of t r ea t ing s t ruc tura l 
concrete by cer ta in techniques to expose the aggregate , or of 
facing it wi th precast or in situ facing concrete . 

T h e r e has been a rap id deve lopment in the use of precas t 
facing slabs, which are now used as a c ladd ing mate r i a l a n d for 
in-filhng panels . T h e y m a y be appl ied to the bu i ld ing d u r i n g 
general construct ion a n d used as p e r m a n e n t formwork. A 
wide range of textures a n d colours m a y be achieved by the use 
of sui table aggregates. A similar wide r ange of finishes m a y be 
ob ta ined in s t ruc tura l concrete by the subsequent exposure of 
the aggregate . 

Surface treatment of in situ concrete 
A n u m b e r of surface finishes can be achieved wi th in situ 

concrete , not all of which are of equa l va lue a n d not all of 
which are expensive, b u t wha teve r t r e a t m e n t is a d o p t e d its 
q u a h t y is always control led by the q u a h t y of construct ion. T h e 
simplest t r ea tmen t — b u t t ha t r equ i r ing the greatest care — 
is the surface finish as left by the formwork. T h e second type 
is ob ta ined by exposing the aggregate by tooling, such as bush-
h a m m e r i n g or chiselhng. A th i rd type of finish is achieved b y 
using a surface r e t a rde r a n d washing d o w n the exposed surfaces 
after the shutters have been struck. 

Finish Left by Formwork 
This type of finish includes t ha t left by rough-sawn t imbers , 

the smooth finish of p lywood-l ined shut ters , or the special 
finishes achieved by l ining the formwork wi th absorpt ive 
wal l -board or tex tured rubbe r . 

At one t ime sawn t imber formwork was the only ma te r i a l 

269 
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avai lable a n d its use was a necessity of mak ing the best of an 
otherwise difficult mate r ia l . However , striking effects have 
been achieved wi th it, a l though care is necessary in the de t a ihng 
a n d cons t ruc t ion; b u t then care is necessary to p roduce a n y 
satisfactory surface finish. 

T o ob ta in a good finish, correct design of the formwork is 
impor t an t . T h e formwork affects the pa t te rns which a p p e a r on 
the concrete surface; for example , all the junc t ions of boards 
bu t t ed together show u p as shghtly p r o t r u d i n g lines of concrete , 
a n d the b o a r d marks of a mak ing -up piece show if the rest of 
the formwork consists of smooth plywood-l ined shut ters . 

T h e formwork must be mor ta r - t igh t to p revent bleeding, 
wi th the consequent uncont ro l led loss of m o r t a r result ing in 
honeycombing . T h e var ious componen t s of the formwork 
must be proper ly secured together to p revent uncont ro l led 
movemen t , as the m o v e m e n t of shut te r -boards produces sur­
faces which accen tua te the size a n d type of the boards used. If 
no t proper ly b raced , shut ter boards m a y bulge a n d allow the 
escape of m o r t a r be tween adjacent boards . T h e m o v e m e n t of 
boards a n d the j u n c t i o n of boards b u t t e d together m a y be used 
to p roduce a regular a n d control led p a t t e r n which fits in wi th 
the a rchi tec tura l t r ea tmen t , b u t this requires care a n d selection 
in the use a n d fixing of the shut te r -boards . T h e age a n d n u m b e r 
of uses to which the boards have been p u t affect the finished 
surface, because old shutters t end to be rougher t h a n new ones 
a n d p roduce a very different surface finish. 

T h e jo in ts be tween shut te r -boards are i m p o r t a n t ; they should 
be staggered, a n d a l te rna te jo ints should hue u p wi th one 
ano ther . T h e direct ion of the jo ints should be m a i n t a i n e d to 
avoid the h a p h a z a r d jux tapos i t ion of hor izonta l a n d vert ical 
boards . 

All construct ion joints should be rigidly control led, a n d where 
the surface finish is i m p o r t a n t their position should be specified 
before construct ion commences ; otherwise difficulties m a y arise 
which migh t result in the forming of a construct ion jo in t in 
such a position as to m a r the surface finish. 

A smooth finish is now usual because of the use of p lywood 
shutters in place of sawn t imber . Such a surface is desirable for 
the subsequent exposure of the aggregate by tooling or o the r 
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methods . For most general work the s t andard iza t ion of form-
work a n d the use of un i t or m o d u l a r formwork often bui l t u p 
of p lywood-hned frames has led to simplicity, to an increase 
in the n u m b e r of uses, a n d also an i m p r o v e m e n t in the surface 
finish of the concrete . 

Plywood is avai lable in var ious thicknesses, va ry ing from 
3-ply, abou t | in. thick to mult i -ply, a b o u t f i n . th ick; 3-ply 
m a y be used as a l ining to a sawn t imber shut ter , b u t it is usual 
to use plywood abou t ^ in. thick m a d e u p in to stud panels 
which bolt together . Ca re is necessary in using p lywood to 
ensure t ha t it can be s t r ipped easily; difficulty in s t r ipping 
results in the plywood being d a m a g e d , it be ing more hab le to 
d a m a g e t h a n wrough t t imber . I t is, of course, impossible to 
p roduce a smooth surface wi th d a m a g e d plywood. 

T h e use of o ther methods of shut te r l ining has no t ga ined 
m u c h g round , a l though various mater ia ls inc lud ing p.v .c . 
sheeting, tex tured rubber , wall boa rd ing a n d e tched t imber 
sheets have all been used from t ime to t ime to p roduce cer ta in 
desired surface effects (see Plates 9 a n d 10). 

Exposed Aggregate Finish 

Even when all precaut ions have been observed an u n t r e a t e d 
concrete face as left from the formwork m a y have a dul l a n d 
dead appea rance , due to the grey cement film on the surface. 
T o improve the a p p e a r a n c e the surface m a y be t rea ted to 
expose the aggregate ei ther by washing ofiT the cemen t or by 
tooling the surface. Th is exposes the s t ruc ture of the concrete , 
emphas iz ing its n a t u r e as a cemented stone aggregate . 

Object ions have been raised to tooling, it be ing alleged t ha t 
it diminishes the resistance to wea ther ing . But the resistance 
of a concrete depends u p o n the qua l i ty of the mater ia ls a n d 
the completeness of the compac t ion , a n d no t merely on the 
surface skin. 

T h e removal of the superficial cement film to expose the 
aggregate emphasizes any deficiencies in the concrete due to 
b a d composi t ion, i n a d e q u a t e compac t ion or faulty shut te r ing . 
T h e exposure of the aggregate is thus indirect ly a n eflfective 
incentive to good workmansh ip . 

Tooled Surfaces, T h e most c o m m o n form of tooled surface 
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Plate 9. Texture achieved by casting against sand-blasted pine. 

is p roduced by bush -hammer ing . T h e concrete is h a m m e r e d 
wi th a hgh t p n e u m a t i c or electric j a c k - h a m m e r so as to remove 
the film of cement m o r t a r a n d expose the aggregate . Var ious 
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Plate 10. Texture resulting from casting against crepe rubber. 

kinds of surface can be p roduced by using different tools such 
as a chisel, star drill, steel c o m b or disc (see Plates 1 1 a n d 1 2 ) . 

Spar row-pecking is ano the r k ind of surface finish, p r o d u c e d 
by using a poin ted h a m m e r . 

Bush -hammer ing m a y be used for reinforced concrete faces, 
b u t good surface effects are difficult to achieve as even r epea t ed 
b u s h - h a m m e r i n g wi th a coarse h a m m e r does little more t h a n 
flake off the cement fllm a n d spht a few coarse aggregate 
particles. M o r e p ronounced effects can be achieved by power 
chiselling, often performed by a n i r regular tooling in two 
directions. 

Reinforced concrete m a y be chiselled as long as the steel is 
covered by a b o u t l ^ i n . of concrete after chiselling, i.e. by 
2 - 2 4 i^- initially, b u t power chiselling should be restr icted to 
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Plate II. Exposed aggregate produced by mechanical tooling. 

massive p la in concrete a n d only m a n u a l chiselling used for 
reinforced concrete . T h e cost of such work is relatively h igh , 
a n d so its use is restr icted. T o ob ta in the best effects i t is 
necessary to split the coarse aggregate , a n d general ly speaking 
a chiselled surface is more a t t rac t ive if large coarse aggrega te 
has been used. I t is essential t h a t the aggregate be resistant to 
wea the r a n d frost, a n d care must be taken to ensure t ha t the 
chiselling spalls a n d breaks off the surface concrete a n d does 
no t p roduce fine hair-cracks in the r ema in ing concrete . 

Bush -hammer ing or chiselling should no t be car r ied ou t u p 
to the edge of a sha rp arris or corner , otherwise spall ing of the 
concrete a t the edge m a y occur . T h e m a r g i n m a y be qu i te 
na r row, a n d should be l ightly tooled to remove some of t he 
cement cover to the aggregate . 
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Plate 12. Surface texture produced by light tooling. 

Exposed concrete surfaces a re sometimes tooled too early. 
This makes the work easier, b u t it results in crushing of the 
concrete a n d in tear ing out the larger aggregate part icles. T h e 
older the concrete , the more pleasing the effects of tool ing; a 
m i n i m u m age is a b o u t four weeks, a n d six or eight weeks is 
preferable. W h e r e concrete is bushed h a m m e r e d , in the p re ­
pa ra t ion of a waterproof j o in t (see Pla te 13) this is usual ly 
carr ied out a t 7 days. 

Scrubbed and Sand-Blasted Surface. T h e aggregates can be 
exposed a n d the composi t ion of the concrete accen tua t ed if 
the cemen t -mor t a r film on the surface is r emoved by sc rubb ing 
or sand-blast ing. T h e simplest m e t h o d is to use a surface 
r e t a rd ing agent pa in ted on the shut ters , str ip the shut ters after 
6 to 8 hours , a n d scrub the concrete surface wi th wire brushes 
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Plate 13. Surface bush hammered around starter bars and P.V.C. 
water bar to ensure first-class construction joint. 

or scrape wi th a saw b lade (see Pla te 14). T h e sc rubbed 
surface is then washed d o w n to clean the exposed aggrega te . 

Sc rubb ing a n d washing d o w n is restr icted to single-storey 
work due to the difficulties of ma in t a in ing the a l ready comple ted 
work free from con tamina t ion as the s t ruc ture is erected. C a r e 
is necessary on all arrises to avoid a poor finish. T h e arris is 
e i ther left un t r ea t ed or is avoided by the use of r o u n d e d corners . 

T h e most pleasing surface is achieved by using single-size 
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Plate 14. Texture produced by scraping with saw blade. 

large aggregate of uniform colour — in fact by the use of gap -
g raded concrete (see Plate 15). Th is type of exposed surface 
has been used in this count ry , whilst on the Con t inen t a similar 
mater ia l , t e rmed ' ' n a t u r a l concre te" , has been p roduced by 
using pre-packed concrete g rou ted wi th a h igh-s t rength mor t a r . 

Sand-blas t ing has been used to some extent on pre-cast 
work (see p la te 16) a n d it has also been used wi th grea t 
a rch i tec tura l effect to p roduce abs t rac t a n d pictorial designs 
on otherwise p la in walls. Because of the site difficulties wi th 
sand-blas t ing — in pa r t i cu la r the dangers of sihcosis — re tu rn 
shot-blast ing has been tr ied in which the surface is blasted wi th 
shot of a pa r t i cu la r size, the shot a n d the e roded ma te r i a l be ing 
au tomat ica l ly r e tu rned to the m a c h i n e by a v a c u u m line. 

E tch ing wi th acid has also been used, b u t this process is 
restricted to precast work a n d the same effect can be largely 
a t ta ined by using a surface r e t a rde r a n d spraying the exposed 
surface wi th wate r . 
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Plate 15. Panel of exposed gap graded aggregate (white cement used 
on left) 

Requirement for Surface-Treated Concrete 
T r e a t m e n t such as toohng wiU not hide poor const ruct ion a n d 

honeycombing ; no satisfactory finish can be ob ta ined unless 
the concrete is well compac ted , uniform bo th in tex ture a n d 
colour, a n d free from segregation, bleeding, a n d defective 
construct ion joints . 

T h e aggregates must be ob ta ined from the same pit or q u a r r y 
t h roughou t the work, because it is i m p o r t a n t to m a i n t a i n 
cons tant the colour a n d g rad ing of the fine a n d coarse aggre­
gates as well as the aggrega te /cement a n d wa te r / cemen t ratios 
otherwise diflferent ba tches will show u p as different colours. 

T h e cement content must be ma in t a ined constant a n d should 
not be less t h a n 500 lb pe r cubic yd of concre te ; the s t rength should 
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Plate 16. Pre-cast unit aggregate exposed by shot blasting. 

no t be less t h a n 3000 p.s.i. If the n o r m a l concrete is of this or 
be t te r qual i ty then special facing concrete is no t requ i red , 
p rov ided there is sufficient wa te r to give a plastic consistence 
d u r i n g compac t ion . Such concrete will usually fulfil the 
requ i rements for impermeabi l i ty , wea the r ing a n d uni form 
a p p e a r a n c e of surface concrete . If the n o r m a l concrete is of 
lower s t rength then a surfacing concrete m a y be necessary, b u t 
a surfacing concrete wi th a h igh cemen t con ten t or low wate r / 
cemen t ra t io should not be used, for the difference in cemen t 
con ten t be tween the facing a n d the o rd ina ry concrete results 
in differential shr inkage a n d the facing concre te spalls off. 
Fac ing concrete should no t be used in reinforced concrete 
s t ructures . I t m a y be used in p la in concrete construct ion, b u t 
should no t be less t h a n 1 ft thick. T h e differences be tween the 
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wate r / cemen t ratios a n d the aggrega te /cement ratios of the 
mass a n d the facing concrete should be small . 

T h e g rad ing of the aggregate for surface concrete depends 
on whe the r the exposed surface will subsequent ly receive a n y 
t r ea tmen t . If the surface is to be tooled, the coarse aggrega te 
used should be a t least l | i n . except in the case of pa rape t s 
where a finer aggregate is requ i red . Too led surfaces always 
a p p e a r more p leasant a n d var ied if the exposed aggregate is 
coarse. 

If it is i n t ended to expose the surface aggregate by r emoving 
the m o r t a r su r round ing it, t hen the aggregate should be single-
sized. A cont inuously g raded aggrega te results in a less pleasing 
texture t h a n a single-sized gap -g raded aggregate . A l though a 
gap-g raded mate r ia l m a y prove a h t t le more difficult to place, 
its use permits the combina t ion of a highly efficient s t ruc tura l 
mate r ia l wi th a pleasing surface. 

Specially selected aggregates m a y he lp to e n h a n c e the 
appea rance , b u t if coloured coarse aggregates are used, coloured 
or whi te sands mus t be used as well. Crushed aggregate should 
be avoided in facing concrete as it is more difficult to c o m p a c t 
a n d requires a larger p ropor t ion of fines a n d a h igher wa te r 
conten t t h a n r o u n d e d gravel . 

Care must be exercised in choosing aggregates to ensure t ha t 
they do not inc lude mate r i a l likely to cause s ta ining as, for 
example , pyrites or marcas i te which cause i ron s taining, or 
soft chalk which can cause a s treaky whi te deposit . SuflRcient 
fine sand passing a N o . 52 sieve is necessary in the mix because 
a deficiency m a y cause streaks on the concrete surface d u e to 
the wet concrete giving u p wa te r which gathers on the shut ter­
ing, trickles d o w n a n d washes ou t the cemen t from the concrete 
below. P lan ing a n d oiling of the shut te r ing makes this worse. 
T h e content of fine aggregate passing a N o . 7 sieve should 
a m o u n t to be tween 6 a n d 8 per cent of the tota l quan t i t y of 
aggregate , so t ha t the combined a m o u n t of cement a n d fine 
aggregate should represent 20 per cent of the tota l d ry mix . 
W h e n special colour effects a re desired, exper iments should 
be carr ied ou t using the aggregate a n d me thods of surface 
t r ea tmen t proposed. 

Colour effects m a y be ob ta ined by the use of p igments . T h e 
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mixing of d ry p igments wi th cemen t requires such care as can 
be achieved only by using a cemen t b lend ing p l an t — insuffi­
cient mix ing results in a p a t c h y a p p e a r a n c e . Coloured cements 
should be used in preference to mix ing p igments in on the 
site. If the exposed surface is to receive subsequent t r e a t m e n t 
it is best to avoid the use of coloured cements a n d p igments a n d 
to rely on coarse a n d fine aggregate for colour effects. 

