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ABSTRACT. 

The thesis describes the i n i t i a t i o n of a research, 

programme which is i n two pa r t s : -

( I ) An inves t iga t ion of possible methods of producing 

high strength concreteo 

( I I ) A study of the creep charac te r i s t i cs of these concretes. 

For convenience and c l a r i t y , the re fore , the thesis 

is presented in. two par ts , each being su i t ab ly en t i t l e jd 

so as to represent the present state of the invest igat! 

in to the above two t o p i c s . 

The actual work embodied in each part of the thesis 

be summarised as f o l l o w s . 

PART I : "A prel iminary inves i t i ga t ion of the e f f e c t oil 

hydrostat ic pressure, applied during se t t ing 

on the strength of. concrete." 

A prel iminary inves t iga t ion into one possible methold was 

carried out , the method being that of manufacturing concrete 

specimens under an applied pressure, the specimens also being 

subject to suction and v i b r a t i o n . 

Two tes t series were carr ied out , one to invest igate the 

e f f e c t of i n t ens i t y of pressure, the other to invest igate 

the e f f e c t of time of appl ica t ion of the pressure. The 
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apparatus f o r processing the concrete is fu^-ly described, 

and de ta i l s , and re su l t s of the above tes ts are g iven. 

The main conclusion drawn, i s that the process is 

undoubtably b e n e f i c i a l to the strength of concrete, both 

the i n t e n s i t y , and time of appl ica t ion of the pressure 

e f f e c t i n g the possible strength increase which can be 

The test specimens were c y l i n d r i c a l in shape, the size 

order being r e s t r i c t e d to tha t of 2tt diameter by 2" long i n 

that reasonably high pressures could be obtained. 

PART I I : "The design and development of a creep machine n• 

obtained. 

le of The design and development of a. creep machine capal: 

t e s t ing a maximum of s ix . smal l c y l i n d r i c a l specimens 

simultaneously is f u l l y described. The specimens are 

located in the creep machine i n tandem and are loaded 

means of a system of lever arms, the maximum design, lo 

being 10 t o n f , the diameter of the specimens being 2 W . 

Due to the l imi ted time ava i lab le , development of the 

machine was not completed, and hence no prel iminary creep 

tes ts were carr ied o u t . 

by 

ad 
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CHAPTER 1. INTRODUCTION 
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1 .1 . DEVELOPMENT OF CONCRETE TECHNOLOGY. 

The processes of batching and mixing are the fundarc ental 

pr inc ip les of concrete making and are the same today as they 

were i n Roman times; i t is the knowledge behind these 

processes and the q u a l i t y of the product which have been 

improved to such an extent that over the past f i f t y years 

the crushing strengths of concrete have been more than 

trebled.. 

The major part of t h i s development has without doub1 

taken place since the tu rn o f the century, when due to the 

in t roduc t ion of the technique o f r e - i n f o r c i n g concrete, the 1 
f u l l po t en t i a l of concrete as a s t r u c t u r a l material was 

r ea l i s ed . 

Although t h i s growth of knowledge of the pr inc ip les 

of concrete i s c h i e f l y responsible f o r i t s developments 

of strength :the development o f the q u a l i t y of one of i t s 

const i tuents , cement, cannot be discarded, since i t s strength 

has also been grea t ly improved upon since the . f i r s t B r i t i s h 

Standard f o r cement was issued i n 1904. At that time cement 

was manufactured by over s i x t y companies using various 

production techniques which created a. s i t u a t i o n where cement 

was a. very variable product due to var ia t ions i n burning and 
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f ineness, and hence a. va r i a t i on i n i t s se t t ing time an 

strength were experienced. Before 1907, when Rapid 

Hardening cement was introduced, only what we now c a l l 

Ordinary Portland cement was produced, whereas today 

are some ten main types, as w e l l as a. number of mod i f i 

v a r i e t i e s ; the development o f which has contr ibuted mu 

to the development of concrete s t rength . 

On the other hand, aggregates have changed very l i t 

the materials used are much the same today as they wer 

the s t a r t of the century and the sizes employed in con 

are generally i d e n t i c a l . The methods of manufacture h 

of course been advanced considerably, but i t i s the 

behind the e f f e c t of the aggregate on. mix design that 

progress has been made. At the tu rn o f the century v 

l i t t l e was known by the p rac t i c ing engineer about the 

e f f ec t s of the mix design proportions of the aggregate 

the e f f ec t s o f the aggregate grading, and the re fore , " 

aggregates were the most commonly used, although rese 

workers were beginning to r e a l i z e the importance of 

aggregate grading and also the advantages to be gained 

using s ingle sized coarse aggregates, i . e . gap graded 

th3 
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The greatest advancement on the e f f e c t s of aggregates 

on concrete occurred during the period between the war 

and was responsible f o r B.S.882 which was f i r s t published 

i n 1940. This advancement coincided w i t h and p a r t l y 

resul ted from the progresswhich had been made i n the 

f i e l d o f mix-design during the same per iod. 

In the ear ly years of the present century, mix!-desi|gn 

as we know i t today was almost non-existent and d i f fe r | en t 

views were held on what was t h a i ca l led the proport ioning 

of the mixes, but i t was generally rea l ized that unles 

concrete was s u f f i c i e n t l y workable to be adequately compacted 

i t would be o f poor q u a l i t y . During the l a t t e r years of the 

nineteenth century, Peret had shown that a r e l a t i o n s h i 

existed between con-crete strength and i t s densi ty , and 

although t h i s r e l a t ionsh ip included a f ac to r which was 

determined by the amount o f mater in the mix, i t does tb.ot 

seem as though the part played by the water in determiijiing 

the strength of the mix was f u l l y understood. 