Mixing and Placing, A d e q u a t e mix ing is essential; it is 
impossible to ob ta in a uniform consistence in a concrete t h a t 
has no t been proper ly mixed. Should segregat ion occur d u r i n g 
the t ranspor t of the concrete from the mixer to the site, the 
concrete should be mixed aga in before p lacing. T o reduce 
segregation the mixer should be as nea r as possible to the site 
of the s t ruc ture . Concre te should no t be al lowed to fall freely, 
to shde d o w n a chu te or be conveyed on a be l t ; all cause 
segregation. W h e n e v e r possible the concre te should be p laced 
by means of a t remie p ipe . 

T h e quan t i t y of mixing wa te r should be kept as low as is 
compat ib le wi th good workabi l i ty . Fac ing concrete should no t 
be mixed too dry, however ; the concrete mus t be plastic a n d 
should flow w h e n be ing v ib ra ted . 

Precast facing concrete 
W i t h the in t roduc t ion since the w a r of a style of a rch i tec ture 

which calls for large areas of flat surface, m a n y facing mater ia ls 
have been developed, one of the most i m p o r t a n t of which is 
the precast concrete facing slab. Such slabs have been used as 
c ladding to f ramed s t ructures , pa r t i cu la r ly flats a n d office 
blocks. T h e y can be manufac tu red in a var ie ty of colours, wi th 
various aggregates a n d different tex tures ; the tex ture a n d 
colour are general ly ob ta ined by exposing the aggrega te , 
a l though a n u m b e r of slabs have been p r o d u c e d wi th smooth 
surfaces p r o d u c e d by gr inding . 

Var ious t r ea tments of the surface a re avai lable . T h e slab 
m a y be e tched wi th acid or scraped wi th a tool whilst still g reen 
to give a fine tex ture . A coarser tex ture is p r o d u c e d by using 
fine aggregates subsequent ly exposed by removing the su r round­
ing mor t a r , e i ther by spraying the green concrete wi th wa te r 
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Plate 17. Exposed aggregate facing slabs. 

or b rush ing wi th a stiff b rush . Coarse textures are p r o d u c e d 
by using large aggregate f to 1 | in . or 1 | to 3 in . T h e large 
aggregate m a y be e m b e d d e d in the precast slab a n d la ter exposed 
by removing the surface cement , or it m a y be laid on a bed of 
sand in the casting m o u l d a n d covered wi th a layer of m o r t a r 
a n d back ing concre te ; in the la t ter case, w h e n the concrete has 
h a r d e n e d the sand is b rushed off the face, thus exposing the 
aggrega te ; the d e p t h of sand a n d size of aggregate de t e rmine 
the dep th of exposure a n d the ruggedness of the t ex ture . 
Alternat ively the aggregate can be e m b e d d e d in m o r t a r a n d 
la ter exposed by spraying wi th w a t e r ; in such a case the surface 
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Plate 18. Profiled precast facing slabs. 

must be pa in ted over wi th a r e t a rd ing agent to p reven t the 
cement sett ing. 

The Production of Precast Facing Slabs 
Precast facing slabs of which examples are shown in Plates 17 

a n d 18 are near ly always p roduced in factories. T h e techniques 
employed are different from those of site concre te work , a n d 
their p roduc t ion is as specialized as all precast concrete work. 
T h e precast slab is m a d e u p of th ree m a i n e lements : the special 
aggregates for the surface finish, the m o r t a r in which these 
aggregates are e m b e d d e d , a n d the back ing concre te . T h e 
facing aggregates d e p e n d entirely u p o n the tex ture a n d surface 
requi red . T h e mix for the m o r t a r is also control led by the 
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a p p e a r a n c e requ i red b u t in add i t ion it mus t be resistant to 
wea the r ing a n d have sufficient s t rength . Mixes of from 
to 1:3 a re usual for this mor t a r . M o r t a r weaker t h a n 1:3 m a y 
no t be s trong enough to p reven t some of the large aggregates 
be ing dislodged ei ther du r ing erect ion or w h e n in service, 
whilst m o r t a r s t ronger t h a n 1:11 suffers from excessive shr inkage. 

T h e back ing concrete is usually m a d e u p of | or f in . aggre­
gate designed to have a s t rength of 5000 to 6000 p.s.i. a t 28 days. 
W h e n e v e r possible the cement /aggrega te ratios of the back ing 
concrete a n d the facing concrete (facing m o r t a r + the special 
aggregate) should be a b o u t the s a m e ; the ne t t result of this is 
t ha t the facing m o r t a r is r icher a n d consequent ly s t ronger the 
larger the facing aggregate , which is exactly w h a t is r equ i red . 
Reinforcement is usually e m b e d d e d in the back ing concrete to 
give the precast slab sufficient s t rength for h a n d l i n g a n d 
erection. Smal l slabs a re reinforced wi th a steel mesh which in 
th in slabs m a y be galvanized to p reven t rust ing. La rge slabs 
a re usually panel led ou t to reduce the d e a d we igh t ; the 
reinforcement is t hen incorpora ted in the th ickened sections 
wi th a m i n i m u m cover of 1 in. 

T h e back ing concrete is p laced in the m o u l d immedia t e ly 
after the facing concrete has been p laced a n d before i t has set, 
to ensure t h a t the two b o n d together . T o assist in this b o n d i n g 
the back surface of the facing concrete should be rough a n d no t 
trowelled smooth before the back ing concrete is p laced. 
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C H A P T E R 8 

SPECIAL CONCRETES 

Gap-graded concrete 
G a p - g r a d e d concrete is concrete in which a single-size coarse 
aggregate is mixed wi th fine sand a n d cement . O n the Con t inen t 
it has been t e rmed skeleton concrete , it be ing visualized as a 
concrete formed from the skeleton of large stones touch ing one 
ano the r wi th the voids in be tween filled wi th cemen t m o r t a r . 

I t is a s t ruc tura l concrete which combines the advan tages of 
a lean concrete of low shr inkage wi th t h a t of h igh s t rength a n d 
impermeabi l i ty . But it m a y also be used as a facing ma te r i a l 
in which the cement m o r t a r is removed by b rush ing a n d wash­
ing down the surface 6 to 8 hours after cast ing to p r o d u c e 
so-called n a t u r a l concrete . T h e skeleton s t ruc ture of gap -
g raded concrete is advan tageous for such surface t r e a t m e n t 
because it facilitates the early striking of shut ter ing, par t i cu la r ly 
on re ta in ing walls a n d o ther exposed vert ical surfaces. 

T h e aggregate is p ropor t ioned to p roduce the m a x i m u m 
density of concrete by using cer ta in gradings of aggregate so 
t ha t the a m o u n t of large mate r i a l used is a m a x i m u m . If one 
visuahzes a box filled wi th the largest aggregate which can be 
used or which is avai lable (in pract ice this is usually 3, ^ or 
I in.) a n d the aggregate is compac ted so t ha t the voids a re a 
m i n i m u m , then the a m o u n t of space left be tween the aggregate 
particles will depend u p o n their shape a n d size. Even for large 
aggregates this space is usually qui te small , general ly a b o u t 
one-eighth of the aggregate par t ic le , i.e. f in. for 3 in. aggregate , 
^ in. for 1 | in. aggregate , etc. 

T o fill the spaces left by the large aggregate a m u c h smaller 
mate r ia l is requi red . If cont inuously g raded mate r i a l is used 
then the next smaller mate r ia l — for example f-^ in. for 1 | in. 
aggregate a n d ^ i n . - N o . 7 for | in. aggregate — will be too 
large to fill the voids, a n d will cause par t ic le in terference; in 

286 
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O t h e r words the use of a cont inuous g r a d i n g w i l l p reven t the 
large aggregates compac t ing to their m a x i m u m density. 
Part icle interference in concrete occurs as follows. T h e com­
pact ion of concrete results first in comple te subsidence of the 
loose concrete a n d then its l iquefaction a n d de-aera t ion . 
D u r i n g this second phase the smaller part icles a t t e m p t to 
pene t ra t e the voids be tween the la rger ones. If the smaller 
particles are too large to fit in to the voids existing w h e n the 
larger particles are in direct contac t , t hen the larger part icles 
are forced a p a r t a n d there is par t ic le interference. 

A g a p is left, therefore, in the g rad ing of the aggregates , a n d 
a smaller mate r ia l used. I n prac t ice this gap is g rea te r t h a n is 
theoretical ly requi red , a n d a fine sand is used wi th a single-size 
1^ or f i n . aggregate . T h e a d v a n t a g e of using a fine sand is 
tha t it increases the total specific surface of the aggregates a n d 
hence the wate r -ho ld ing proper t ies , so pe rmi t t i ng the use of a 
reasonable wa te r / cemen t ra t io a n d resul t ing in be t te r work­
abih ty . If the theoret ical size of ma te r i a l was used to fill the 
voids left by the large aggregate , then a l though a low water / 
cement ra t io could be achieved, a ha rsh mix would result. I n 
pract ice it is not possible to ob ta in single-size sands of the sizes 
requi red , so there has to be a compromise which results in the 
use of a fine sand wi th a n a r r o w size r ange . As wi th all 
" conc re t i ng" sand, however , no t more t h a n 5 per cent should 
pass a N o . 100 sieve. 

T h e sand has to filter be tween the voids in the coarse 
aggregate , a n d a simple test to measure whe the r it is sui table 
is to pack an 18 in. d i ame te r f i n . sieve wi th the coarse 
aggregate t ha t is to b e used a n d de te rmine whe the r the 
proposed sand filters t h rough . If it does then it should b e 
satisfactory. 

Because there is some par t ic le interference in the sand size, 
more sand must b e used t h a n is theoret ical ly necessary. T h e 
fining of concrete in to moulds of finite size also requires m o r e 
m o r t a r a n d hence more sand. I f the theoret ical sand con ten t 
was 23 per cent then it would b e necessary to increase it to 
26 to 27 per cent to take care of these factors. Twenty-s ix 
per cent of sand is abou t the m i n i m u m q u a n t i t y usual ly used. 
Even so the sand content of a gap -g raded concrete m a y b e 
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10 per cent less t h a n t ha t of a concrete m a d e wi th cont inuously 
g raded aggregate . 

I t is sometimes necessary to use aggregates which are 
deficient in one or more sizes so t h a t a gap exists in the con­
t inuous grad ing , b u t such mate r i a l should no t be referred to as 
be ing gap-g raded . A concrete p r o d u c e d wi th such a ma te r i a l 
possesses few of the advan tages of a gap -g raded concrete as 
here in described, whilst it m a y suffer from a n u m b e r of dis­
advan tages ; it m a y tend to be harsh d u e to the existence of the 
gap in the g rad ing , whilst due to the cont inuous g r a d i n g of 
most of the aggregate more sand will be requi red . T h e r e m a y 
also be t rouble due to bleeding a n d segregation. 

The Characteristics of Gap-Graded Concrete 

T h e characterist ics of gap -g raded concrete can be considered 
u n d e r two head ings : those of the green concrete a n d those of 
the set concrete . 

Green Concrete. W h e n first mixed, gap-g raded concrete has 
the a p p e a r a n c e of an a m o r p h o u s mass of stones which it is h a r d 
to believe is sui table for concrete construct ion. A proper ly 
designed mix appears dry . Because of the use of single-size 
aggregate the dange r of segregation occurr ing du r ing c o m p a c ­
tion are great ly reduced . T h e r e is, however , some possibility 
of segregation occurr ing du r ing hand l ing , because there is no t 
a large enough vo lume of cement m o r t a r to b ind the whole 
together and , in consequence the cement m o r t a r can become 
segregated from the large mate r ia l . 

I n compac t ing gap-g raded concrete there is an i m m e d i a t e 
collapse of the mate r ia l which is more consistent a n d r a p i d 
t h a n wi th cont inuously g raded concrete , b u t this i m m e d i a t e 
collapse mus t be dist inguished from comple te compac t ion . 
T h e a m o u n t of v ib ra t ion necessary to compac t the concre te 
fully is grea ter t h a n would be requ i red to c o m p a c t a similar 
mix wi th cont inuously g raded aggregate . Excess m o r t a r facili­
tates compact ion , so t ha t in general gap-g raded concrete — 
which contains little m o r t a r — requires more compac t ion . I n 
add i t ion the large-size mate r ia l requires a grea ter energy i n p u t 
to b r ing it in to the same state of v ibra t ion as the smaller 
particles, aga in requi r ing more v ibra t ion . L a b o r a t o r y tests 
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(Shacklock, 1959) a p p e a r to indica te little difference be tween 
concrete from cont inuous a n d gap -g raded aggregates , b u t the 
sand content in l abora to ry tests usually has to be h igher t h a n 
tha t used in site work a n d this makes it difficult to measure 
workabi l i ty in the labora tory . 

Because of the skeleton n a t u r e of the concrete in which the 
stones theoret ical ly rest against one ano ther , 1 cubic yd of 
concrete is occupied by 1 cubic yd of aggregate w h e n fully 
compac ted . 

T h e control of the aggregate gradings is more i m p o r t a n t 
t h a n wi th cont inuously g raded concrete , as shght changes in 
the sand can lead to a loss of workab ih ty or to segregat ion. T h e 
a m o u n t of wa te r a d d e d is cr i t ical ; if it is no t enough then 
comple te compac t ion canno t be a t t a i n e d ; on the o ther h a n d , 
if too m u c h wa te r is a d d e d then segregat ion results because the 
concrete is far too wet. 

This sensitivity to wa te r con ten t can be a n a d v a n t a g e or 
d i sadvantage , depend ing u p o n the control exercised over the 
sand g rad ing a n d u p o n the qua l i ty control on the site. I f the 
sand g rad ing is control led wi th in n a r r o w limits a n d the site 
cont ro l is good, then concrete of uniform qua l i ty is ob ta ined 
very easily because small changes in wa te r con ten t p roduce 
large changes in workabi l i ty a n d hence the control of the 
workabi l i ty controls the concrete qua l i ty wi th in n a r r o w limits. 
O n the o ther h a n d if the site control is only fair or even poor 
a n d the sand g rad ing varies, t hen dist inct a n d evident failures 
can be expected. 

T h e par t ic le shape of the aggregate also affects the work­
abil i ty a n d consistence, a n d the subst i tut ion of a flaky large 
aggregate for a r o u n d e d one results in a decrease in s t rength if 
the workabi l i ty is m a i n t a i n e d constant . 

W h e n a gap -g raded concrete is p roper ly designed, well 
mixed a n d compac ted in to such s t ructures as re ta in ing walls, a 
self-supporting s t ruc ture is achieved such t h a t wi th heights of 
a b o u t 8 ft the face shutters can be r emoved some two hours 
after comple t ion of the v ibra t ion . Th i s can lead to economy 
due to the more rap id re-use of the shut ter ing , a n d it is a d v a n ­
tageous w h e n it is requ i red to expose the aggregate to ob t a in a 
special finish, for then early s t r ipping means t ha t it is easy to 
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remove the m o r t a r covering the aggregate . But care is needed 
in removing the m o r t a r to p revent washing out aggregate from 
the lower lifts of the wall . 

I n compar ison wi th concrete from cont inuously g raded 
aggregates, gap-g raded concrete is somewha t under - sanded . I t 
is, therefore, difhcult, if no t impossible, to p u m p . P u m p a b l e 
concrete has to be cohesive so tha t it can be pushed a long the 
pipe easily, a n d general ly requires u p to 40 per cent sand. T h e 
act ion of p u m p i n g tends to p roduce a cent ra l core of leaner 
concrete in the pipel ine, bu t wi th gap -g raded concrete this 
results in blockage of the pipe. This is not surprising w h e n it is 
considered tha t a gap-g raded concrete is p ropor t ioned to m a k e 
it mechanica l ly stable when compac ted . If the sand con ten t is 
increased then it could be p u m p e d , b u t then it ceases to have 
any advan tages over cont inuously g raded concrete . 

G a p - g r a d e d concrete is usually p laced by skip, a n d in th in 
sections is a ht t le more difficult to place t h a n cont inuously 
g raded concretes. 

Set Concrete. F r o m theoret ical considerat ions the character is ­
tics of set and h a r d e n e d gap-g raded concrete are m a x i m u m 
density a n d m i n i m u m shr inkage. Because it is impossible to 
achieve the theoret ical hmits of gap grad ing , however , the 
voids to be filled are shghtly grea ter t h a n the theoret ical 
m i n i m u m , a n d for reasons a l ready out l ined the a m o u n t of 
cement m o r t a r used is seldom less t h a n 26 per cent . I n prac t ice , 
therefore, gap -g raded concrete is not free from dry ing shr inkage 
or from movements d u e to mois ture changes in the cemen t 
paste, a n d the diflference be tween it a n d a well designed 
cont inuously g raded cement is not very great , b u t shr inkage 
a n d moisture m o v e m e n t is a little less. 

Freezing a n d thawing tests have ind ica ted tha t gap -g raded 
concrete has a lower resistance to frost t h a n cont inuously 
g raded concrete . Such tests have yet to be confirmed by site 
trials, b u t where resistance to freezing is i m p o r t a n t t hen air-
en t ra ined concrete should be used. 

Lightweight concrete 
Struc tura l concrete m a d e wi th crushed rock or gravel 

aggregates has a density of abou t 140 to 150 lb /cubic ft. W h e r e 
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a high s t rength is not requi red a less dense mate r ia l can be used 
if it is requi red to take a d v a n t a g e of the increased t h e r m a l 
insulat ion which results from a l ightweight concrete . Light­
weight concrete can be p roduced by using a n aggregate which 
is itself of low density (for example a l ightweight e x p a n d e d c lay) , 
or by foaming the cement m o r t a r mix tu re so as to incorpora te a 
large vo lume of air. I t can also be p r o d u c e d by using only 
coarse aggregate a n d cement , i.e. by omi t t ing the fine aggregate 
from an otherwise convent ional concrete , or by a combina t ion 
of one or more of these methods . 

Lightweight concrete varies in density from 20 to 1201b/ 
cubic ft as indica ted in the following table . 

Density (Ib/ft^) for different concretes 

Aggregate Structural Load-bearing Insulating 

Sintered clays and shales 95 to 120 90 to 110 

No fines (gravel aggregate) 100 to 120 

No fines (lightweight aggregate) 60 to 100 

Foamed slag 60 to 100 

Cellular or foamed concrete 80 to 100 20 to 80 

Vermiculite concrete 20 to 60 

T h e density depends u p o n the type , the specific gravi ty a n d 
g r ad ing of the aggregates, the mix propor t ions , a n d the a m o u n t 
a n d m e t h o d of compac t ion . M a n y hgh twe igh t concretes a re 
no t fully compac ted a l though they are r o d d e d to ensure t h a t 
they fill the m o u l d or shut ters . T h e lightest concretes a re 
sui table only as insulat ion mater ia ls , (e.g. a vermicul i te roof 
screed), b u t w h e n the density is above a b o u t 75 lb /cubic ft the 
concrete is usually sui table for load-bea r ing s t ructures . 

T h e chief advan tages in using l ightweight concrete a re the 
reduced density, a n d hence the r educed d e a d load of s t ruc tura l 
members , a n d the increased insulat ion. T h e reduc t ion in 
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Fig. 8.1. Relationship of strength and density for various lightweight 
concretes. 

any par t i cu la r aggregate or type of concrete there is a n a r r o w 
range of densities which correspond to any pa r t i cu la r s t rength , 
a n d similarly for any density there is a n a r r o w range of s t rength . 
Different ranges of s t rength a n d density a re ob ta ined by using 
the different kinds of l ightweight concrete , a n d in consequence 
l ightweight concrete m a y be divided roughly in to three g r o u p s : 

density is accompan ied by a n increase in the t h e r m a l insulat ion 
which is va luab le for bu i ld ing work whilst, in addi t ion , l ight­
weight insula t ing concretes can be easily cu t a n d nai led for 
fixing bui ld ing fittings. L ightweight concretes, pa r t i cu la r ly the 
foamed concretes, a re subject to h igh dry ing shr inkage a n d 
mois ture movemen t . No-fines concrete suffers less from dry ing 
shr inkage because the aggregate part icles are mostly in direct 
contac t wi th each o ther a l though not compac ted . Careful 
cur ing is essential to reduce bo th d ry ing shr inkage a n d mois ture 
movemen t . 

T h e s t rength of l ightweight concrete varies wi th the densi ty — 
the lower the density, the lower the s t rength (see Fig. 8.1). Fo r 
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Structural Lightweight Concrete 

St ruc tu ra l l ightweight concrete is s imilar to n o r m a l concre te 
except t ha t a l ightweight aggregate is subst i tu ted for gravel or 
crushed rock. T h e compressive s t rength m a y be as h igh as 
6000 p.s.i. a n d the density in the r ange 95 to 120 lb /cub ic ft. 

T h e density a n d s t rength d e p e n d u p o n the type of aggrega te 
a n d the aggrega te /cement ra t io . For a pa r t i cu la r aggrega te 
the s t rength is roughly p ropor t iona l to the density. A densi ty 
of 95 lb /cubic ft corresponds to a compressive s t rength of 2000 
p.s.i. a n d a density of 115 lb /cubic ft to 6000 p.s.i . b u t for a n y 
requ i red density there is only a cer ta in n a r r o w range of s t rength 
which can be achieved. Increased s t rength c a n be ob ta ined 
by replac ing the fine l ightweight aggrega te by sand, b u t this 
increases the weight . T o achieve a given compressive s t rength 
the use of sand results in a leaner mix . 

T h e l ightweight aggregates used to p roduce s t ruc tu ra l 
concrete are the various expanded shales a n d clays a n d s intered 
fly ash. T h e propert ies of these l ightweight aggregates have 
a l ready been described in C h a p t e r 3. L igh tweight s t ruc tura l 
concrete is usually a little m o r e ha r sh t h a n no rma l . T h e 
aggregates also have a m u c h h igher w a t e r absorpt ion , so it is 
necessary to see t ha t they are we t ted before be ing mixed or 
the concrete will t end to d ry a n d become unworkab le d u r i n g 
or after mixing. 

T h e usual precaut ions as regards p lac ing are necessary, 
a l though be ing light in weight the larger aggrega te has less 
t endency to segregate. Placing a n d compac t ing is a little m o r e 
difficult a n d more l abour is r equ i red to ob ta in a good finish. 

S t r u c t u r a l c o n c r e t e , l o a d - b e a r i n g c o n c r e t e a n d i n s u l a t i o n con­
crete . These groups a re c l a s s i f i e d by the compressive s t rength 
a n d cor responding density. 

S t reng th a t Densi ty 
28 days (p.s.i.) ( lb /cubic ft) 

S t ruc tu ra l concrete 3000-6000 95 -120 
Load-bea r ing concrete 500-2000 75-105 
Insula t ion concrete — d o w n to 20 
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If the surface of a floor slab is left rough it provides an excellent 
key for a g ranoh th ic flnish. 

T h e various physical propert ies of s t ruc tura l l ightweight 
concrete will depend u p o n the aggregates used, b u t for s t ruc tura l 
l ightweight concrete using expanded shale the modu lus of 
elasticity is lower t h a n tha t of n o r m a l gravel concrete . T h e 
init ial modulus of elasticity m a y be de te rmined (Evans a n d 
H a r d wick, 1960) from the equa t ion 

^^ = (o-7 + 3áü) χ ^ ο ^ ρ · - · 

where f = compression s t rength (p.s.i.). 
These values are abou t 60 per cent of those for gravel 

concrete , b u t values r ang ing from 50 to 80 per cent have been 
measured . T h e tensile s t rength is h igher t h a n for n o r m a l 
concrete of the same compressive s t rength. T h e flexural 
s trengths of l ightweight a n d n o r m a l concrete do not diflFer 
great ly at early ages, be ing abou t 450 p.s.i. for a compressive 
s t rength of 3000 p.s.i. A t la ter ages the flexural s t rength of 
no rma l concrete exceeds t ha t of hgh tweigh t concrete . 

T h e deferred strains are greater t h a n for o rd ina ry concrete , 
a n d for a stress of 1000 p.s.i. values m a y be u p to 60 per cent 
grea ter t h a n for gravel concrete , the creep coefficient τη^ be ing 
abou t 0-40 (Shideler, 1957) c o m p a r e d wi th 1-07 for gravel 
concrete . T h e r e is an increase in shr inkage wi th concrete m a d e 
wi th sintered clay aggregates . T h e i m m e d i a t e deflexion of a 
concrete b e a m is 10 to 25 per cent grea ter t h a n t h a t of a 
corresponding gravel concrete b e a m . 

Poisson's ra t io de te rmined statically is abou t the same for l ight­
weight a n d gravel concretes, 0-16 to 0*20. De t e rmined d y n a m i ­
cally it has a slightly h igher va lue of 0 -20 to 0 -23. T h e resistance 
of l ightweight concrete to de ter iora t ion is no t known wi th 
accuracy. S t ruc tu ra l l ightweight concrete has its greatest 
appl ica t ion in floor slab a n d b e a m construct ion where its 
behav iour is satisfactory. T h e rust ing of re inforcement m a y be 
the most serious cause of deter iora t ion, b u t it is unlikely t h a t 
l ightweight concrete would be used in si tuations d e m a n d i n g 
a h igh resistance to a t tack. I n any case the n o r m a l considera­
tions described in C h a p t e r 6 apply , so t ha t in general the use 
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of a l ightweight aggregate will have less influence t h a n the 
concrete cover over the re inforcement a n d the condi t ions of 
exposure of the s t ruc tura l m e m b e r . 

Load-Bearing Lightweight Concrete 

Load-bea r ing l ightweight concrete has a compressive s t rength 
at 28 days of 500 to 2000 p.s.i. wi th a densi ty of 75 to 100 lb / 
cubic ft. I t is used for the load-bea r ing walls of houses a n d 
flats usually of two or three storeys, a l though flats have been 
constructed at S tu t tga r t in which the top th i r teen storeys were 
of no-fines concrete . T h e a d v a n t a g e of load-bear ing l ightweight 
concrete is t h a t it is a n insula t ing a n d d a m p resistant ma te r i a l 
so long as its density is kept low. 

I t can be m a d e from l ightweight aggregates such as the 
sintered clays a n d shales a n d foamed slag, b u t for house a n d 
flat construct ion the most p o p u l a r ma te r i a l is no-fines concre te . 
No-fines is usually m a d e from gravel aggregates using only the 
f to f in . coarse mate r ia l . Load -bea r ing l ightweight concre te 
using l ightweight aggregates is p ropor t ioned , mixed a n d p laced 
in m u c h the same m a n n e r as n o r m a l concrete . T h e ha r sh n a t u r e 
of sintered clay aggregates m a y result in poor workabi l i ty w h e n 
used in lean mixes wi th a n aggrega te /cement ra t io of 8 : 1 , b u t 
this can be overcome by en t ra in ing air in the concrete , a n d u p 
to 25 per cent has been used. Such a q u a n t i t y reduces the 
compressive s t rength, b u t s t rengths wi th in the r ange of 500 to 
1000 p.s.i. can stiU be a t t a ined (Nelson a n d Frei , 1958). Air-
en t r a inmen t is no t requ i red in the r icher mixes, such as a re 
used for s t ruc tura l l ightweight concrete . 

Concre te blocks for load-bear ing walls a re manufac tu red 
from foamed concrete wi th densities of 70 to 90 lb /cub ic ft. 
T h e y are manufac tu red in factories p roduc ing precast concrete 
products , a n d are often cured in high-pressure s team to increase 
the early s t rength a n d reduce the d ry ing shr inkage. T h e y can 
be readi ly sawn a n d nails c a n be dr iven in w i thou t p lugging, 
which effects a saving in bu i ld ing costs. 

No-Fines Concrete, No-fines concre te is m a d e from cemen t 
a n d coarse aggregate . T h e aggrega te is usual ly f to f in . 
mater ia l , t hough \ in . single-size ma te r i a l m a y also be used. 
Crushed rock, gravel , blastfurnace slag a n d clinker have all 
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been used successfully, a n d " l igh twe igh t " no-fines concretes 
for load-bear ing walls have been m a d e wi th l ightweight aggre­
gates such as foamed slag a n d sintered clay. 

D u e to the absence of fines the finished concrete has a cel lular 
s t ruc ture of low s t rength. T h e compressive s t rength lies be tween 
1000 p.s.i . for a 10:1 mix by vo lume a n d 2000 p.s.i. a t 28 days 
for a 5:1 mix by vo lume. T h e s t rength cont inues to increase 
after 28 days in m u c h the same m a n n e r as for n o r m a l concre te . 
Crushed rock aggregate usually gives slightly h igher s t rengths 
a n d blastfurnace slag lower s trengths t h a n the above, wh ich are 
typical for gravel aggregates . T h e s t rength is p ropor t iona l to 
the densi ty; a 10:1 mix by vo lume has a densi ty of 115 lb /cubic 
ft, a n d a 6:1 mix has a density of 125 lb /cubic ft. 

Whils t the permeabi l i ty of no-fines concrete is h igh it forms 
a good bar r i e r to mois ture pene t ra t ion because of the e l imina­
t ion of capi l lary absorp t ion ; a t the same t ime its cel lular 
s t ruc ture provides a good t he rma l insulat ion a n d unl ike 
o ther l ightweight concretes it does not suffer from excessive 
shr inkage. 

M i x Propor t ion ing . M i x p ropor t ion ing is based on the requ i red 
s t rength . T h e rela t ion be tween s t rength a n d densi ty is given 
in Fig. 8 .1 , a n d the re la t ion be tween s t rength a n d wa te r / cemen t 
ra t io in Fig. 8.2. T h e propor t ions a re governed m o r e by the 
necessity to achieve a cellular s t ruc ture a n d coat each stone 
wi th cement g rou t t h a n by a h igh s t rength r equ i remen t . F r o m 
the requ i red densi ty the vo lume propor t ions a n d w a t e r / c emen t 
ra t io are de te rmined . A tr ial mix is m a d e wi th the aggregate 
it is proposed to use, to assess w h a t adjustments , if any , a re 
requi red to the mix propor t ions to p roduce the requ i red s t rength 
wi th the necessary workabil i ty , a n d a t the same t ime to avoid 
bleeding which results from too m u c h wa te r in re la t ion to the 
cement . 

If the workabi l i ty is too low the mix m a y be increased in 
richness or the wa te r / cemen t ra t io increased. Al ternat ively if 
the workabi l i ty is too h igh a n d bleeding occurs then the wate r / 
cement ra t io m a y be reduced or the mix m a d e leaner . 

Mix ing a n d Placing. T h e wa te r mus t be a d d e d to the mixer 
jus t before the aggregate a n d the cement , as otherwise the 
cement cakes on the aggregate a n d the sides of the mixer . 
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Fig. 8.2. Relationship of compressive strength w/c and a/c for no-fines 
concrete. 

Assuming t ha t we igh t -ba tch ing is be ing used the mix p ropor ­
tions mus t be conver ted from vo lume to weight b y first deter­
min ing the rodded bu lk densi ty of the aggrega te to be used. 

Mos t mixers a re sui table , a n d a mix ing t ime be tween 1 a n d 2 
minutes will general ly be a d e q u a t e . 

No-fines concre te does no t segregate, a n d p lac ing is com­
para t ive ly simple. I t c an be d r o p p e d considerable heights 
w i thou t de t r imen t . I n house a n d flat const ruct ion the concre te 
c a n be p laced one storey h igh in one lift, a n d compac t ion is 
usual ly unnecessary ; it is essential t h a t the concre te be l ightly 
rodded , however , to ensure t h a t it fills the space be tween the 
shut ters . W h e r e cont inuous pours a re m a d e , u p to two storeys 



298 C O N C R E T E — P R O P E R T I E S A N D M A N U F A C T U R E 

in height , the concrete should be deposi ted uniformly w i thou t 
the format ion of construct ion jo ints , because the b o n d be tween 
new a n d old work is usual ly poor . T h e format ion of conical 
heaps of concrete should be avoided since they m a y be d is turbed , 
some t ime later , pe rhaps after the ini t ial set, w h e n the next lift 
of concrete is p laced. 

T h e nai l ing a n d cu t t ing in to no-fines concre te is difficult, so 
holes a n d chases in the concrete should be boxed ou t before 
concre t ing is begun . 

Curing. I t is essential t h a t no-fines be proper ly cured . I t 
should be p reven ted from dry ing ou t rap id ly , as can occur on 
exposure to ho t sun or d ry winds . R a p i d d ry ing ou t will 
p reven t the hyd ra t i on of the cemen t a n d possibly cause 
dis integrat ion of the concrete . 