In. 1909, Z ie l in sky approached what i s the present 

conception of mix-design by demonstrating that a r e l a t ionsh ip 

existed between, the strength andthe water/cement r a t i o of the 

mix. Z i e l i n s k y ' s work, however, received l i t t l e not ice and i t 

-10-



was not u n t i l 1918 that Abrams published resu l t s of tests 

on. a wide range of mixes and produced h i s now w e l l kncwn 

water/cement r a t i o law. Abrams continued h i s invest igat ions 

on the bsis of the water/cement r a t i o law and produced .many 

more wr i t t en papers which aroused a growing in teres t amongst 

other inves t iga tors , who extended. Abrams work by inves t iga t ing 

the e f f ec t s of aggregate grading and w o r k a b i l i t y . G lanv i l l e 

added precis ion to Abrams work by establ ishing a r e l a t i onsh ip 

between strength and compaction and thus revealed that i t 

was not necessary f o r a mix to be workable but only that i t 

should be f u l l y compacted. Many other inves t igat ions Into 

the e f f e c t of aggregate grading, s ize , t ex tu re , and mix 

proportions on the w o r k a b i l i t y of the mix were carr ied out , 

the cumulative r e su l t o f which was that mix-design tables 

were drawn up on the basis that the strength of concrete 

was so le ly dependent upon the water/cement r a t i o , and 1;he 

w o r k a b i l i t y of the mix upon the aggregate type, size and 

grading, and the mix proport ions . 

With a greater degree of q u a l i t y cont ro l and sample 

t e s t i ng these general p r inc ip l e s , i n some cases no longer 

s u f f i c e , and the aggregate proper i t ies and i t s grading have 

to be taken in to account, especial ly when high strength 

concrete i s requi red . 

- 1 1 -



1.2. DEMAND FOR HIGH STRENGTH CONCRETE: 

The demand f o r high strength concrete arose mainly from 

the in t roduct ion and subsequent development of the technique 

of prestresslng concrete. The technique was introduced i n 

1930 by Freyssinet , but i t was not u n t i l a f t e r the war, when 

there was a shortage of s t e e l , that the technique was 

employed to any great extent i n the construct ion indus t ry . 

Employment of the technique increased simultaneously w i t h 

i t s development, and today the demand f o r concretes of 

high strengths i s very common. However the continued 

development of the prestressing technique demands concretes 

of even higher s trengths. 

The demand has been accentuated by a growing in te res t 

by engineers i n the economies of s t r u c t u r a l design thab may 

be achieved in some members by the use of high strength 

concrete. At the present t ime, concrete w i t h a maximum 

strength of say 10,000 I b f / s q . i n s . can be used to advantage 

f o r the lower parts of columns i n very t a l l bu i l d ings , and 

i t i s envisaged that there would be an economical use f o r 

concrete of even higher strengths i f i t could be produced 

in new ways which did not involverauch greater cost thar i s 

t r a d i t i o n a l . I t seems l i k e l y that i f any new method o f high 

strengthconcrete production, i s evolved, i t would be too 
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expensive and d i f f i c u l t f o r i n s i t u concrete production 

but could possibly be accommodated i n the production of 

pre-cast u n i t s , the employment of which has r a p i d l y 

increased i n recent years. 

1.3. AIMS OF. THE IN'ESTI&ATIONS: 

Although the strength increase of concrete is 

economically advantageous, the use of high strength 

concrete must be approached w i t h caut ion, because the 

mater ial is l i k e l y to become more b r i t t l e as the strength 

is increased and there is a need f o r more inform at ion ' on 

the modulus of e l a s t i c i t y , drying shrinkage and creep o f . 

t h i s type o f concrete to enable designers to check that 

cracking w i l l not occur as a r e su l t o f excessive movements 

or def lec t ions of the s t ruc tu re . The creep and shrinkage 

charac te r i s t ics are most important, since in time they can 

produce, i n a member which i s under sustained loading, 

deformations which can be two or three times as -great 

as the e las t i c deformation. 

A long term research programme has thus been set up 

to invest igate the problem concerned, namely, 

( i ) To invest ige possible methods by which high s t rength 

concrete can be produced. 

-13-



( i i ) To invest igate the charac te r i s t i cs of these 

concretes, w i t h special emphasis on t he i r creep 

cha rac t e r i s t i c s . 

The aim of the work described i n t h i s thesis i s 

to i n i t i a t e t h i s research programme "by means of 

pre l iminary invest igat ions in to the aforementioned 

top i c s , and thus form a basis f rom which f u r t h e r work 

can be evolved. 

- 1 4 -



PART I . A PRELIMINARY INVESTIGATION OF THE 

EFFECT OF HYDROSTATIC PRESSURE. 

APPLIED DURING SETTING. ON THE STRENGTH 

OF CONCRETE. 

CHAPTER 2 . LITERATURE SURVEY 
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2 . 1 . • FACTORS AFFECTING CONCRETE. STRENGTH. 

The great advancement which has jbaken place i n concrete 

technology can be mainly a t t r i b u t e d to the many invest igat ions 

which have been carr ied ou t . These invest igat ions o r ig ina te 

f rom, and probably resul ted f rom, a. pub l ica t ion i n 1918 by 

D. Abrams i n which he presented the f i r s t a n a l y t i c a l and 

methodical approach to mix-design by pronouncing h is now 

w e l l known water/cement r a t i o law, which stated that the 

strength o f concrete should be considered as only r e l a t ed to 

the r a t i o of the amount of cement to the amount of wator i n 

the mix. The ensuing invest iagat ions which fol lowed t h i s s ta te ­

ment revealed that many other f ac to r s besides the watei'/cement 

r a t i o influence concfce te s t rength, and w i t h the ever-increasing 

demand f o r concrete of higher s trengths, these fac to rs must 

be taken into considerat ion. 

Some of the f ac to r s concerned are l i s t e d below and are 

fo l lowed by a b r i e f review of some of the l i t e r a t u r e which 

has made t he i r importance r e a l i s e d . 

Some f ac to r s which a f f e c t concrete s t reng th : -

(1) Water/Cement Ra t io . 

(11) Character is t ics of the Aggregate. 

( I l l ) Cement paste - Aggregate Bond Strength. 

-16-



( I V ) Shape and s i z e of T e s t Specimen, 

(V) C h a r a c t e r i s t i c s o f T e s t i n g Machine . 

(1 ) Water/Cement R a t i o . 