W h e n used as a wal l ing ma te r i a l a d e q u a t e cur ing is m o r e 
difficult t h a n wi th slabs a n d floors, a l though the shut ters 
p reven t d ry ing to some extent for a t least the flrst 24 hours . 
Concre t ing du r ing win te r condit ions is easy, since the ma te r i a l 
is no t so subject to frost d a m a g e . I n severe wea ther , however , 
i t m a y be necessary to take the p recau t ion of hea t ing the w a t e r 
a n d aggregate , a l though the add i t ion of ca lc ium chlor ide m a y 
often be sufficient. 

Insulation Concrete 

This is a mate r ia l used pure ly for its insula t ing proper t ies as, 
for example , in the const ruct ion of slabs a n d screeds to flat 
roofs. I t can be p roduced in a wide r a n g e of densities a n d its 
proper t ies m a y be var ied to suit speciflc r equ i rements . 

I t c an be p roduced by using the very l ightweight aggregates 
such as vermicul i te , or by en t ra in ing 60 pe r cent or m o r e a i r 
in to a cement m o r t a r to p roduce cellular or foamed concre te . 
T h e mate r i a l has little s t rength , 50 to 60 p.s.i . , a n d a low 
density, 20 lb /cubic ft. As wi th the o ther hgh twe igh t concretes 
the density increases wi th increasing s t rength . T h e conduct iv i ty 
is lowest a t low densities, a n d a densi ty of 20 lb /cubic ft corres­
ponds to a t h e r m a l conduct iv i ty of 0*5 B.t .u/f t%r in . °F . 

T h e dry ing shr inkage a n d mois ture movemen t s a re large , a n d 
a mate r i a l wi th a densi ty of 20 lb /cubic ft will have a d ry ing 
shr inkage of 0-50 pe r cent ( compared wi th 0-05 pe r cent for 
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100 lb /cubic ft l ightweight concrete wi th a s t rength of 2000 
p.s.i. (see Fig. 8.3). 

T h e lowest densi ty ma te r i a l (20 lb /cubic ft) compares well 
wi th t rad i t iona l insula t ing mater ia ls , a n d has been used for 
cold-storage insulat ion a n d under lays to floors. A l t h o u g h its 
s t rength is low it is sufficient to suppor t l ight traffic if p ro tec ted 
from wear by a cement m o r t a r render ing , so t h a t it can be used 
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Fig. 8.3. Drying shrinkage for various concretes. 

as roof screeds. F o a m e d concrete m a d e by mix ing a preformed 
foam wi th cement grout has been used for insula t ing ho t w a t e r 
a n d s team pipes, par t icu la r ly for the d is t r ibut ion pipes of 
district hea t ing schemes. L igh tweigh t bu i ld ing blocks wi th 
densities of 20 to 40 lb /cubic ft a re c o m m o n . T h e y are usual ly 
cured by s team hea t ing or au toc lav ing u n d e r hea t a n d pressure 
to reduce dry ing shr inkage a n d give a h igh early s t rength so as 
to cut d o w n the breakages d u e to hand l ing . 
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Precast blocks a n d wal l ing panels a re usually plas tered 
in ternal ly a n d r ende red external ly. I t is i m p o r t a n t to ensure 
t ha t the foamed concrete has achieved mois ture equ i l ib r ium 
before plaster ing if freedom is r equ i red from shr inkage cracks 
in the plaster. 

Cellular or Foamed Concrete, T h e in t roduc t ion of a n air-
en t ra in ing agent in to concrete reduces its density. W h e n the 
air conten t is h igh (in excess of 25 per cent) the proper t ies of 
the concrete are completely changed from those of n o r m a l or 
of a i r -en t ra ined concrete con ta in ing only 6 per cent air . 

Cel lular or foamed concrete is m a d e from Por t l and cement , 
sand, wa te r a n d a foaming or gas-forming agent . T h e chief 
me thods a re by a d d i n g : 

(a) a chemical , for example 0-2 per cent (by weight of 
cement) of a l u m i n i u m powder , wh ich reacts wi th the 
alkalis in the cemen t to form a gas ; 

(b) a pre-formed stable foam, which is mixed wi th the 
r e m a i n d e r of the mate r i a l s ; 

(c) a foaming agen t which ent ra ins a large q u a n t i t y of a i r 
w h e n st irred a t h igh speed wi th the sand before the o ther 
mater ia ls a re added . Th is m e t h o d produces the heavier 
types of ae ra ted m o r t a r (80 to 90 lb /cubic ft). 

Ins tead of sand, o ther aggregates m a y be used, such as fly 
ash, foamed slag a n d expanded shale. L i m e m a y also be a d d e d 
to p roduce a fatty mix which is more easily ae ra t ed to give low 
densities. T h e lowest densities, d o w n to 20 lb /cub ic ft, result 
from aera t ing a cement- l ime mix tu re or a nea t cemen t a n d 
water mix tu re . Densities of 40 to 60 lb /cubic ft a re achieved 
wi th cemen t - l ime mixes to which fly ash or very fine sand has 
been added , whilst densities of 80 to 100 lb /cubic ft a re p ro ­
duced by using s a n d - c e m e n t mixes in propor t ions of u p to 4 :1 
by weight . Coarse aggregates are no t used for foamed concrete . 

T h e foamed concretes of h igher densities (80 to 100 lb /cubic 
ft) fall in to the load-bear ing concrete class wi th s trengths u p to 
2000 p.s.i. especially where the concrete has been cu red in 
s team a t h igh pressures. Th is m e t h o d of cur ing is only used for 
precast p roduc ts . 

T h e wa te r / cemen t ra t io has a n indi rec t effect on the s t r eng th ; 
a t any one density there is a n a r r o w range of w a t e r / c emen t 
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ratios wi th in which the b u b b l e s t ruc ture of the concre te is 
s tab le ; wi th in this r ange the wa te r / cemen t ra t io does no t affect 
the s t rength, b u t as the densi ty varies so does the r ange of 
wa te r / cemen t ratios. T h e s t rength is direct ly p ropor t iona l to 
the density. T h e t he rma l conduct iv i ty is roughly p ropor t iona l 
to density, as has a l ready been men t ioned . I n the heavier 
forms of ae ra ted concrete , lower t h e r m a l conduct iv i ty can be 
achieved by using fly ash ins tead of sand in the mix before 
aera t ion . 

A major difficulty wi th all l ightweight concrete is the h igh 
dry ing shr inkage — u p to 0-5 per cent — a n d h igh vo lume 
change wi th change in mois ture content . These large move­
ments p roduce shr inkage cracks wh ich have been sufficiently 
serious to h inder the use of l ightweight concretes. Dry ing 
shr inkage a n d moisture m o v e m e n t a re b o t h considerably 
reduced if the concrete is s team cured u n d e r h igh pressures. 
T h e r e is also some i m p r o v e m e n t if the concre te is dr ied by ho t 
air, a n d one or o ther of these processes is used by most concre te 
block manufac turers . 

T h e total absorpt ion of wa te r by precast foamed concrete 
blocks is relatively h igh, a l though the permeabi l i ty is relatively 
low p robab ly due to the presence of a large n u m b e r of non-
in te rconnec ted pores. T h e frost resistance is h igh for the same 
reason. 

As the special cur ing me thods used to r educe shr inkage 
canno t be used for in situ work, foamed concrete p roduced on 
the site is restricted to use as a n insula t ion mate r ia l . As a roof 
screed it is usually laid a t a density of a b o u t 25 lb /cubic ft to a 
fall of 1 in 8. A render ing of o rd ina ry cemen t m o r t a r is la id 
over the foamed concrete , especially where it is covered wi th 
b i tuminous roofing felt or where traffic on the roof will be 
grea te r t h a n no rma l . I t is no t so necessary where two or th ree 
coats of ho t asphal t a re used as the waterproof ing m e m b r a n e . 

T h e Manufac tu re of Cel lular or F o a m e d Concre te . A p a r t 
from the special use of expand ing cements , which are discussed 
elsewhere (see page 66) , cellular or foamed concre te is no t 
usually manufac tu red on the site by a d d i n g a chemica l to reac t 
wi th the cement . T h e process needs considerable technical skill 
in its ope ra t ion ; for example , the t e m p e r a t u r e mus t be carefully 
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Concrete for atomic radiation shielding 
Concre te is used to form shields against a tomic rad ia t ion 

result ing from nuc lear fission a n d the use of y-rays. A n a t o m 
is bui l t u p of three m a i n p r i m a r y par t ic les : protons , neu t rons 
a n d electrons. Atoms of diflferent elements are charac ter ized 
by combinat ions of different n u m b e r s of these part icles. Protons 
a n d neut rons are particles which are g rouped together in the 
cent ra l core of an a t o m known as the nucleus. Some nuclei 
are no t stable b u t are cont inuously dis integrat ing. This is 

control led to ensure t ha t the air bubbles do not coalesce to 
form a l amina ted s t ruc ture . F ine a l u m i n i u m powder is the 
most usual ma te r i a l added , b u t hydrogen peroxide a n d 
b leaching powder m a y be used to genera te gas. 

T h e p roduc t ion of a cellular concrete by using a preformed 
foam is simpler. T h e foam is p roduced in the same w a y as in a 
foam fire extinguisher, be ing m u c h the same mate r ia l . A 
foam-producing a p p a r a t u s is used from which , by means of a 
foaming agent , wa te r a n d compressed air, a control led q u a n t i t y 
of foam can be delivered to ei ther a p a n or padd le mixer a n d 
there mixed wi th a cement mor t a r , a l ready mixed to a plastic 
s tate . T h e mixing-in of the foam produces the l ightweight 
foamed concrete . If only a n o r m a l t i l t ing or non- t i l t ing d r u m 
mixer is avai lable , the foam a n d the necessary a m o u n t of 
wa te r should be mixed first before the cement a n d sand are 
added . 

T h e th i rd m e t h o d of p roduc ing foamed concrete is to mix a 
mix tu re of foaming agent , water , sand a n d cement a t h igh 
speed. W h e r e a padd le or p a n mixer is used it m a y be necessary 
to assist the foaming by ae ra t ing wi th compressed air a n d by 
a d d i n g wet t ing agents . T h e mixing t ime to p roduce the neces­
sary density m a y be 5 or 6 minutes . A high-speed ro ta ry mixer , 
however , enables a foamed concrete to be p roduced in less 
t ime. T h e foaming agent a n d wa te r a re first mixed to form a 
foam, before the sand a n d then the cement are added . T h e 
heavier types of ae ra ted concrete are p roduced by this m e t h o d . 
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known as radioact ivi ty , a n d in the dis integrat ion process 
part icles are emi t t ed : 

α-particles: charged he l ium nuclei 
j8-particles: fast-moving electrons emi t ted as a n e u t r o n 

decays in to a p ro ton 
y-rays: very-high-frequency e lec t romagnet ic r ad ia ­

t ions; they have m a n y proper t ies similar to 
moving particles b u t a re also wave-like r ad ia ­
tions similar to l ight a n d X-rays . 

These particles a n d rays are l e tha l ; w h e n y-rays in te rac t wi th 
an ima l tissue, the a toms in the tissue cells a re ionized a n d the 
cells die. For this reason it is necessary to su r round sources of 
radioact ivi ty wi th a shield to pro tec t the opera tors a n d reduce 
the intensity of the particles a n d y-rays emerg ing to a to lerable 
level. 

a- a n d jS-particles m a y be s topped complete ly b y shielding, 
b u t y-rays are only a t t enua ted a n d thei r intensi ty reduced . T h e 
a t t enua t ion of y-rays depends a lmost direct ly u p o n the mass 
t h rough which the rays have to pene t ra t e , a n d the relat ive 
values of two substances in affording pro tec t ion against these 
rays is in p ropor t ion to the densities of the mate r i a l s ; thus 6 in . 
of steel of specific gravi ty 7-8 is equiva len t to 6 X 7-8/2-3 in. of 
concrete of specific gravi ty 2-3. T h e a t t enua t i on of y-rays 
from an a tomic reac tor thus mere ly requires a given mass of 
mater ia l . 

I n fission reactors , in addi t ion to the fission products , fast 
neu t rons are emit ted . These m a y be slowed d o w n by collision 
wi th a toms unt i l their energies are r educed to values c o m p a r a b l e 
wi th the the rma l energy of v ib ra t ion of the a toms wi th which 
they co lhde ; these low-energy neu t rons a re t e rmed t h e r m a l 
neut rons . T h e y are rap id ly slowed d o w n by collision wi th 
nuclei of the same weight , a n d since they are of low a tomic 
weight the ideal mate r ia l would be hydrogen . 

T h e cap tu re of t he rma l neu t rons releases y-rays a n d produces 
hea t in the mass. If concrete a lone were used to cap tu r e 
t he rma l neut rons the hea t p roduced migh t lead to cracking, so 
it is usual to insert a t he rma l shield pr ior to the concre te to 
reduce the intensity of t he rma l neu t rons en ter ing the concre te . 
This t he rma l shield m a y be some inches of steel. T h e r e will 
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Sti l l be some hea t genera ted in the concrete , b u t it will not be 
as m u c h . 

T h e requi rements for concrete for r ad ia t ion shielding are , 
therefore, t ha t it shall have a large hydrogen conten t to c ap tu r e 
fast neut rons , t ha t it shall be able to resist the t he rma l stresses 
induced by the rma l neu t ron cap tu re , a n d tha t it shall have 
sufficient mass to a t t enua te the y-rays. I n add i t ion the concre te 
must be able to wi ths tand the hea t r ad ia t ed from the a tomic 
pile du r ing its opera t ion . T h e o p t i m u m density a n d composi­
t ion for shielding concrete are influenced by the type a n d 
intensity of rad ia t ion , by the complexi ty of the p lac ing condi ­
tions, the n u m b e r of pipes, tubes a n d o ther e m b e d d e d i tems 
a n d the a m o u n t of reinforcement, together wi th the hmi ta t ions 
on the shield dimensions due to restrictions of space. 

H y d r o g e n is, of course, conta ined in the wa te r mixed wi th 
the concrete , b u t the hea t genera ted in the reactor a n d in the 
concrete shield will t end to d ry ou t the concrete . T h e 
e q u i h b r i u m moisture content of shielding concrete u n d e r 
opera t ing condit ions is no t known, b u t if the wa te r con ten t 
is below 4 per cent the neu t ron shielding efficiency is impa i red . 
I t is on the safe side, however , to assume tha t the concrete 
dries out , a n d tha t the only wate r r ema in ing in the concrete 
is t ha t chemical ly combined wi th the cement at a wate r / 
cement ra t io of 0-22 to 0-25. 

T h e density of concrete can be increased by using aggregates 
wi th high specific gravity, a n d various mater ia ls such as bary tes , 
magnet i t e , l imonite a n d steel shot have all been used. T h e 
characterist ics of these are considered below. T h e densi ty 
decreases as the concrete dr ies ; t ha t used in calculat ions is 
usually the dry density de te rmined by cur ing the concrete in 
wa te r for 28 days a n d then dry ing it to constant weight a t 100°C. 

T h e percentage of hydrogen in d ry concrete is usually qu i t e 
low, being abou t 0-5 per cent, so t ha t most of the slowing d o w n 
of fast neut rons is done by elements of m e d i u m a tomic weight 
a n d not by hydrogen . T h e chemical composi t ion of the concre te 
is thus i m p o r t a n t in calcula t ing the shielding effects. Typ ica l 
chemical analyses for various concretes are given on p . 305. 

Concre te for a biological shield should have no s t ra ight-
th rough construct ion jo ints in the h n e of the rad ia t ions . I t 
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Aggregate/cement 
ratio (by weight) 

Aggregate 
Aggregate/cement 
ratio (by weight) Flint gravel 

5:1 or 6:1 
Magnetite 

11:1 
Barytes 
8-5:1 

Silica 26 4 6 

Aluminium 7 0-5 1 

Iron 4 55 — 
Calcium 8 4 4 

Magnesium 2 1 — 
Sulphur 0-1 — 11-5 

Sodium 1-5 — — 

Oxygen 50 33 36 

Hydrogen 0 4 0-3 1 

Barium — — 40 

should have a uniformly h igh dens i ty ; whe re n o r m a l aggregates 
a re used this is abou t 150 lb /cubic ft, b u t wi th heavy aggregates 
densities should be in excess of 220 lb /cubic ft. T h e d e p t h of 
pene t ra t ion of y-rays a n d fast neu t rons is direct ly p ropor t iona l 
to the density. 

T h e proper t ies of r ad ia t ion concretes a re similar to those of 
n o r m a l concretes w h e n c o m p a r e d on a vo lume basis to take 
in to accoun t the h igher specific gravities of heavy aggregates . 
W i t h s t rong aggregates such as magne t i t e , h igh strengths of 
the o rder of 6000-7000 p.s.i. can be ob ta ined wi th a wa te r / 
cemen t ra t io of 0-5. T h e workabi l i ty is usually m u c h lower 
wi th heavy aggregates , a n d a l though a well-designed mix will 
respond to v ib ra t ion the eflfective rad ius of a n y v i b r a t o r is 
r educed by a b o u t half due to the mass of the aggregate par t ic les . 

Heavy Aggregates 

T h e following heavy aggregates have been used for r ad ia t ion 
shielding concrete . 
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Iron punchings and steel shot. These mater ia ls a re satisfactory 
b u t are difficult to ob ta in in sui table sizes; in add i t ion they 
are expensive. O w i n g to their h igh density (specific gravi ty 7 -8) 
they are l iable to segregate du r ing p lac ing a n d compac t ion . 
Densities of u p to 350 lb /cubic ft have been achieved wi th 
steel shot. 

Barytes, Ba r ium sulphate ( B a S 0 4 ) , ma rke t ed as barytes , has 
been used to p roduce concrete wi th densities in excess of 220 lb / 
cubic ft. I t has a specific gravi ty of 4-3 to 4-65 a l t hough the 
finer mate r ia l m a y have a specific gravi ty as low as 4-0, 
p robab ly due to the presence of impuri t ies of lower specific 
gravi ty. I ts hardness (Mohr ' s scale) varies from 2*5 to 3-55 b u t 
it is p rone to degrada t ion a n d this causes dus t ing of the aggre­
gate a n d b reakdown of the particles du r ing mixing. Concre te 
wi th a wet density of a b o u t 224 lb /cubic ft can be p roduced 
wi th aggrega te /cement ratios of a b o u t 8-5:1 by weight . 

Limonite, L imoni te is a complex h y d r a t e d i ron oxide of 
specific gravi ty 3-6 to 4 Ό a n d a hardness (Mohr ' s scale) of 
5 to 5 -6. A l though it has the advan t age of conta in ing chemical ly 
combined wa te r usually in excess of 10 per cent , in most 
deposits in this coun t ry it contains a h igh pe rcen tage of 
impuri t ies . L imoni te occurs in ea r thy masses a n d its physical 
characterist ics m a k e it unsui table as a concrete aggregate . 

Haematite, This oxide of i ron ( F e 2 0 3 ) has a specific gravi ty 
of 4-2 to 5-3 a n d a hardness of 5-5 to 6-5. T h e metal l ic i ron 
conten t is 70 pe r cent . I t occurs in i r regular masses a n d is a 
m a i n source of i ron ore . 

Magnetite, Th i s mate r ia l is a ferrous-ferric oxide of i ron wi th 
a specific gravi ty of 5-1 a n d a hardness of 5-5 to 6-5. I ts i ron 
conten t is 72 per cent . I t does no t occur in commerc ia l 
quant i t ies in this count ry , b u t is impor t ed from Sweden where 
it occurs in large masses of h igh-grade ore. I ts specific gravi ty 
in this somewhat i m p u r e form varies from 4-1 to 4-6. I t m a y 
conta in u p to 20 per cent impuri t ies which are usually q u a r t z , 
felspar a n d ferro-magnesium. These mater ia ls crush m o r e 
easily t h a n magne t i t e wi th a consequent increase in impur i t ies 
in the finer gradings . As impor t ed the ma te r i a l needs re-
crushing to p roduce a satisfactory g rad ing , a n d this m a y result 
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in u p to 10 per cent ex t ra ma te r i a l hav ing to be processed. T h e 
crusher dust can be used as fine aggregate . 

Additives 

T h e cap tu re of a n e u t r o n m a y p roduce a new isotope wh ich 
is uns tab le a n d might , therefore, release secondary rad ia t ions . 
I t m a y then be necessary to m a k e special provisions to ensure 
t ha t the secondary rad ia t ion is in the form of a- a n d jS-particles 
r a the r t h a n y-rays so t ha t such secondary r ad ia t ion can be 
easily shielded a n d to ensure t ha t there is no long- te rm bu i ld -up 
of secondary rad ia t ion . These requ i rements m a y be accom­
plished by the incorpora t ion of c a d m i u m , bo ron or l i t h ium in to 
the concrete . 

N e u t r o n cap tu re by bo ron results in the release of secondary 
α-particles b u t c a d m i u m , a l though it has a h igh capac i ty for 
neu t ron cap tu re , results in y-rays as a secondary reac t ion . 
Boron a n d l i th ium b o t h he lp to r educe the possibility of long-
t e r m bu i ld -up of secondary r ad ia t ion by p r o d u c i n g s table or 
short-life isotopes as secondary r ad ia t ion resul t ing from the 
cap tu re of neut rons . T h e use of these mater ia ls in the shielding 
concrete makes it possible to ob t a in access to the t h e r m a l 
co lumn of small 50 k W reactors after they have been shut down . 

These addit ives have a deleterious eflFect u p o n the s t rength 
a n d delay the sett ing of the concrete , a n d can therefore be used 
only in small quant i t ies . 

Colemanite, Ca lc ium bora t e (Ca2B60i i .5H20) can be a d d e d 
as a fine aggregate a n d can be ob ta ined in var ious grades . I t 
has a specific gravi ty 2-2 to 2*4 a n d a hardness (Mohr ' s scale) 
of 4 to 4-5. I t is insoluble in wate r . I t conta ins 21 pe r cent of 
chemical ly combined water , which increases its usefulness as a 
fast neu t ron shield. Commerc ia l co lemani te m a y con ta in 
impuri t ies , p r imar i ly gypsum a n d l imestone, a n d it is necessary 
to car ry ou t t r ial mixes wi th the ma te r i a l it is p roposed to use 
to de te rmine its effect u p o n the concrete . 

Borocalcite, Th i s is a ca lc ium bora te , s imilar to co lemani te 
except tha t it is slightly more soluble in wate r . I t is avai lable 
as a refined p roduc t , borocalci te grit , m a d e by fusing bor ic 
acid wi th o ther mater ia ls such as l ime, sihca a n d a l u m i n a . Th i s 
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is g r o u n d to grades r a n g i n g from a m e d i u m sand to a fine 
powder . 

A b o u t 0-2 to 1 pe r cent of bo ron compounds have been used, 
pr incipal ly in association wi th barytes , b u t the l imi ted improve ­
m e n t in a t t enua t ion of y-rays makes it difficult to justify their 
use in view of the delay caused to the sett ing of the concrete 
a n d the reduc t ion in final s t rength . W h e r e it is necessary to 
use bo ron it m a y be be t te r to app ly it as a m o r t a r to the inside 
of the concrete . 

O t h e r mater ia ls , such as g raph i te , c a d m i u m a l u m i n i u m 
sheets a n d bora l sheets (sheets of bo ron ca rb ide a n d a lumin ium) 
m a y be used in special c i rcumstances , b u t they have n o direct 
efifect on the concrete . 

Dry-lean concrete 
T h e construct ion of airfield runways consists of a wea r ing 

surface which is a dense, h igh-s t rength ma te r i a l e i ther of 
pav ing qua l i ty concrete or of b i tuminous construct ion, over­
lying a weaker sub-base mate r ia l . T h e stresses from aircraft 
wheels are t r ansmi t ted from the pav ing surface to the soil v ia 
the sub-base. Th is m a y be of stabilized soil where the condi t ions 
a re sui table, b u t due to the heavier i m p a c t a n d load ing resul t ing 
from higher tyre pressures a ma te r i a l of grea ter s t rength is often 
necessary. 

L e a n concrete is a sui table sub-base m a t e r i a l ; it behaves 
somewhat like stabil ized soil a n d has the same freedom from 
mois ture a n d t e m p e r a t u r e movement s . Like stabil ized soil i t 
can be compac ted by rolling. If, however , it has a s t rength 
above 1500 p.s.i . it acts like n o r m a l concrete a n d t roublesome 
shr inkage cracks m a y occur ; it will also e x p a n d wi th hea t , a n d 
m a y cause buckl ing of the overlying pav ing surface. L e a n 
concrete p roper ly m a d e is no t a weak concrete , b u t a s t rong 
stabilized soil. 

T h e aggregate m a y be all-in ballast or 1 | in. gravel a n d sand. 
I t is mixed in a cen t ra l ba t ch ing a n d mixing p l an t using n o r m a l 
t i l t ing or non-t i l t ing d r u m mixers . T h e mix ing t ime can be 
r educed to near ly 30 sec, since the quan t i t y of wa te r a d d e d , 
which usually controls the mix ing t ime, is general ly very small . 
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If the g rad ing of the aggregates is near ly cons tant t hen by 
keeping t h e m sa tura ted , by hosing d o w n from t ime to t ime, it 
is often unnecessary to a d d a n y further wa te r to the mix . 

T h e mixed concrete is d is t r ibuted by 5 cubic yd t ipper 
lorries. I t is spread on the site a n d rolled, first by a l ight roller 
a n d then by a heavy 10 ton roller. T h e mix ing of the cemen t 
in to the ballast causes little change in ei ther the colour or the 
o ther propert ies of the bal las t ; it reacts like shingle a n d has to 
be rolled wi th a l ight roller first, as a heavy roller mere ly pushes 
u p a wave of mate r ia l in front of itself. 

T h e s t rength of lean concrete depends largely u p o n the 
density to which it is compac ted (see Fig. 8.4). If the wet bu lk 
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Fig. 8.4. Effect of compaction on dry lean concrete. 

density is above 140 lb /cubic ft t hen the s t rength is roughly 
p ropor t iona l to the wa te r / cemen t ra t io (see Fig. 8.5), a l t hough 
the aggrega te /cement ra t io also has a n effect. T h e aggrega te / 
cement ra t io varies from a b o u t 18:1 to 12 :1 . T h e water / 
cement ra t io is adjusted so tha t the cube s t rength lies be tween 
750-1500 p.s . i . ; this ensures t h a t the ma te r i a l has sufficient 
s t rength b u t behaves as a s tabihzed soil a n d not as a weak 
concrete . 
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Fig. 8.5. Approximate relationship of strength and water/cement 
ratio for dry lean concrete. 

Pre-packed or grouted concrete 
Concre te is normal ly m a d e by mixing all the mater ia ls in a 

mixer a n d then p lac ing a n d compac t ing the plastic concrete 
in situ. Concre te m a y be constructed, however , by first p lac ing 
the coarse aggregate a n d then grout ing this wi th a cement a n d 
sand grout . This is t e rmed pre-packed or grouted concrete a n d 
has been used wi th success on a n u m b e r of different types of 
work, in par t i cu la r for roads a n d airfield pavements a n d for 
u n d e r w a t e r concret ing. Grou t ed concrete has also been used 
where difficulties of construct ion or special r equ i rements have 
necessitated large masses of concrete be ing laid monohth ica l ly , 
wi thou t construct ion jo ints . 

Pre-packed concrete is in essence a gap -g raded concrete in 
which the coarse, single-sized aggregate is packed be tween the 
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concrete shutters a n d the voids then filled wi th a cement - sand 
mor t a r . 

T h e essential r equ i r emen t wi th this work is t h a t the g rou t 
should fill all the voids a n d develop fiill b o n d wi th the aggrega te . 
T h e aggregate must be clean a n d not coated wi th dust , d i r t or 
rock flour. I t is necessary to use a single-size coarse aggregate , 
usually l ^ i n . mater ia l , together wi th a workab ih ty agent in 
the grout to ensure t ha t it flows proper ly . I n add i t ion a b o u t 
1 per cent of a l u m i n i u m powder is often a d d e d to cause shght 
expansion in the grout jus t before sett ing, together wi th a fly 
ash which has a low ca rbon content . 

A grou t for injection should be sufficiently stable to p reven t 
segregation or bleeding. If b leeding takes place it should be 
not more t h a n 0-5 per cent by vo lume of the grout . T h e g rou t 
should have sufficient fluidity to be capab le of be ing p u m p e d 
400 to 500 ft a n d be able to pene t r a t e uniformly a n d fully in to 
the voids in the aggregate . 

G r o u t can be m a d e from near ly all the cements in c o m m o n 
use, inc luding high a l u m i n a a n d super-su lphated cements . 

Sui table grout can be p roduced in n o r m a l mixers if a work­
abili ty agent is added , ei ther alone or wi th fly ash. T h e 
m a x i m u m size of sand is a b o u t ^ in., the s and /cemen t ra t io 
be ing 2 : 1 . Alternat ively grout m a y be p r e p a r e d in a high-speed 
mechanica l mixer wi thou t using addit ives to p roduce so-called 
colloidal grout . Th is enables sand wi th a m a x i m u m size of 

in. to be used in propor t ions of u p to 4 : 1 . 
A colloidal g rout consists of a cemen t a n d sand g rou t in 

which the cement a n d sand part icles a re so efficiently wet ted 
by the high-speed mixing tha t a stable g rou t is p r o d u c e d wh ich 
is sufficiently fluid to t ravel uniformly t h r o u g h the voids of the 
aggregate . T h e fluidity of a g rou t a n d its ab ih ty to p reven t 
bleeding of wa te r or the deposit ion of sand part icles is d e p e n d e n t 
u p o n the g rad ing a n d par t ic le shape of the sand a n d the degree 
to which the cemen t part icles a re dispersed a n d wet ted . Th i s 
wet t ing can be achieved by mixing in a special colloidal mixer . 
C e m e n t can also be fairly efficiently wet ted by using a combined 
dispersing a n d wet t ing agen t in a n o r m a l mixer . 

Type of Aggregate. Aggrega te sui table for g rou ted const ruct ion 
is similar to t ha t used in gap -g raded concrete except t h a t a 
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m i n i m u m size mus t be used ; this is normaUy l | i n . T h e 
m a x i m u m size of aggregate should be the largest which can be 
hand l ed a n d placed wi th in the formwork a n d be tween the 
reinforcement. I n mass work the voids can be reduced by 
using two sizes of aggregate , in which case the larger should 
be abou t eight times the size of the smaller, as in gap -g raded 
concrete . T h e large aggregate is a r r a n g e d in single layers a n d 
b l inded over wi th the smaller stone. T h e voids in the aggrega te 
should be a m i n i m u m consistent wi th the abil i ty of the g rou t 
to pene t ra t e fully, so tha t par t ic le shape is i m p o r t a n t ; flat a n d 
e longated particles a re unsatisfactory. 

T h e aggregates should be clean, wi th no adhe r ing dust or 
film of d i r t which will r educe the b o n d wi th the g rou t a n d 
result in reduced s t rength . Deposi t ing the aggrega te t h r o u g h 
wa te r removes dust films b u t tends to reduce the control over 
the p lacing. I n u n d e r w a t e r construct ion this is inevi table , b u t 
otherwise it is be t te r to place the aggregates in the dry , a n d if 
necessary flood wi th wa te r afterwards to remove any dust . 
F looding wi th wa te r is, in any case, advoca ted as it leads to 
be t te r wet t ing of the aggregates a n d more t h o r o u g h pene t r a t ion 
of the voids by the g rou t . If the quan t i t y of wa te r p u m p e d in to 
the voids is measured then the requ i red vo lume of g rou t will 
be exactly de te rmined . W h e n the coarse aggrega te is b o u g h t 
by the cubic y a r d it should be r e m e m b e r e d t h a t a cubic y a r d 
of aggregate , ei ther mixed or single-size, is r equ i red for every 
cubic ya rd of concrete . 

Grouting, Grou t ing by gravi ty pene t ra t ion is l imi ted to a 
d e p t h of 12 in. for aggregate smaller t h a n \ \ in . For mass work 
a n d u n d e r w a t e r concret ing the g rou t is i n t roduced a t the b o t t o m 
of the aggregate a n d moves u p w a r d s in the mass. G r o u t has 
a specific gravi ty grea ter t h a n water , so t ha t it pushes the 
wa te r u p . 