The importance of the propor t ion of mater to cement i n 

governing the s t r e n g t h of a concre te mix has been r e c o g n i s e d 

f o r many y e a r s . The c l a s s i c a l work on the s u b j e c t was done 

by D . Abrams (1918) and he i s g e n e r a l l y c r e d i t e d w i t h 

e s t a b l i s h i n g the so c a l l e d "water/cement r a t i o law" which 

s t a t e s t h a t 

"With g iven c o n c r e t e m a t e r i a l s and c o n d i t i o n s 

of t e s t the q u a n t i t y of mixing water used 

determines the s t r e n g t h of the c o n c r e t e , so 

long as the mix i s of a workable p l a s t i c i t y " 

L a t e r work has shown that the above statement i s 

i n c o r r e c t i n that the concre te need not be workable bu -

o n l y that i t i s f u l l y compacted. The ease w i t h which f u l l 

compaction can be obta ined depends on the w o r k a b i l i t y p f the 

concre te and other t h i n g s being equ a l t h i s i n c r e a s e s as the 

water i n the mix i s i n c r e a s e d . On the o t h e r hand , an I n c r e a s e 

i n water/cement r a t i o r e s u l t s i n a decrease i n streng^;^. 

T h e r e f o r e , i f an i n . i t i a l l y workable c o n c r e t e of f i x e d propor t ion 

were made w i t h s t e a d i l y d e e r e a s i n g water /cement r a t i o s and the 

s t r e n g t h p l o t t e d , a t y p i c a l water/cement r a t i o - s t r e n g t h curve 

would be obtained up to the point where the mix became, too 

- 1 7 -
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n ha d 

could 

ou ld 

e 

dry to be complete ly compacted, when the s t r e n g t h mould 

r a p i d l y f a l l o f f . I f , when the point of maximum s t r e r g t h 

had been r e a c h e d , a more e f f i c i e n t method of compactic 

been employed, : y i b r a t i o n , then t h e w ater /cement r a t i o 

have been f u r t h e r reduced w i t h o u t caus ing incomplete 

compaction and the point at which the s t r e n g t h curve w 

have f a l l e n o f f would have been r a i s e d f u r t h e r up the 

water/cement r a t i o - s t r e n g t h c u r v e . These e f f e c t s ar 

shown i n F i g . 2 . 1 . 

(11) C h a r a c t e r i s t i c s of the Aggregate . 

The s i g n i f i c a n c e o f the aggregate i n a concre te mix 

has changed enormously, from being more or l e s s c o n s i d e r e d 

as a. cheap i n e r t f i l l e r 50 y e a r s ago, to i t s present d|ay 

s t a t u s of being t h a t of an important i n g r e d i e n t specia. 

s e l e c t e d f o r the c o n c r e t e r e q u i r e d . T h i s change has b 

to the r e a l i s a t i o n of the e f f e c t s the aggregate has on 

u l t i m a t e s t r e n g t h o f c o n c r e t e , these e f f e c t s o r i g i n a t i 

two p r o p e r t i e s of the aggregate ,namely , 

( a ) i t s n a t u r e , i . e . s i z e , t e x t u r e , and 

(b) i t s g r a d i n g , 

(a.) Nature of Aggregate 

( i ) S i z e of Aggregate : -

R e s u l t s of t e s t s c a r r i e d out by S . W a l k e r , D . L . Bio 

Ben due 

the 

ng from 
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R . D . Gaynor (1959) on s i z e s of aggregate rang ing from 

•§• i n s , to 2\ i n s . i n d i c a t e d tha t as the c o a r s e aggregate 

s i z e i s i n c r e a s e d , mixing water requirements i s r e d u c e d , 

lowering the water /cement r a t i o and tending to improve) 

s t r e n g t h . Apparent ly a t the same t ime , i n c l u s i o n , of :.arge 

aggregate p a r t i c l e s i s i n i t s e l f d e t r i m e n t a l to s t r e n g t h , 

reduced 

i n c r e a s e s 

l a r g e 

probably because of reduced s u r f a c e area f o r bond and 

t o t a l - c r o s s - s e c t i o n o f p a r t i c l e s to r e s i s t s h e a r . For 

in s i z e up to about f i n s . the e f f e c t of reduced water 

predominates and s t r e n g t h i n c r e a s e d . Beyond t h i s poinjt the 

advantage of reduced water i s more than o f f s e t by the 

p i ece s of aggregate which i n themselves cause s t r e n g t h 

reduc t i o n . 

A f t e r extending the above work, S . Walker and D.L.SfLoem 

(1960) concluded t h a t the s i z e of c o a r s e aggregate exe:rts 

an i n f l u e n c e on concre te s t r e n g t h independent ly of the 

water/cement r a t i o , s t r e n g t h becomes l e s s as maximum s i z e of 

course aggregate i s i n c r e a s e d . 

F u r t h e r work by D , L . Bloem and R . D . Gaynor (1963) 

s u b s t a n t i a t e d the above c o n c l u s i o n s and a l so i n d i c a t e d tha t 

g e n e r a l l y i n the l e a n e r concre te s of lower s t r e n g t h l e y e l , the 

r e d u c t i o n in. mixing water w i l l be more than s u f f i c i e n t to o f f s e t 

the d e t r i m e n t a l e f f e c t of s i z e , w i t h the r e s u l t tha t the l a r g e r 

s i z e s w i l l y i e l d h i g h e r s t r e n g t h s . I n r i c h , h l g h - s t r e r f g t h 

20 



w o r k a b i l i t y 

a mix 

e l s to 

c o n c r e t e s , the e f f e c t of s i z e w i l l dominate and the s j n a l l e r 

s i z e s w i l l produce h igher s t r e n g t h s , 

(11) Shape and T e x t u r e of Aggregate : -

The shape and t e x t u r e of the aggregate are two p r o p e r t i e s 

w h i c h i n f l u e n c e the amount o f mixing water r e q u i r e d to 

produce a workable mix, and thus have an e f f e c t on th«i u l t i m a t e 

s t r e n g t h o f the c o n c r e t e . 

Aggregate p a r t i c l e s which have sharp edges and a rdugh 

s u r f a c e , such as crushed stone, need more water than smooth 

and rounded p a r t i c l e s to produce concre te o f the same 

I t may be n e c e s s a r y to i n c r e a s e the cement content of 

made w i t h crushed aggregate or i r r e g u l a r l y shaped grav 

al low water to be added to make the concre te s u f f i c i e n t l y : : . : 

workable wi thout r e d u c i n g the s t r e n g t h below the r e q u i r e d 

l e v e l . However, a c r a s h e d aggregate concre te may have 

h igher s t r e n g t h than a smooth or rounded aggregate c o n c r e t e 

of the same water/cement r a t i o , ( i . e . grea ter bond s t r 

and t h i s e x t r a s t r e n g t h may be s u f f i c i e n t to o f f s e t the 

e f f e c t of the extra , w a t e r , 

(b ) Grading o f Aggregates . 

The grading of the aggregate a f f e c t s the w o r k a b i l i t y o f 

the mix and as the w o r k a b i l i t y determines the ease w i t h which 

concre te can be compacted i t f o l l o w s that the mix propor t ions 

of the aggregate w i l l t h e r e f o r e determine the minimum 

- 2 1 -
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water/cement r a t i o f o r complete compaction and thus he. 

an important though i n d i r e c t e f f e c t on t h e s t r e n g t h . 

( I l l ) Cement paste - Aggregate Bond S t r e n g t h . 

A f t e r c a r r y i n g out e x t e n s i v e t e s t s , c o n c l u s i o n s drs 

K . M . Alexander (1959) a r e as f o l l o w s : -

( i ) At 7 d a y s , l a r g e d i f f e r e n c e s can e x i s t between 

s t r e n g t h of the bond formed between the same P o r t l a n d 

and d i f f e r e n t s t r o n g , un i form aggrega te s . 

( . i i ) Wo evidence was found o f s i g n i f i c a n t d i f f e r e n c e 

bond s t r e n g t h between d i f f e r e n t samples of the same roc 

( i l l ) R e a c t i v i t y of aggregate i s not n e c e s s a r i l y asso 

w i t h an i n c r e a s e d r a t e of bond s t r e n g t h development 

( i v ) The s t r e g g t h o f the cement-aggregate bond decrea 

w i t h i n c r e a s i n g water content at a. r a t e which correspo 

to an approximate ly l i n e a r r e l a t i o n s h i p between the 

of cement i n the p a s t e , and the l o g a r i t h m of the bond 

( v ) I n g e n e r a l , the 28 day s t r e n g t h o f the cementr-agg 

bond was found to be 5© per cent g r e a t e r than the 7 d 

( v i ) A l l , cement-aggregate bond s t r e n g t h s observed wer' 

than the s t r e n g t h of the a d j a c e n t port land cement past 

However, s i n c e the two q u a n t i t i e s are not seperat ed by 

l a r g e a margin , t h e presence of even s l i g h t l y angu lar 

p r o j e c t i o n s or d e p r e s s i o n s on the s u r f a c e of an otherw 

smooth aggregate pebble could cause the mechanism of t 
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f a i l u r e to change from p r e f e r e n t i a l r u p t u r e o f the bond to 

p r e f e r e n t i a l r u p t u r e through the paste' i n the r e g i o n of the 

s u r f a c e i r r e g u l a r i t y , 

( v i i ) The ev idence a v a i l a b l e so f a r sugges t s , that under 

comparable c o n d i t i o n s t h e r e i s a c h a r a c t e r i s t i c bond s t r e n g t h 

f o r each rock t y p e . 

( v i l i ) Cement-aggregate bond s t r e n g t h decreased r a p i d l y w i t h 

i n c r e a s i n g s i z e of aggregate , the s t r e n g t h of t h e bone to 

3 i n c h aggregate , for example, be ing o n l y about o n e - t e n t h o f 

the corresponding va lue f o r § inch aggregate . However, f o r 

a. number of r easons i t ' i s thought that the e f f e c t i n concre te 

w i l l not be n e a r l y as marked as tha t shown by i so lated] cement-

aggregate i n t e r f a c e s such as those s t u d i e d h e r e . 

The above c o n c l u s i o n s were drawn from t e s t s i n which t h e 

cement-aggregate bond s t r e n g t h s were determined e i t h e r by 

measuring the transverse load r e q u i r e d to repitmre the bpnd 

between sawn' aggregate cubes , clamped as shown i n P i g . 2 . 2 a , 

and p r o j e c t i n g beams o f p a s t e , or by c e n t r e point load ing o f 

composite prisms such as t h a t i l l u s t r a t e d by F i g 2 . 2 b , which 

were des igned f o r p r e f e r e n t i a l f a i l u r e along t h e i n t e r f a c e I 

l o c a t e d at the mid point of the span. 

( I V ) Shape and S i z e o f T e s t Specimen' . 

I t i s w e l l known t h a t the compress ive s t r e n g t h o f c o n c r e t e 

of a. g iven mix i s not the same when obta ined on d i f f e r e n t s i z e 
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and shape t e s t specimens . . Thus c o n c r e t e s t e s t e d on d i f f e r e n t 

type specimens can o n l y be compared when we know t h e e f f e c t 

of the type o f the specimens • S e v e r a l i n v e s t i g a t i o n s ! have been 

made i n t h i s f i e l d , g e n e r a l c o n c l u s i o n s drawn by T . Gyengo 

(1938) a r e t y p i c a l and are as f o l l o w s , 

( i ) The age of concre te up to 28 days has no e f f e c t on the 

s t r e n g t h r e l a t i o n s f o r the v a r i o u s forms and s i z e s of t e s t 

specimens • • 

( i i ) The s t r e n g t h decreases w i t h i n c r e a s i n g s i z e of cubes, . . 

T h i s decrease i s l i n e a r i n case o f mortar and over sanded 

(70 per cent sand) c o n c r e t e s . The s t r e n g t h r e l a t i o n changes 

to a. curve f o r c o n c r e t e s w i t h h i g h f i n e n e s s modulus. 

( i i i ) The s t r e n g t h of square prisms d e c r e a s e s r e p i d l y j at 

f i r s t w i t h i n c r e a s i n g s l e n d e r n e s s r a t i o , The decrease f o r 

8 i n s . prisms i s almost f i f t y per cent f o r a s l e n d e r n e s s 

r a t i o of 1 :2 . F u r t h e r drop of s t r e n g t h w i t h i n c r e a s e i n g 

s l e n d e r n e s s i s s m a l l . F o r 6 i n s . prisms the drop in. s t r e n g t h 

f o r 1:2 s l e n d e r n e s s r a t i o i s o n l y about 30 per c e n t , but 

r e a c h e s 50 per cent f o r 1:3 s l e n d e r n e s s r a t i o . 