Grou t ing is carr ied ou t in mass work by bu i ld ing 2 in . 
d i amete r pipes in to the p re -packed aggregate a t a b o u t 4 ft 
centres. For small masses of say 250 cubic yd the whole of the 
mass is g routed in one cont inuous opera t ion , all g rou t pipes 
being used at once. I n large masses of 10,000 cubic yd or m o r e 
the work is carr ied ou t in sections. T h e grout is injected in one 
section unt i l it is several feet above adjoining sections; it is t hen 
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Stopped a n d work carr ied out in an adjoining sect ion; by this 
me thod the process is easier to control . Cons t ruc t ion jo ints are 
avoided by cont inu ing grout ing on any one section before the 
previous grout has stiffened. By using a sui table a d m i x t u r e 
the set can be delayed u p to 12 to 15 hours , which usually 
allows ample t ime between successive grout ings a t any one 
point . 

Grouting Equipment, G rou t i ng e q u i p m e n t consists essentially 
of a grout mixer , an agi ta t ion tank , a g rou t p u m p wi th delivery 
manifold, a n d grou t pipes. O t h e r e q u i p m e n t m a y be necessary 
such as ba t ch ing equ ipmen t , a scalping screen for the sand 
where it is not pre-screened to the requ i red size before delivery, 
together wi th dupl ica te p u m p s a n d mixers to ensure t h a t 
cont inui ty of g rou t ing is ma in t a ined . 

A g rou t mixer is usually a d o u b l e - d r u m colloidal mixer 
consisting of two mixing d r u m s together wi th a h o p p e r t ank . 
T h e first mixer d r u m produces a c e m e n t / w a t e r slurry, which 
is transferred to the second d r u m where the sand is a d d e d to 
p roduce a cemen t / sand grout . I n the first d r u m there is a 
disc which rotates a t u p to 2000 rev /min in close p rox imi ty to 
a Stator. W a t e r a n d cement passes a t h igh speed t h r o u g h this 
n a r r o w gap , a n d this helps to wet the cemen t part icles m o r e 
completely. 

T h e second d r u m is a high-speed ro ta t ing p ad d l e mixer 
which mixes the sand a n d the c e m e n t / w a t e r slurry. T h e first 
b a t c h of cement is mixed in the first d r u m a n d then d ischarged 
in to the second one . Whils t the sand is be ing a d d e d to the 
cemen t slurry in the second d r u m the next cemen t b a t c h is 
discharged in to the first. D o u b l e - d r u m mixers are avai lable in 
various sizes, the most usual deal ing wi th 1 or 2 cwt of cemen t 
per ba t ch . T h e total ba t ch ing a n d mix ing t ime per b a t c h is 
a b o u t \ \ minutes , b u t depends u p o n the sand /cemen t ra t io . 

S ingle-drum mixers m a y be used whe re the capac i ty of a 
d o u b l e - d r u m mixer is no t requ i red . T h e o u t p u t is half t h a t of 
the d o u b l e - d r u m mixer . 

W h e r e a large capac i ty is r equ i red it is usual b o t h in this 
coun t ry a n d on the Con t inen t to use a n u m b e r of colloidal 
mixers in t a n d e m , b u t in the U .S .A . large colloidal mixers of 
2 cubic yd capac i ty h a v e been used. 
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T h e mixer discharges its b a t c h in to an agi ta tor , in which the 
cement a n d sand grout is kept cont inuously mixed. T h e g rou t 
is d r a w n from the agi ta tor a n d fed to a p u m p . Positive displace­
men t , hor izonta l double-ac t ing force p u m p s are used, wi th a 
delivery pressure of u p to 300 p.s.i . being usual . T h e p u m p 
dehvers to a manifold from which the g rou t is fed to the 
individual g rout pipes. 

O n large jobs involving a long p u m p i n g m a i n it is usual to 
a r r ange a r ing m a i n wi th delivery back to the agi ta tor , wi th 
tappings for the 2 in. g rou t pipes. This ensures t ha t the 
grout is kept cont inuously in circulat ion. This is i m p o r t a n t to 
prevent blockage, especially where the work is g rou ted in 
sections. 

Properties of Pre-Packed Concrete, I n general , p re -packed 
concrete exhibits the same relat ion be tween s t rength a n d wa te r / 
cement ra t io as does n o r m a l concrete . T h e add i t ion of work­
abil i ty agents a n d mater ia ls such as a l u m i n i u m powder a n d 
fly ash, however , aflfects the relat ion. As wi th all concretes 
conta in ing fly ash the s t rength a t early ages is reduced , b u t the 
s t rength a t ages of 6 mon ths to a year are as grea t if not g rea te r 
t h a n tha t of n o r m a l concrete wi th the same ra t io of wa te r to 
cemen t + fly ash. 

Pre-packed concrete has a low dry ing shr inkage, which m a y 
be less t h a n half t ha t of no rma l concrete due to the poin t - to-
poin t contac t of the aggregate before grout ing . 

I t m a y be used wi th a d v a n t a g e where good b o n d to old 
concrete is requi red . T h e contac t be tween the p re -packed 
aggregate a n d the old concrete , together wi th the fact t ha t the 
cement grout possesses grea ter fluidity t h a n is n o r m a l wi th 
convent ional cement mor t a r , ensures a h igh b o n d s t rength 
be tween old a n d new concrete , b u t the surface of the old 
concrete mus t first be proper ly c leaned to remove la i tance or 
friable mater ia l . 

Freezing a n d thawing tests on pre -packed concrete have 
indica ted a h igher durabi l i ty t h a n convent ional concrete , b u t 
this m a y be due in some measure to the e n t r a i n m e n t of gas 
bubbles in the concrete d u e to the inclusion of a n expand ing 
agent ( a lumin ium powder) in the grout . 
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Vacuum concrete 
V a c u u m concrete is concrete from which excess wa te r is 

removed by a v a c u u m w h e n the concrete has been p laced in 
position. Such concrete has the a d v a n t a g e tha t it can be m a d e 
more workable by using more w a t e r ; p lac ing is t hen easier, 
a n d if the v a c u u m pressure is appl ied while the concrete is 
v ibra ted then compac t ion is assisted. By removing excess 
wa te r u n d e r v a c u u m , a lower wa te r / cemen t ra t io a n d h igher 
s t rength can be achieved, a l though this is l imited by the r ange 
of concretes which can be t rea ted by the v a c u u m process. 

T h e process depends u p o n the creat ion of a v a c u u m at one 
or more surfaces of the concrete . Th i s is done by l ining the 
shutters wi th a filtering mate r ia l or by app ly ing filter pads to 
the concrete surfaces, a n d crea t ing a v a c u u m beh ind the filter 
pads . T h e v a c u u m generates a pressure diflference be tween the 
a tmospher ic pressure a n d the v a c u u m pressure, which acts as 
a compac t ing force a n d squeezes the concrete together a n d so 
induces a hydrosta t ic pressure in the wate r . 

T h e wate r migrates to the surface of the concrete a n d is 
d r a w n off' t h rough the filter pads . As the concrete consohdates , 
more a n d more of the a tmospher ic pressure is t aken by inter-
g ranu la r pressure be tween the aggregate part icles, while at the 
same t ime the pore pressure in the wa te r r educes ; thus less 
wate r is d r a w n oflT, a n d little further consol idat ion takes p lace . 

After processing, the fine a n d coarse aggregates are in closer 
contac t t h a n before. This results in a pseudo-solidification 
wi th an a p p a r e n t s t rength in the green concrete which enables 
it to be self-supporting to a considerable degree before it sets 
a n d ha rdens . M u c h of the excess wa te r is r emoved in the first 
hour , bu t because it is the consolidat ion of the concrete which 
controls the ra te of wa te r extract ion, comple te ext rac t ion of the 
excess wa te r can take place only after a considerable t ime — 
longer in fact t h a n is requ i red for the concrete to set. All the 
concrete is subject to the static compac t ion force of a tmospher ic 
pressure, b u t it is from the concrete close to the v a c u u m pads 
tha t most of the wa te r is ext racted. T h e effective d e p t h of 
pene t ra t ion is abou t 6 in. so tha t the process is more suited to 
flat slabs a n d beams t h a n to mass concrete . 
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The Equipment and Process. T h e e q u i p m e n t consists of v a c u u m 
pads , a v a c u u m p u m p which can p roduce a v a c u u m no t less 
t h a n 25 in. of mercury , a n d suction Unes from the p u m p to the 
pads connected t h rough an a i r - w a t e r separa tor tank . 

V a c u u m pads m a y be bui l t in to the shutters of co lumns or 
the side shutters of beams , or m a y be appl ied as pads to the 
surface of slabs or re ta in ing walls. T h e y are m a d e of a sheet 
of fine hnen , backed by wire gauze a n d a perforated or m o u l d e d 
steel p la te fitted wi th a n a i r t ight cover. T h e cover is sealed in 
contac t wi th the concrete by a str ip of rubbe r . T h e l inen sheet 
is in contact wi th the concrete , a n d rigidity is p rov ided by the 
perforated steel p la te a n d cover. T h e back ing cover m a y be 
of r u b b e r to form flexible pads for the t r e a t m e n t of slabs a n d 
floors, or it m a y be of t imber or steel a n d designed to form p a r t 
of the shut ters . F r o m the back of the cover a pipel ine runs to 
the a i r - w a t e r separa tor a n d from there to the v a c u u m p u m p . 
T h e v a c u u m pads should be square a n d not rec tangular , since 
the capaci ty of a p a d depends u p o n its circumference a n d not 
its a rea . I n t rea t ing a n a rea the n u m b e r of ind iv idua l pads 
should be as small as possible to reduce the leakage which occurs 
a t the joints . F u r t h e r m o r e , seahng rings are l iable to d a m a g e , 
a n d the fewer there are the bet ter . 

T o reduce friction loss in the v a c u u m lines the connec t ing 
pipes should be 1 in. d i amete r a r m o u r e d hose. T h e use of 
smal l -d iameter pipes leads to icing troubles where they a re 
connected to larger hose, a n d leaks can occur which a re 
t roublesome bu t which are not easily not iced on the v a c u u m 
gauge . 

Difficulties can occur if the v a c u u m process is used in winter . 
W a t e r in the pipelines freezes w h e n the air t e m p e r a t u r e drops 
below abou t 40°F, a n d icing troubles in the v a c u u m fines cause 
some loss of v a c u u m to the shutters . These troubles can be 
avoided if before placing the concrete is w a r m e d to a b o u t 60°F 
in the m a n n e r described u n d e r Win te r Concre t ing . Unless 
such hea t ing is requi red in any case, the need for it m a y 
prec lude the use of the v a c u u m process in cold wea ther . 

The Effect on the Concrete. T h e effect of the v a c u u m process in 
reduc ing the wate r content a n d compac t ing the concrete 
extends only four to six inches in dep th from the face of the 
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concrete t rea ted . W h e n m a d e wi th Po r t l and cement this 
processed concrete has a n increased s t rength , a n d there is a n 
increase in the ra te of gain of s t rength a t early ages. T h e wate r / 
cemen t ra t io is r educed by a b o u t 0-15 or 0-20, a l though it 
c anno t be reduced below 0-3 to 0 4 . 

T h e resistance of the concrete surface to abras ion or erosion 
is increased. T h e propert ies of the coarse aggrega te affect this 
resistance, a n d to p roduce concrete wi th a h igh resistance to 
abras ion it is necessary to use first-class mater ia ls wi th a well 
p ropor t ioned mix. T h e v a c u u m process will not m a k e resistant 
concrete ou t of poor mater ia ls , b u t it will effect an improvemen t . 
T h e increased resistance to abras ion a n d erosion m a y well be 
due to the increase in the density. T h e r e is also a n i m p r o v e m e n t 
in the frost resistance, a n d this m a y be d u e to the same cause. 
T h e v a c u u m process would not be used to p roduce frost-
resistant concrete , however , as this is more easily p roduced 
using air en t r a inmen t . 

T h e absorpt ion of the concrete is reduced , a n d because of 
the reduc t ion in wa te r con ten t the shr inkage is also reduced . 
T h e pe rmeab ih ty , however , is increased, no twi ths tand ing the 
lower wa te r content a n d the h igher density, p robab ly d u e to 
the format ion of capillaries as the excess wa te r is d r a w n towards 
the v a c u u m pads . 

F o r th in slabs using Por t l and cement it is possible to design 
the mix to take advan t age of the reduc t ion in the wa te r / cemen t 
ra t io by 0-15 from say 0-65 to 0-50, a n d so p roduce a m o r e 
workable concrete . I n concrete thicker t h a n 4 to 6 in. for 
single-side t r ea tmen t a n d 8 to 12 in. for double-side t r ea tmen t , 
a core of concrete wi th the original wa te r / cemen t ra t io will 
r emain . T h e process is not economic , however , if it is used 
merely to facilitate the p lac ing or more workab le concre te ; this 
can be more easily a n d cheaply achieved by redesigning the 
mix or using a sui table workabi l i ty agent . 

Finely g r o u n d cements , or concretes con ta in ing fine-ground 
powdered admix tures such as d ia tomaceous ea r th , ben ton i t e 
or l ime, a re difficult to t rea t because such mater ia ls increase the 
suction pressure necessary to effect r emova l of the wate r . 

H igh a lumina cement shows no a d v a n t a g e from the v a c u u m 
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Ready-mixed concrete 
Since the wa r there has been a major deve lopment in the use 

of concrete mixed in a cent ra l ba t ch ing p lant , a n d purchased 
ready-mixed. T h e supply of such concrete has been most highly 
developed in the U.S .A. where over 1200 operators are r epu ted 
to p roduce over 80 per cent o f t h a t country ' s concrete . R e a d y -
mixed concrete was little known in this count ry at the end of 

process, as this cement produces a h igh early s t rength wi th the 
wa te r / cemen t ratios normal ly used. 

Application, V a c u u m concrete has its m a i n appl icat ions in 
concrete member s such as beams , columns, slabs, a n d precast 
concrete products . I t is of little va lue for mass concrete 
although^it has been used wi th advan tage to p roduce a toughened 
skin on the spillway channels of some large dams a n d to increase 
the resistance to erosion. I t has also been used to form the 
wate r - re ta in ing reinforced concrete m e m b r a n e to the ups t r eam 
face of a rock-filled d a m ; here the slope was 1 in 1-3, a n d the 
v a c u u m process enabled concrete to be p laced by m a k i n g it 
self-supporting so t ha t it d id no t s lump or flow, whilst a t the 
same t ime it p roduced a dense concrete wi th few shr inkage 
cracks. 

T h e v a c u u m process canno t be used wi th intr icately shaped 
precast units because it canno t be appl ied to units con ta in ing 
small recesses or projections. 

I n wall or co lumn construct ion, the appl ica t ion of the v a c u u m 
process to the concrete while it is still be ing v ibra ted will result 
in a concrete which is self-supporting, so tha t the shut te r ing 
can be s t r ipped soon after the v a c u u m processing is comple te . 
I n heavy construct ion involving large hydrosta t ic pressures on 
the shut ter ing, the pressure can be reduced by install ing v a c u u m 
pads . By removing the excess wa te r a n d conver t ing the hyd ro ­
static pressure to in te r -g ranu la r pressure, the load on the 
formwork is considerably reduced . 

T h e surface of floors or slabs m a y be walked u p o n immedia te ly 
after t r ea tment , a n d where requi red can be almost immedia te ly 
trowel finished wi thout wai t ing for the concrete to a t t a in its 
final set. 
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the war , bu t since then its use has expanded rap id ly a n d most 
major industr ia l areas are served by commerc ia l suppliers. 
T h e r e has been some react ion against its use a n d some super­
vising engineers have requ i red m o r e s t r ingent testing a n d the 
p r epa ra t i on of test cubes from every ba t ch , bu t such a p rocedure 
is justified only in the case of d is reputable supphers . T h e 
cont rac tor using ready-mixed concrete is as m u c h in the h a n d s 
of the suppher as is the supervising engineer , b u t since he is 
likely to suffer serious loss if work is c o n d e m n e d he usually 
a t taches his own str ingent condit ions to the supply of such 
concrete , a n d deals only wi th r epu tab le suppliers. 

T h e supplier of ready-mixed concrete usually sells concrete 
wi th specified propert ies or of g u a r a n t e e d mix propor t ions . H e 
also under takes to deliver the quant i t ies necessary as a n d w h e n 
requi red . 