( i v ) The compress ive s t r e n g t h obta ined on 6 x 18 i n . c y l i n d e r s 

i s about 75 per cent o f tha t .of an 8 i n . cufeg, and' f o r ' a l l p r a c t ­

i c a l purposes can be taken equal to the compress ive s t r e n g t h 

of the 6 i n . pr ism of 12 i n . l e n g t h . 
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( v ) The compress ive s t r e n g t h of. 4 i n . pr isms w i t h square 

c r o s s - s e c t i o n , and 1:3 s l e n d e r n e s s r a t i o i s approx imate ly 

seventy per cent of the 8 i n . , cube s t r e n g t h . F o r 6 i n . 
i 

prisms i t i s on ly f i f t y per cent and f o r 8 i n . prism o n l y 

s l i g h t l y h i g h e r . 

( v i ) The s t r e n g t h percentage o f both the prisms and d y l i n d e r s 

decreases' w i t h i n c r e a s i n g f i n e n e s s modulus o f the aggregate . 

The amount o f decrease f o r e q u a l l y s l e n d e r specimens-. | l s 

g r e a t e r f o r a s m a l l than a l a r g e r specimen, 

( v i i i ) Decrease i n the s t r e n g t h percentage w i t h i n c r e a s i n g 

I; 

f i n e n e s s modulus i s not iceable- a l so f o r d i f f e r e n t s i z e cubes 

i f the l a r g e s t cube i s the b a s i s f o r comparison . The decrease 
i 

i s g r e a t e s t f o r the s m a l l e r c u b e s . ' 

(V) C h a r a c t e r i s t i c s o f T e s t i n g Machine . j 

A f t e r c a r r y i n g out e x t e n s i v e i n v e s t i g a t i o n s 

O . T . S lgva ldason (1966) r e p o r t e d t h e f o l l o w i n g c o n c l u s i o n s . 

( i ) Cube s t r e n g t h s are lower when, t e s t e d w i t h an e f f e p t i v e l y 
i 

pinned s p h e r i c a l s e a t i n g than when t e s t e d w i t h an e f f e c t i v e l y 

f i x e d s e a t i n g . With c a r e f u l l y centred s p e c i m e n s . , t h i s 

d i f f e r e n c e i s about 6%. ^ 
j ' 

( i i ) The i n t e r n a l d i s t r i b u t i o n of s t r e s s e s and the u l t i m a t e 
i 
i 

s t r e n g t h of cubes and c y l i n d e r s i s extremely s e n s i t i v e j t o 

misaligaament, i f an e f f e c t i v e l y pinned s p h e r i c a l s e a t i n g i s 

used . On t h e o ther hand, i f both ends of the specltffon'are 
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e f f e c t i v e l y f i x e d , the s t r e s s d i s t r i b u t i o n and u l t i m a t e 

s t r e n g t h s a r e e s s e n t i a l l y independent of misalignment, , I n 

a d d i t i o n , the s c a t t e r of s t r e n g t h s w i l l normal ly be l s r g e r 

w i t h an e f f e c t i v e l y pinned s e a t i n g than w i t h an. e f f e c t i v e l y 

f i x e d s e a t i n g . As cube and c y l i n d e r s t rengths should be 

independent of the s m a l l random misal ignments which o c c u r i n 

r o u t i n e t e s t i n g , i t i s recommended t h a t the s e a t i n g t i j l t 

f r e e l y on ly during the i n i t i a l s e t t i n g - u p , becoming f i x e d as 

the load i s app l i ed to the spec imen . 

( i i i ) C u b e and c y l i n d e r s t r e n g t h s are i n f l u e n c e d d i f f e r e n t l y 

by the method o f end l o a d i n g . With c a r e f u l l y centred specimens 

d i f f e r e n c e s of 1% occur between load ing cubes w i t h bo th ends 

pinned and both ends f i x e d , w h i l e the corresp'onding d i f f e r e n c e 

i n c y l i n d e r s t r e n g t h s i s o n l y 1%. C y l i n d e r / c u b e s t r e n g t h 

r a t i o s , as a. r e s u l t , are very dependent upon the exact method 

of end l o a d i n g . 

( i v ) The c y l i n d e r / c u b e strenibh r a t i o i s a l so very depsndent 

upon the degree of u n i f o r m i t y of the c o n c r e t e , because of the 

d i f f e r e n t d i r e c t i o n s of t e s t i n g , i n r e l a t i o n to the d i r e c t i o n of 

c a s t i n g . Where-as the r e s u l t s of cube specimens t e s t e d at 

r i g h t - a n g l e s to the d ' r e c t i o n of c a s t i n g , r e p r e s e n t the average 

s t r e n g t h of the c o n c r e t e , c y l i n d e r s t r e n g t h s i n d i c a t e ;he s t r e n g ! 

of the weakest port ion of the m a t e r i a l . .As a r e s u l t , c y l i n d e r / 

cube s t r e n g t h r a t i o s a r e c o n s i d e r a b l y s m a l l e r w i t h the 
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segregat ing concre te s than w i t h uni form c o n c r e t e s . 

( v ) The l o n g i t u d i n a l s t i f f n e s s o f the t e s t i n g machine1 has 

no d i r e c t i n f l u e n c e upon the u l t i m a t e s t r e n g t h of concre te 

spec imens . However, because o f the e x p l o s i v e specimen 

f a i l u r e s which o c c u r w i t h the ' s o f t e r ' t e s t i n g machines , r e s u l t 

ing i n more r a p i d d e t e r i o r a t i o n of machine components |and l o s s 
J ' 

o f a c c u r a c y , i t i s recommended that c o n t r o l t e s t i n g be 

performed on l o n g i t u d i n a l l y s t i f f or ' h a r d ' t e s t i n g 

machines . 

( v i ) When the end-blocks of the t e s t i n g machine are s m a l l e r 

i n c r o s s - s e c t i o n than the cube specimen, bending of t h e 
i 
i 

p l a t e n s w i l l r e s u l t i n l a r g e r e d u c t i o n s i n cube strengjh, 

I t i s t h e r e f o r e recommended that the c i p o s s - s e c t i o n a l 

dimensions of the s p h e r i c a l seat ing , o r ram should be ajt 

l e a s t as l a r g e as those o f the specimen- , thereby e l i m i n a t i n g 

comple te ly the p o s s i b i l i t y of bending at the p l a t e n s , 
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2 . 2 . THEORY OF F A I L U R E . 

The mode of f a i l u r e o f c o n c r e t e as presented by 

P r o f . A . L . L . Baker (1956) i s as f o l l o w s . 

F i g u r e 2 . 3 . shows a t y p i c a l s e c t i o n through a v o i d . 

Under p r e s s u r e a p p l i e d i n the d i r e c t i o n i n d i c a t e d the 

s tones w i l l be d i s p l a c e d from the b r o k e n - l i n e to the f u l l -

l i n e p o s i t i o n . S i n c e the s tones are very s t i f f compared w i t h 

the mortar , t h e i r deformation under p r e s s u r e w i l l be 

comparat ive ly s m a l l , The d i s t r i b u t i o n of the e x t e r n a l f o r c e s 

a c t i n g on the mortar area ABCDO may be deduced from the 

deformat ion o f the a r e a from the broken o u t l i n e to the f u l l 

o u t l i n e ^ The approximate d i r e c t i o n and magnitude of these 

f o r c e s are i n d i c a t e d by the a r r o w s , which r e p r e s e n t tho 

R e s u l t a n t s of normal p r e s s u r e (or t e n s i o n ) and t a n g e n t i a l 

bond. The p r i n c i p a l i n t e r n a l t e n s i l e and compress ive s t r e s s e s 

in. the mortar w i l l be d i s t r i b u t e d rough ly as i n d i c a t e d . The 

s t r e s s e s are assumed to be proport ioned to s t r a i n s . The 

magnitude of the s t r a i n of a. s t r i p of mortar i n any d i r e c t i o n 

i s the change o f l ength of the s t r i p d i v i d e d by the o r i g i n a l 

l e n g t h . I n the neighbourhood of B . C . some c r u s h i n g may take 

p l a c e , w i t h g r e a t l y i n c r e a s e d s t r a i n s i n r e l a t i o n to s t r e s s . 

The t e n s i o n i n the mortar i s mainly due to the outward 
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displacement of s tones on e i t h e r s i d e o f the vo id i n | 
I 
i 

the d i r e c t i o n OD. A secondary s t r a i n i s caused i n the 

mortar by the pres sure and may be d e f i n e d by P o i s s o n ' s 

r a t i o f o r mortar; i t p a r t l y accounts f o r the d i sp lacement 

i n the d i r e c t i o n OD, though the p r i n c i p a l cause of thijs 

i s the d iagona l compression. a t ' B C . 

I t i s ev ident t h a t , f a i l u r e by t e n s i o n i n the voids i s 

g e n e r a l l y the primary cause of f a i l u r e , and t h a t concentrated 

p r e s s u r e s or t e n s i o n s tend to spread into the s t r u c t u r e 

at an angle o f about 45 degrees on e i t h e r s ide of the j 
i 

d i r e c t i o n of a p p l i c a t i o n ; thus e x p l a i n i n g the c h a r a c t e r i s t i c 

cube f a i l u r e . The f r i c t i o n i n the b e a r i n g p l a t e s appljies 
i 
I 

an inward compression which r e d u c e s the t e n s i o n near the 

p i s t e s and towards the cen tre o f the cube . F a i l u r e i s 

i n i t i a t e d by the c r a c k i n g of the mortar i n the zones olf 

maximum t e n s i o n . When prisms or c y l i n d e r s are t e s t e d |.vith 

f r i c t i o n l e s s b e a r i n g p l a t e s , s p l i t t i n g f a i l u r e occurs , 1 ! 

s i n c e t h e r e i s no t r a n s v e r s e f r i c t i o n f o r c e opposing the 

t e n s i o n s due to p r e s s u r e . 

Bond between, mortar and stone h e l p s to reduce the tension. 
i 
i 

i n voids by r e s i s t i n g deformation and i s , t h e r e f o r e , important 
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Bond f a i l u r e a l so r e l e a s e s t e n s i o n and t h e r e f o r e can 

i n i t i a t e f a i l u r e of t e n s i l e r e s i s t a n c e . The bond 

c h a r a c t e r i s t i c s of s tones a r e , t h e r e f o r e , i m p o r t a n t . 
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CHAPTER 3 . INVESTIGATIONS CARRIED OUT 

L 
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3 .1 INTRODUCTION. 

The aim of the i n v e s t i g a t i o n s was to determine the 

e f f e c t of h y d r o s t a t i c p r e s s u r e , appl ied dur ing s e t t i n g ^ on 

the s t r e n g t h of c o n c r e t e . 

Due to the l i m i t e d time a v a i l a b l e the sope of the 

i n v e s t i g a t i o n s was r e s t r i c t e d to that of a few t e s t s , the 

main o b j e c t o f which was to form a b a s i s from which f u t u r e 

work could be e v o l v e d . 

The a c t u a l t e s t s which were c a r r i e d o u t , were des igned 

not o n l y to s tudy the e f f e c t of p r e s s u r e but the e f f e c t 

of i n t e n s i t y and time of a p p l i c a t i o n of p r e s s u r e . 

3 . 2 THEORETICAL REASONING BEHIND ADOPTION OP PROCESS 3EING 
I 

INVESTIGATED. 

As e x p l a i n e d i n Chapter 2 , many f a c t o r s a f f e c t the u l t i m a t e 

c r u s h i n g s t r e n g t h of c o n c r e t e , one of these being the bond-

s t r e n g t h between the aggregate and mortar i n t e r f a c e s , f a i l u r e 

of which can i n i t i a t e the u l t i m a t e f a i l u r e o f the c o n c r e t e . 

A f t e r c a r r y i n g out e x t e n s i v e r e s e a r c h work, Thomas T . C . 
i 
i 

H s u , F l o y d 0 . S l a t e , G e r a l d M. Sturman, and George Winder (1963) 

presented the f o l l o w i n g r e s u l t s : -
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( i ) M i c r o c r a c k s oan be d iv ided into t h r e e t y p e s , c r a c k s 

at the i n t e r f a c e between aggregate and mortar (bond © r a c k s ) , 

c r a c k s through the mortar , and c r a c k s through t h e 

aggregate . 

( i i ) Bond c r a c k s e x i s t even b e f o r e the c o n c r e t e i s s u b j e c t 

to any l o a d , w h i l e the mortar c r a c k s remain n e g l i g i b l e 

u n t i l a l a t e r load ing stageo 

( i i i ) The t o t a l extent of mortar c r a c k i n g i s c o n s i d e r a b l y 

l e s s than t h a t of bond c r a c k i n g at a l l s tages of s t r a i n i n g . 