T h e concrete is mixed in a cent ra l ba t ch ing p lan t located 
close to areas of d e m a n d a n d where supplies of aggregates can 
be easily a r ranged . I n most p lants the b a t c h i n g a n d mixing is 
of the highest qual i ty , wi th a n efficiency achieved only by 
paying a t ten t ion to the i m p o r t a n t ma t t e r s of correct b a t c h i n g 
a n d p rope r charg ing a n d mixing of the mater ia ls . T h e p l an t 
incorpora tes a t least two weigh-hoppers , so t ha t wi th four 
separa te sizes of aggregate no t m o r e t h a n two are weighed 
together . T h e cement a n d wa te r are weighed separate ly , a n d 
a correct ion is m a d e for mois ture in the sand. I t is no t possible 
to control the mixing by reference to workab ih ty as descr ibed 
u n d e r Qua l i ty Contro l , because of the large n u m b e r of different 
mixes which are normal ly supphed . 

I n some plants the ba t ch ing a n d mix ing can be carr ied ou t 
by p u n c h - c a r d opera t ion or by push -bu t t on controls, b u t in 
most p lants rel iance is p laced on the opera to r . After t ho rough 
mixing, the concrete is d ischarged in to a n ag i ta tor t ruck for 
t ranspor t ing to the site. T h e hau lage dis tance is usual ly l imi ted 
to 10 miles or a b o u t half hour ' s t r ave lhng t ime . W i t h the use of 
ro t a t i ng -d rum truck-mixers , the h a u l t ime a n d dis tance can 
be increased. 

I n some countr ies (for example Sweden) there has no t been 
the same insistence on t ruck-mixers , a n d open lorries a re used. 
If a t ruck-mixer fitted wi th a separa te wa te r t ank is used, the 
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haulage can be increased by delaying the t ime w h e n the 
measured quan t i t y of wa te r is a d d e d unt i l the t ruck is nea r 
the site. 

I t has been suggested tha t the use of ready-mixed concrete 
entails the d isadvantage tha t i t is no t possible to stop the flow 
of concrete to the site w h e n there is a delay or mechan ica l 
b reakdown. I n pract ice , however , this is of only insignificant 
propor t ions , since it is not usually difficult to diver t the concre te 
to ano the r pa r t of the si te; moreover wi th ready-mixed concrete 
the mechan ica l e q u i p m e n t requ i red on the site is restr icted to 
p lacing a n d compac t ing mach ine ry , so t ha t b reakdowns are 
less frequent . 

T h e use of ready-mixed concrete in this coun t ry is associated 
wi th the use of agi ta tor a n d mixer- t rucks . T h e r e are two types, 
the hor izonta l d r u m t ruck-mixer a n d the incl ined d r u m 
agi ta tor type . T h e capaci ty of each varies from 1 | to a b o u t 
4 4 cubic yd of concrete . 

Horizontal Drum Truck-Mixer 

This has a n end-opening revolving d r u m , wi th blades 
a t t ached , a n d the d r u m revolves on a hor izonta l axis. These 
mixers have given satisfactory service for a n u m b e r of years . 
T h e design of the mixer blades is sui table for mixing the concre te 
proper ly , a l though some trucks are used more as agi ta tors t h a n 
mixers. T o e m p t y the d r u m , the direct ion of ro ta t ion is 
reversed; this causes the helical blades to push the mix to the 
open end, where a movab le chu te feeds to the po in t of p l acemen t . 

Mos t t rucks car ry two wa te r tanks, one for supply ing wa te r 
to the mixer (if this is no t done a t the ba t ch ing plant ) a n d one 
for washing out the d r u m after discharging. T h e d r u m is no t 
always washed out after discharging, a n d for short hauls of half 
hour ' s du ra t i on there seems little advan tage in washing out . 

T h e mater ia ls a re ba t ched d ry a t the cent ra l p l an t a n d then 
charged into the t ruck-mixer . W h e n the t ruck nears the site, 
the dr iver adds the measured quan t i t y of wa te r a n d the 
mater ia ls are mixed. 

The Inclined Drum Agitator-Truck 

This has a revolving d r u m , wi th blades a t t ached , b u t the 
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d r u m is inc l ined; agi ta t ion a n d discharge b o t h take place wi th 
the d r u m ro ta t ing in the same direct ion. T h e hehca l blades 
take the concrete to the h igh discharge end a n d al low it to 
r e t u rn u n d e r gravi ty . T h e mix is thus car r ied to the d ischarge 
door wi thou t reversing. T h e cha rg ing h o p p e r is in tegra l wi th 
the discharge door a n d remains open , thus al lowing visual 
inspect ion a n d sampl ing d u r i n g mixing. T h e h igh po in t of 
discharge of this type gives a wide r ange of deposit ion, b y the 
various chutes a n d extensions provided , wi th all b u t low-s lump 
mixes. T h e agi ta tor t ruck is cha rged wi th mixed concre te a t 
the cent ra l p lan t , a n d from there the lorry proceeds to the site 
wi th its d r u m slowly ro ta t ing , so t h a t the mix ing is pa r t i cu la r ly 
comple te a n d thorough . A n a l lowance has to be m a d e , however , 
for the a m o u n t of wa te r used u p d u r i n g the t ravel l ing t ime, 
because there is a loss of workabi l i ty in the concrete from the 
t ime it leaves the p l an t unt i l it arr ives on the site. 

Specification for Ready-Mixed Concrete 
Ready-mixed concrete is p r o d u c e d in two genera l types of 

specification. 
(1) T h e purchaser designs the mix a n d assumes responsibihty 

for the s t rength a n d qual i ty of the concrete . T h e manufac ­
tu re r produces concrete to the requ i red propor t ions . 

(2) T h e purchaser fixes the m i n i m u m requ i red s t rength a n d 
also the requ i red workabi l i ty . Th is m a y be done direct ly by 
specifying s lump or compac t ing factor, or by impl ica t ion 
w h e n the concrete is specified to be sui table to go t h r o u g h a 
p n e u m a t i c placer wi thou t segregat ion. T h e manufac tu re r is 
free to p roduce the concrete as economical ly as possible. 
W i t h the first specification the qua l i ty control r equ i red is 

similar to t ha t which has to be exercised on any site suppl ied 
from a cent ra l ba t ch ing a n d mixing p lan t . T h e accuracy of 
weigh-ba tch ing , combined wi th accura te mois ture de t e rmina ­
t ion a n d control of the aggregate p roduc t ion , enables the 
manufac tu re r to p roduce concrete wi th little var ia t ion in q u a h t y . 

T h e control p rob l em to the purchase r in the second specifica­
t ion is l imited to tak ing samples a n d testing, since the onus is 
on the manufac tu re r to p roduce concre te of the r equ i red qua l i ty . 

Ready-mixed concrete m a y be used wi th a d v a n t a g e on small 
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jobs where the frequent moving of the mixer a n d the se t t ing-up 
of a small mixer on different par ts of the site m a y result in 
A v a s t a g e as h igh as 7 | per cent. T h e e l iminat ion of such 
Avastage of mater ia ls , the e l iminat ion of the cost of mov ing a 
mixer, and the reduct ion in congestion on the site, m a y m o r e 
t h a n compensa te for the ext ra cost of ready-mixed concre te . 
T h e relative value of the saving increases as l abour costs 
increase, and the cont inued rise of such costs combined wi th the 
shortage of first-class l abour should m a k e for an increased use 
of ready-mixed concrete . H i g h l abour costs a re said to be one 
of the ma in reasons for its r ap id g rowth in the U .S .A. O n large 
sites, ready-mixed concrete m a y be used before or while the 
centra l ba tch ing p lan t is be ing erected. This enables the site 
concrete and concrete for foundat ions to be placed before the 
ba tch ing p lan t is ready, a n d hence m a y enable the overall 
cont rac t t ime to be reduced . 

Ready-mixed concrete m a y have some advan tages in win te r 
concret ing due to the absence of wa te r tanks a n d pipelines 
which migh t freeze, b u t if ca lc ium chloride is a d d e d to the mix 
it reduces the setting t ime as well as increasing the ra te of 
ha rden ing . This is i m p o r t a n t if an agi ta tor t ruck has a long 
hau l or a long s tanding t ime before discharge. 

Some difficulties occasionally occur due to the proper t ies of 
the concrete chang ing be tween the t ime of mixing a n d the t ime 
of discharge. After mixing there is some loss of workabi l i ty 
which is r ap id wi thin the first ten minutes b u t is less thereafter, 
b u t it still affects the result ing workabi l i ty at least half a n h o u r 
after mixing. T h e loss of workabi l i ty be tween t ha t measu red 
a t the mixing p lan t a n d a t the poin t of discharge m a y be 1 to 
l i in . of s lump for hau lage times u p to half an hour . 

T h e r e is some evidence tha t hot cement affects the result a n d 
can cause difficulties a t the ba t ch ing p lan t w h e n concrete of 
constant workabi l i ty is requi red . 
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Abrams, water-cement ratio, 12, 
122 

Abrasion, resistance to, 263 
Absolute volume, 165 
Absorbed moisture, 88, 97, 162, 

166 
Absorption by concrete, \\2 et seq. 
Accelerators, 101 
Acids, resistance of concrete to, 249 
Additives, lOl et seq. 
Additives 

air entraining, 105 
dispersing agents, 105 
dosing, 180 
radiation, 307 
use in cold weather, 213 
waterproofing, 112 
workability, 105 

Admixtures 
air entrainment, 105 
calcium chloride, 53, 70, 88, 

101 et seq., 115 
effect on permeability, 41 
fly ash, 98, 115 et seq. 
lime, 106 
pore fillers, 107 

Aerated concrete, 300 
Age 

effect on creep, 35, 37 
strength, 7 et seq., 12, 55, 122 

Agents 
air entraining, 105 
dispersing, 105 
plasticisers, 106 
wetting, 106 
workability, 105 et seq. 

Aggregates, 70 et seq. 
absorbed moisture, 88, 162, 166 
all in, 170, 308 
artificial, 93 
barytes, 306 
basalt, 72 
batching of, 174 
blast furnace slag, 93 
bond, 87 
breeze, 95 
broken brick, 94 
bulk density of, 166 
bulking of, 166 
cement ratio, 129 
classification of, 70 
clinker, 95 
coal in, 88 
coarse, 78 
combined grading, 133, 157 
contamination of, 86, 88 
crushed rock, 84 
crusher sand, 96 
cubical, 85 
deposition of, 73 
diorites, 72 
drying, 88 
dolerite, 72 
effect of crushers on, 85 
effect of fire on, 264 

concrete, 15, 85 
creep, 37 

effect on expansion, 39, 89 
permeability, 41 
strength, 85 
shrinkage, 30 
workability, 3, 5 

elongated, 86 
expanded clay & shale, 86 

326 
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exposed for finish, 271 
fine, 76, 80 
flaky, 86 
flint, 78 
foamed slag, 63, 97 
Gabbros, 72 
gap graded, 286 
glacial deposits, 77 
glassy volcanic, 71 
grading, 89 
granites, 71 
gravel, 76 
Gneiss, 75 
haematite, 306 
handling, 169 
heating in cold weather, 217 
heavy, 305 
impurities in, 87, 88 
large, 90, 93 
lightweight, 93 
limestone, 74 
limonite, 306 
magnetite, 306 
manufactured, 93 
metamorphic rocks, 75 
mica — efifect of, 88 
moisture content of, 166, 225 
no fines, 295 
organic matter in, 87 
particle shape, 15, 86, 141 et seq. 
Perlite, 99 
Porphyry, 73 
production, 78 
quartzite, 75 
quartz-porphyrite, 73 
reactive, 246 
re-graded, 83, 170 
sand, 76 
sandstone, 74 
saturated surface dry, 162 
schist, 75 
sea-shore, 76, 88 
segregation of, 6, 186, 203 
shale, expanded, 96 
shape, 15, 86, 141 et seq. 
sintered fly ash, 98 
slag, 93 

slate, 75 
strength, 13 
surface texture, 86 
thermal movement, 89 
use of large, 90 
vermiculite, 99 
warming in cold weather, 213 
wetting and drying, 88 
winning of, 78 

Air content of concrete, 108 
Air entrained concrete, 

resistance to freezing, 261 
Air entraining agents, 105, 101 
Air entrainment, 105 
Air entrainment 

effect on strength, 111 
factors affecting, 108 
workability, 110 

Alumina, cement, 57 
Angularity index, 141 
Arithmetic mean, 228 
Atomic radiation shielding 

concrete, 302 
Autogenous healing, 54 

Β 

Bagged cement, 172 
Barrows, 183, 184 
Barytes, 306 
Basalt, 72 
Batch mixers, 177 
Batching 

by materials, 174 
by volume, 175 
by weight, 175 

Bauxite, 57 
Beach gravels, 76 
Bentonite, 106, 114 
Bessel's correction, 231 
Biological shield concrete, 302 
Bituminous curing 

compounds, 208 
Blast furnace slag aggregate, 93 
Blast furnace slag cement, 62 
Bleeding, 6 
Blockages in pump, 190 
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Bogue compounds, 50 
Boom conveyor, 184 
Borocalcite, 307 
Bottom-opening skips, 195 
Breeze, 95 
Briquettes, 9 
Broken brick aggregates, 94 
Buckets, 186 
Bulk cement, 172 
Bulk density of aggregate, 166 
Bulking of sand, 166 
Bush hammering, 273 

Cableways, 187 
Calcareous rocks, 74 
Calcium carbonate, 87 
Calcium chloride, 115, 53, 70, 88, 

101 et seq., 56 
Calcium sulphate, 104 

sulpho-aluminate, 67, 251 
Carbonation of free lime, 245 
Carbon content, of fly ash, 109 
Carbon dioxide, resistance of 

concrete to, 243, 247 
Catalysts, 103 
Causes of deterioration, 243 
Cellular concrete, 300 
Cement 

air set, 173 
bagged, 172 
batching, 225 
blast furnace, 62 
chemistry of, 50, 60 
cold weather, 213 
compressive strength of, 55 
dry process, 47 
effect of air entrainment, 108 

fineness on shrinkage, 30 
iron oxide, 51 
lime, 51 
magnesia, 51 
seeding, 52 

expanding, 66 
handling, 172 
hardening, 53 

healing, 54 
high alumina, 57 
hot, 43 
hydration, 52 
hydrophobic, 68 
in bulk, 172 
increase of strength with 

age, 12,55 
low heat, 56 
manufacture, 46, 55, 57, 62 
mixtures, 61 
natural , 107, 46 
ordinary Portland, 46 et seq 
Portland blastfurnace 

slag, 62, 64 
rapid hardening, 55 
resetting, 54 
setting, 53 
slag, 62 
soundness, 52, 61 
sulphate resisting, 56 
super-rapid hardening, 56 
super sulphate, 63, 65 
Trief, 6 2 , 6 5 

Chateher, Le, 52, 53 
Chemistry of high alumina 

cement, 60 
Portland cement, 50 

Chlorides in water, 100 
Chlorides, resistance of concrete 

to, 248 
Chlorine, resistance of concrete 

to, 248 
Chromium salts prevent 

corrosion, 248 
Chutes, 193 
Ciment sursulphate, 65 
Clay in sand, 87, 88 
Cleaning out a pump, 190 
Clinker, 95 
Coal in aggregates, 88 
Coarse aggregate, 78 
Coefficient of creep, 37 

conductivity, 43 
expansion, 38 

Coefficient of variation, 234, 235 
Cohesiveness of mix, 163, 185 
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Coke breeze, 95 
Cold weather cement, 56 
Cold weather concreting, 213 et seq. 
Colemanite, 307 
Colloidal grout, 310 et seq. 
Combed finish, 273 
Combination of graded 

aggregates, 133, 157 
Compacting concrete, 196 

effect on strength, 15 
hand, 196 
vacuum process, 315 seq. 
vibration, 197 

Compacting factor, 3, 4, 128 
mix design, 130, 134 et seq. 

Compression strength, 10 
effect of large aggregate, 90 
test, 17 et seq. 

Concrete, absorption, 112 ¿̂ seq. 
aggregates, 76 et seq. 
atomic radiation, 302 
attack by acids, 249 

chlorides, 248 
chlorine, 248 
detergents, 248 
hydrogen sulphide, 257 
oils, 248, 250 
seawater, 253 
sewage, 257 

bagged, 196 
cellular, 300 
cold weather, 213 et seq, 
compaction, 196 
control, 211, 221 
conveying, 183 
crack control, 42 
creep, 35 
curing, 15, 37, 209, 211, 217 
density, 41 , 43, 166, 292, 295, 

299 
design of mixes, \2 \ et seq. 
dry lean, 308 et seq. 
dumping underwater, 195 
durabihty, 243 el seq. 
erosion, 263 
fly ash, 98, 109, \\5 et seq. 
foamed, 300 

grouted, 310 
handling, 183 et seq. 
heat resistant, 267 
in cold weather, 213 
in sulphate soils, 252 
insulation, 295 
lightweight, 290 
no fines, 295 
permeabihty, 40, 112 
placing, 177, 192 
pram, 183 
prepacked, 310 
properties of, 1 et seq. 
proportioning, 121 seq. 
pumping, 188 
quahty, 228 
ready-mixed, 3\S et seq. 
resistance to abrasion, 263 

de-icing salts, 250 
erosion, 263 
fire, 264 
freezing, 258 et seq. 
sulphate attack, 249 

shielding, 302 
strength, 2, 7, 8 
test cubes, 236 
transporting, 183 et seq. 
underwater, 187, 194 
vacuum, 315 
vermiculite, 298 
vibration, 197 et seq. 

Conductivity, 43 
Conductivity, effect of density, 43 
Consistency, control of, 224 
Constant workability of 

mixes, 182, 225 
Contamination of aggregates, 88 
Control of quahty, 211,221 
Conveying concrete, 183 
Conveyor belts, 184 

boom, 184 
Corrosion inhibitors, 104 

of reinforcement, 244 
prevention by chromium 

salts, 248 
Coulomb equation, 8 
Cracking, control of, 42 
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Cracking, 
efifect of cement, 29 
effect of shrinkage, 42 

Creep, 23, 32, et seq. 
Creep, coefficient, 37 

effect of aggregate, 37 
effect of cement, 35 

curing, 37 
humidity, 36 
rate of loading, 35 
stress, 35 

strain, 37, 38 
Crushed rock aggregates, 84 
Crusher, effect on aggregates, 85 
Crusher sand, 96 
Crushing strength, effect of 

aggregate, 93, 85 
Crystalline theory, 53 
Cube compression test, 17 
Cubical aggregates, 85 
Curing, 206 el seq. 

compounds, 208 
effect on creep, 37 

environment, 217 
expansion, 38 
no fines, 298 
of temperature, 209 
permeability, 41 
steam, 211 
strength, 15, 17 

Cumulative batching, 226 
Curve of stress/strain, 21 
Cylinder compression test, 17 

D 
Deformation, creep, 32 
De-icing by salt, 250 
Deleterious matter in 

aggregate, 86, 88 
Density, effect on conductivity, 43 
Density of concrete, 41 , 43, 166, 

292, 295, 299 
Deposition of aggregates, 80 
Design curves, 126 
Detergents, resistance of concrete 

to, 248 
Deterioration, causes of, 243 et seq. 

Deviation standard, 231 
Diatomaceous earth, 106, 114 
Di-calcium silicate, 50 
Diorites, 72 
Disintegration of concrete 

by frost, 261 
Dispersing agents, 105, 106 
Dolerites, 72 
Dolomite, 74 
Drying of concrete, 28 

shrinkage, 24 et seq., 299 
Dry lean concrete, 308 

process for cement, 47 
Dumpers, 185 
Dumping concrete in bags, 196 
Durability, 243 et seq. 
Dust, stone, 96 

Effect of strength on other 
properties, 10 

Efficiency of mixers, 179 
Efflorescence, 77, 100, 51, 245 
Eisenportland cement, 63 
Elastic properties, 20 
Elasticity, modulus of, 21, 23 
Elongated aggregate, 86 
Erosion, 263 
Expanded shale, 96 
Expanding cement, 66 
Expansion, 38 

efifect of age, 39 
aggregates, 40 
cement, 39 
curing, 38 

Exposed aggregate finish, 271 
External vibrators, 202 

Facing concrete, pre-cast 
panels, 281 

Factors affecting strength. 
Fatty oils, resistance of 

concrete, 248 
Feldspar, 77 

13 
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Field control of quality, 221 et seq. 
Fine aggregate, 76, 80 
Fineness of cement, effect on 

shrinkage, 29 
Finish, exposed aggregate, 271 

left by formwork, 269 
Fire, effect on aggregates, 264 

resistance of concrete to, 264 
Flaky aggregates, 86 
Flexural strength, 10 
Flint gravel, 78 
Flood plain gravel, 76 
Flour rock, 96 
Fly ash, 98, 115 et seq. 

effect of carbon content, 109 
on strength, 117 

Foamed concrete, 300 
Foamed slag, 63, 97 
Form vibrators, 202 
Formwork finish, 269 
Freezing, of green concrete, 258 et 

seq. 
resistance of concrete to, 258 et 

seq. 
Frozen concrete construction, 214 
Fuller's curve, 139 et seq. 

G 

Gabbros, 72 
Gap-graded concrete, 286 

surface finish, 277 
Gauge boxes, 175 
Gel thoery, 53 
Glacial deposits, 77 
Glassy aggregates, 71 
Gneiss, 75 
Grading of aggregates, 89, 124, 

129, et seq., 137 
effect on workability, 89 

Granites, 71 
Gravel, 76, 80 

impurities in, 88 
Green concrete, effect of frost, 258 

et seq. 
Grouted concrete, 310 ¿̂ seq. 

piles — bitumen, 255 
Gypsum, 104 

Η 

Haemati te , 306 
H a n d compaction, 196 
Handl ing aggregates, 169 

cement, 172 
concrete, 183 

Hardening of cement, 53 
Harsh concrete, 187, 189, 194 
Healing of cement, 54 
Heat of hydration, 51 , 61, 65, 211 
Heat resistant concrete, 267 
Heat ing aggregates in cold 

weather, 217 
Heat ing water in cold weather, 216 
Heavy aggregates, 305 
High alumina cement, 57, 255 

chemistry, 60 
hydration, 60 
manufacture, 57 
mix design, 159 
soundness, 61 

High pressure steam curing, 212 
Histogram of results, 230 
Hoppers, 171 
Hot cement, 49 
Humidi ty effect on creep, 36 
Hydrat ion of Portland cement, 52 

high alumina cement, 60 
Hydrogen sulphide attack on 

concrete, 249 
Hydrophobic cement, 68 

I 

Ideal grading, 89, 140 
Igneous rocks, 71 
Impact crushers, 85 
Impurities in aggregates, 86 
Inactive pore fillers, 114 
Inground fly ash, 118 
Initial tangent modulus, 22 
Inorganic acids, resistance of 

concrete to, 249 
Insulation concrete, 298 

in cold weather, 217 
Internal vibrators, 201 
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Integral waterproofers, 112 
Intrinsic shrinkage, 27 
Iron filings (calcium chloride), 114 
Iron oxides, effect on cement, 51, 

77 

Lactic acid — attack by, 249 
Laitance in underwater 

concrete, 194 
Large aggregates, 90 et seq. 
Lead; attack by concrete, 249 
Le Chateher, 52, 53 
Lightweight aggregates, 93 

concrete, 290 
drying shrinkage, 299 

Lime content, effect on cement, 51 
Limestone, 74 
Limits of grading, 89, 124, 129, et 

seq., 137 
Limonite, 306 
Low heat cement, 56 
Low pressure steam curing, 212 
Lumnite cement, 57 

Mixers, batch, 177 
Mixers 

dosing of additives, 181 
non-tilting drum, 177 
operating of, 180 
pan, 179 
tilting drum, 178 

Mix proportioning, 123, 125, 145 
Mixing, 177 
Mixing, eflfect on strength, 15 
Modulus 

dynamic, 24 
of elasticity, 21, 23 
of rupture, 10 
secant, 23 
tangent, 23 
Young's, 21 

Moisture absorbed, 88, 98, 162, 
166 

Moisture movement, 88 
Moisture in sand, 176 
Monorail transporter, 186 
Moorland water, resistance of 

concrete to, 256 

Μ 

Magnesia, effect on cement, 51 
Magnesium sulphate, 251, 253 
Magnetite, 306 
Manufactured aggregates, 93 
Manufacture of cement, 46 

high alumina cement, 57 
slag cement, 65 

Marine deposits of aggregate, 76 
Materials, ordering, 166 et seq. 
Maturity, 12 
Mean strength, 229, 232 
Metamorphic rocks, 75 
Mica, 88 
Michaelis, 53 
Minimum strength, 125 
Mix design, 121 

design curves, 130 et seq. 
examples, 149 

for high alumina cement, 159 
trials, 162 et seq. 

Ν 

Natural cement, 107 
Natural sand and gravels, 76 
No-flnes concrete, 295 
Nominal mix proportions, 123 
Non-tilting d rum mixers, 177 
Normal distribution, 229 

O 

Oils, resistance of concrete to, 248, 
250 

Operat ing a mixer, 180 
a placer, 192 
a pump, 188 
a vibrator, 203 

Ordinary Portland cement, 46 
Organic acids, resistance of 

concrete to, 250 
impurities, 87 

Organic materials attack by, 250 
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Orlitic limestone, 74 
Over vibration, 203 

Pan mixers, 179 
Particle shape, 15, 86, 141 el seq. 
Perlite, 99 
Permanent creep, 34 
Permeability, 40, 112 

effect of admixtures, 41 
aggregates, 41 
cement, 40 
water, 41 

Petrological classification of 
rocks, 70 

P.F.A. efifect on strength, 117 
Piles in seawater, 255 
Placer, operation of, 191 
Placing concrete, 177, 192 

effect on strength, 15 
in thin walls, 194 
under water, 194 

Plasticisers, 106 
Plastic shrinkage, 24 
Plowman — time/maturity 

relation, 13 
Pneumatic placer, 191 
Poisson's ratio, 24 
Pore fillers, 114 
Porosity, 88 
Porphyry, 73 
Portland cement, 46 et seq. 

blast furnace slag, 62, 64 
chemistry of, 50 
low heat, 56 
rapid hardening, 55 
sulphate resisting, 56 
types, 54 

Potassium sulphate 
(accelerator), 103 

Prams, 183 
Pre-cast facing slabs, 281 
Pre-packed concrete, 310 
Pre-stressed concrete, calcium 

chloride, 103 
Priming a mixer, 182 

Processes in cement 
manufacture, 47 

Properties of hardened 
concrete, 6, 7 

plastic concrete, 3 
wet concrete, 3 

Proportions, mix, 123 
Pulverised fuel ash, 115 
Pumpable mixes, 189 
Pumping concrete, 188 
Pumping technique, 189 

Quality control, 221 
Quality control and statistics, 228 
Quantities, 164 
Quartz , 78 
Quartzite, 75 
Quartz-porphyrite, 73 

R 

Range, 229 
Rapid hardening Portland 

cement, 55 
Rate of drying, 29 
Reactive aggregates, 51, 246 
Reactive pore fillers, 114 
Ready mixed concrete, 318 
Reinforcement, corrosion of, 244 

effect on shrinkage, 32 
Resetting of cement, 54 
Resin-Vinsol, 108 
Resistance of concrete to 

abrasion, 263 
acids, 249 
carbon dioxide, 244, 247 
deterioration, 243 
fire, 264, et seq. 
freezing, 258 el seq. 
seawater, 253 
sewage, 257 
sulphates, 249 
water (soft), 256 

Retarders, 104 
Re-vibration, 200 
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Road Note 4, 129 
Rocks, calcareous, 74 

classification of, 70 
flour, 96 
igneous, 71 
metamorphic, 75 
sedimentary, 73 

Rupture , modulus of, 10 

S 

Salt for de-icing, 250 
Salts in water, 100 
Sand, 76, 80 

blasting concrete surface, 275 
bulking, 166 
class A & B , 123 
containing calcium chloride, 88 
crusher, 96 
effect on workability, 106, 108 
impurities in, 77, 87 
probe, 227 
wind blown, 77 
zones, grading, 123 

Sandstone, 74 
Schist, 75 
Screening of aggregate, 81 
Scrubbed concrete surface, 275 
Seashore sands, 76, 88 
Seawater for concrete, 100 
Seawater, resistance of concrete 

to, 253 et seq. 
Secant modulus, 23 
Sedimentary rocks, 73 
Seeding of cement, 52 
Segregation, 6, 186, 204 
Setting of cement, 52 
Sewage, resistance of concrete 

to, 257 
Shale expanded, 96 
Shape of aggregate, 15, 86, 

141 ¿¿ seq. 
Shear strength, 8 
Shielding concrete, 302 
Shrinkage, drying, 24 et seq., 299 

intrinsic, 27 
Shrinkage, efifect of aggregate, 30 

cement, 29 

Shrinkage 
efifect of reinforcement, 32 

water/cement ratio, 31 
plastic, 24 

Shutter vibrators, 202 
removal, 209 

Silt in sand, 82 
Sintered clay aggregates, 294 

fly ash, 98 
Skips, 186 
Slag 

cements, 62 
foamed, 63 ,97 
sulphate cement, 62, 65 

Slate, 75 
Soaps, 114 
Sodium benzoate, 105 

Chromate, 105 
Sodium sulphate (accelerator), 103 
Soft sand, 77 
Soft water, resistance of concrete 

to, 256 
Soundness, 52 
Soundness of high alumina 

cement, 61 
Portland cement, 52 

Specific creep, 34 
surface, 140 

Standard deviation, 231 
Statistics, quality control 

and, 228 
Steam curing, 211 

efifect on properties, 212 
Sticking of fines in mixer, 183 
Stock piles, 170 
Stone aggregate, crushed, 84 
Storage of cement, 173 
Strain curve, 21 
Strength 

afifected by aggregates, 15 
calcium chloride, 102 
compacting, 15 
curing, 15 
expanding cement, 68 
mixing, 15 
placing, 15 

compression, 9, 10 
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effect oí" water, 13 
effect of water/cement ratio, 13 
design, 125 
in compression, 9, 10 
in flexure, 10 
mean, 229,232 
minimum, 125 
of cement, 51 
tensile, 10 
variations in, 236 

Stress/strain curve, 21 
Structural lightweight 

concrete, 293 
Sugars, attack of concrete by, 249 

effect on setting, 104 
Sulphate attack on concrete, 249 

resisting cement, 56 
Sulpho-aluminates, 67 
Super-rapid hardening cement, 55 
Supersulphated cement, 63, 65 
Surface active agents, 105 

factor, 141 
finishes, 277 
moisture in aggregates, 162 
retarders, 104 
texture of aggregate, 86 
treatment, 269 
vibrators, 206 

Sursulphate ciment, 65 

Tangent modulus, 22 
Temperature , effect of, 12, 209 
Tensile strength, 8 
Tensile test — briquettes, 8 

cylinders, 8 
Test for compression, 17 et seq. 
Thames Valley aggregates, 76 
Thermal conductivity, 43 

expansion, 38 
movement, 89 

Thomas process — slag, 63 
Tilting d rum mixers, 178 
Tooled concrete surface, 271 
Transporting concrete by 

barrows, 184 

boom conveyors, 184 
buckets, 186 
conveyors, 184 
dumpers, 185 
monorail transporter, 186 
pumps, 188 
pneumatic placers, 191 
prams, 184 
skips, 186 
trucks, 185 

Tremie, 193, 194, 195 
Trial mixes, 162 et seq. 
Triaxial tests, 8 
Tri-calcium aluminate, 51, 252, 255 

sulphate attack, 251 
Tri-calcium silicate, 50 
Trief cement, 62 
Trucks for concrete, 185 

U 

Under-water concreting, 187, 194 
Unsoundness of cement, 52 

V 

Vacuum concrete, 315 seq. 
Variance, 232 
Variation, coefficient of, 234 
Vee Bee apparatus, 3, 4 
Vermiculite, 99 

concrete, 298 
Vibrat ing screed, 206 
Vibration of concrete, 197 

of set concrete, 200 
Vibrators, 201, 202 
Volume absolute, 165 
Volume batching, 175 
Volume changes in aggregates, 88 
Vinsol resin, 108 

W 

Water, 99 
Water/cement ratio, 13, 122, 162 

effect on permeability, 41 
heating in cold weather, 216 
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Water/cement ratio, 
proof concrete, 112,42 
proof membrane, 255 
repelling materials, 101 
soft — resistance oi concrete to, 

256 
tanks on mixers, 181 

Weight batching, 175 
Wet process for cement, 47 
Wetting agents, 106 
Wetting and drying, aggregates, 88 
Winning of aggregates, 78 
Winter concreting, 213 
Workabihty, 3, 4, 5, 125 el seq. 

agents, 105 

curves, 130 et seq. 
effect of aggregate on, 4, 5, 90, 

98 
by proportioning, 153 
p.f.a., 116 
particle shape, 5 
ready mixed concrete, 162 
sand, 106, 108 

Young's modulus, 21 

Ζ 

Zones of sand grading, 90, 91 