From t h e above r e s u l t s i t can be concluded that the1 bond 

between the aggregate and mortar i n t e r f a c e s i s the weates t 

l i n k i n the heterogeneous concre te s y s t e m . I t was w i t h 

t h i s i n mind t h a t prompted the adoption of the process 

being i n v e s t i g a t e d as one which would be b e n e f i c i a l to t h e 

u l t i m a t e crus h ing s t r e n g t h of c o n c r e t e , the r e a s o n beii ig 

as f o l l o w s . 

The a p p l i c a t i o n of a h y d r o s t a t i c p r e s s u r e w i l l squeeze 

the aggregate p a r t i c l e s and mortar t o g e t h e r , thus r e d u c i n g 

and p o s s i b l y e l i m i n a t i n g the micro-bond c r a c k s , and s i n c e 

the p r e s s u r e w i l l be appl ied dur ing s e t t i n g of the c o n c r e t e , 

i t i s hoped, that a. s u b s t a n t i a l i n c r e a s e in. the c r u s h i n g s t r e n g t h 

of the r e s u l t i n g concre te specimens w i l l f o l l o w » 
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3 . 3 APPARATUS. 

The apparatus f o r proces s ing the concrete i s shown i n 

f i g u r e s 3 .1 to 3 .6 i n c l u s i v e and b a s i c a l l y c o n s i s t s of 

mould capable of producing s i x s y l i n d r i c a l specimens I n 

one o p e r a t i o n . The p r e s s u r e i s a p p l i e d to the specimens 

through s i x p i s t o n s which are l o c a t e d on a c e n t r a l i s e d 

p l a t e , load, be ing a p p l i e d to the p l a t e by means of a 

h y d r a u l i c j a c k . To main ta in the vacuum, "0" s e a l i n g r i n e s 

were i n c o r p o r a t e d i n the p i s t o n s , and also b e f o r e each 

t e s t a l l j o i n t s i n the mould were w e l l greased before 

assembly . I t was a l so found n e c e s s a r y to i n c o r p o r a t e 

a. gasket between the mould and the mould b a s e p l a t e . The 

suct ion, was obta ined by means of a r o t a r y pump capable of 

producing 98% vacuum. The s u c t i o n was appl ied to the base 

of each specimen v i a s m a l l h o l e s i n the mould baseplatje 

these being connected to the pump by means o f r e i n f o r c e d 

t u b i n g , a vacuum gauge being i n c o r p o r a t e d in. the sys tem. 

L o s s of m a t e r i a l p a r t i c l e s from the mould due to the s p c t i o n 

was prevented by p l a c i n g s i n t e r e d b r a s s d i s c s at the b;ase 

of each specimen mould. 

V i b r a t i o n was obtained by clamping the apparatus to 

v i b r a t i n g t a b l e . 
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The c y l i n d r i c a l moulds were l i m i t e d i n s i z e to 2 inches 

diameter i n order t h a t r e a s o n a b l y h igh p r e s s u r e s could, be 

a p p l i e d to the specimens, and a l so that a. r e a s o n a b l e number 

i . e . s i x , could be obta ined i n each o p e r a t i o n of the 

apparatus f o r t e s t i n g r e q u i r e m e n t s . 
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G E N E R A L V I ^ . : CP P R O C E S S I N G A P P A R A T U S 

I N O P E R A T I O N . 
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F I G . 3 . 2 . G E N E R A L V I E W OF D I S M A N T L E D PKOUESSIHG-

A P P A R A T U S . 
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F I G . 5 . 5 . TOM OF DISMANTLED LCULD SHOWING THE SMALL 
HOLES THROUGH ViHICH THE SUCTION VJAS APPLIED. 
THE SIRTERED BRASS DISCS USED TO PREVENT 
LOSS OF MATERIAL.AND TEE GASKET PLACED 
BETYiEEN THE MOULD AND THE MOULD BASEPLATE 
TO PREVENT LOSS OF VACUUM. 

1+0. 



F I G . 5 . U . ASSlsLBLED MOULD 



P I G . 5.5. G ^ K B R A L Yi^>; C. ...... JL^^ _ . ^ . . • . L ' U J 

1+2. 



FIG. 5 . 6 . PARTLY DIoLArlTLELi APPARATUS AED x;ESULTLNG-

PROCESSED SPECIMENS. 
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3 .4 METHOD. 

A f t e r c a r r y i n g out t r i a l t e s t s t h e f o l l o w i n g two 

c o n c l u s i o n s were drawm. 

( i ) I t was found that b e t t e r r e s u l t s were obta ined when 

the p r e s s u r e and s u c t i o n were accompanied hy . v i b r a t i o n . 

T h i s c o n c l u s i o n s u b s t a n t i a t e s those drawn by J . 3 . G a r n e t t 

(1959) who c a r r i e d out s i m i l a r t e s t s on vacuum processed 

c o n c r e t e , w i thout a p p l i c a t i o n of p r e s s u r e . E x p l a n a t i o n 

of t h i s , as g iven by Ha.wkes, i s that the v i b r a t i o n mainta ins 

the concre te i n a " f l u i d s t a t e " , thus enab l ing the atmospheric 

p r e s s u r e (or a p p l i e d p r e s s u r e ) to a c t w i t h the v i b r a t i o n 

i n f o r c i n g the p a r t i c l e s in to c l o s e r c o n t a c t , and thus a 

h igher s t r e n g t h concre te i s produced. 

( i i ) R e l a t i v e l y h igh water/cement r a t i o s had to be adopted 

i n order that a smooth s u r f a c e could be obta ined on the 

f a c e of the specimen and thus a uni form p r e s s u r e was ensured 

throughout the spec imen. F i g u r e 3 . 7 shows a t y p i c a l 

specimen o f low water/cement r a t i o . These specimens were 

d i sregarded s i n c e the r e s u l t i n g i r r e g u l a r f a c e i s o b v i o u s l y 

de tr ime nta l to the process being inves igate .d sincfc;- o n l y 

point l oad ings were obta ined on the f a c e of the specimen 

i n the mould. 
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I t was on the above f i n d i n g s t h a t the f o l l o w i n g 

method was b a s e d . 

The weight o f concre te r e q u i r e d to f i l l each c y l i n d r i c a l 

mould was r e c o r d e d . Af ter f i l l i n g , the moulds were 

v i b r a t e d f o r 3 minutes ; t h i s was n e c e s s a r y i n order that 

i n t i m a t e contact between the concre te and the s ide s of 

the mould was o b t a i n e d , and a l s o , as s t a t e d above, tha t a 

smooth f a c e , was obta ined on the spec imens b e f o r e the 

p r e s s u r e was a p p l i e d . F o r approximate ly t h e l a s t 3© 

seconds of t h i s period of v i b r a t i o n , s u c t i o n was a p p l i e d to 

the spec imens . T h i s was found, n e c e s s a r y in o r d e r to remove 

some of t h e excess " free" water which had been formed due 

to the v i b r a t i o n , and w h i c h , due to i t s i n c o m p r e s s i b i l i t y 

was found to break the s e a l i n g between the mouid j o i n t s 

when the pressure was a p p l i e d . 

P r e s s u r e , s u c t i o n and v i b r a t i o n were then s i m u l t a n e o u s l y 

appl i ed to the spec imens . F o r a l l t e s t s the s u c t i o n and 

v i b r a t i o n were terminated a f t e r 20 minutes . . H e s t s were 

c a r r i e d out u s i n g t h r e e v a r i a t i o n s of i n t e n s i t y of p r e s s u r e 

( T e s t S e r i e s A ) , each p r e s s u r e being a p p l i e d f o r a per iod 

o f 20 minutes ( i . e . pres sure removed a t same time as suction, 

and v i b r a t i o n ) and 24 hours ( T e s t S e r i e s B ) . 
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I n a l l cases the moulds were shipped a f t e r 24 h o u r s , , 

the specimens being weighed and then s t o r e d in water 

at a. constant temperature of 6 5 ° P . u n t i l t e s t e d . 

Prom the i n i t i a l weight of m a t e r i a l placed i n the 

mould and the weight of the specimen on removal from the 

mould, the amount o f water removed from each specimen 

was deduced, and assuming a uni form mix the f i n a l Water/ceme 

r a t i o f o r each specimen was c a l c u l a t e d . 

To e v a l u a t e the e f f e c t o f the s u c t i o n , c y l i n d r i c a l 

specimens were made u s i n g the same procedure except tha t 

the p r e s s u r e was o m i t t e d . To eva luate t h e e f f e c t of the 

p r o c e s s , c y l i n d r i c a l c o n t r o l specimens were made, these 

being the same diataeter as the processed spec imens . 

Both t e s t s e r i e s were carr i ed , out us ing a. 3/16" and a. 

f" maximum s i z e aggregate . I n the case of the f" aggregate , 

4 i n c h c o n t r o l cubes were a l so made, and a. c y l i n d e r / c u b e 

r a t i o was e v a l u a t e d , thus enabl ing the r e s u l t s of the 

processed c y l i n d e r s to be more r e a l i s t i c a l l y compared to 

r e s u l t s that would be obta ined i f the process was to be 

used i n p r a c t i c e . 

I n a . l l c a s e s a l l c o n t r o l specimens were v i b r a t e d f o r a 

per iod 4>f time v a r y i n g from 2-3 minutes , the t ime depending 

47 



upon, the w o r k a b i l i t y o f the mix concerned . 

T y p i c a l s tages i n the manufacture of a. s e t of specimens 

are shown i n P i g s . 3 . 8 to 3 .12 i n c l u s i v e , a t y p i c a l se t 

of r e s u l t i n g specimens being shown i n P i g . 3 . 1 3 . 
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FIC-. 5 . 8 . I N I T I A L VIBKATIOIi PERIOD 3--FORE SUCTION 

AM) PRESSURE ARE APPLIED. 
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3 .9 . APPLICATION OF HiiuiSSURE, oUCTlOK, AND 

VIBRATION. 
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F I G . 3*10. DISMANTLING OF APPARATUS 2k HOURS 

AFTER PROCESSING. 
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F I G . 5 .11 . VXSW OF THa PROCESSED SPECIMENS DURING 
DISMANTLING OF THE APPARATUS. 
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F I G . 5 . 1 2 . TYPICAL SET OF PROCESSED SPECIMENS BEFORE 

BEING RELOVED FROE THE MOULD. 

55 . 



F l u . L l Q . '^Y-PIOAL O,:.T OF i^HOOaSo^ SPj£S3Mj3jg . 
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3,5 SELECTION AND GRADING OF AGGREGATE. 

Since the specimens were l i m i t e d i n size to 2 inches 

diameter, the choice of the maximum sixe aggregate was 

accordingly l i m i t e d to that of the smallest possible size 

thought to be p r a c t i c a l , the choice being that of a 3/16" 

i r r egu la r shaped "Dole r i t e" aggregate, r esu l t s of selected 

tes t s on which are shown, i n Table 3 . 1 , a t y p i c a l sample 

being shown in F i g . 3.14# 

F i g . 3.15 shows the " a l l - i n " grading of the aggregate 

as i t was received. From t h i s curve i t can be seen that 

f o r w o r k a b i l i t y purposes the grading possessed an excessive 

amount of f i n e s and that a "gap-graded" aggregate containing 

the maximum percentage of top-size aggregate f o r maximum 

compacted bulk density would have to be adopted i f the best 

resu l t s were to be obtained. To obta in t h i s grading, a, 

graph of Compacted Bulk Density against Percentage Top-size 

Aggregate was p lo t ted and i s shown i n F i g . 3.16. As can be 

seen from the curve the maximum percentage top-size 

aggregate was : found to be 75, the r e s u l t i n g gap-grading -

of the aggregate being as shown i n F i g . 3.17 and as de ta i l ed 

below . 

75.00$ Retained on No. 7 Sieve (Top-size i . e . 3/16") 

9.72$ " " No. 52 " 

4.80$ " " No. - 72 " 
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3.70$ Retained on No. 100 Sieve 

5,20% (i it No. 170 n 

1.58$ ti " No. 200 ft 

Since a 3/16" maximum size aggeegate is somewhat unusual 

and r a r e l y used i n prac t ice , a c l a s s i f i c a t i o n of strength 

against water/cement r a t i o w i t h varying aggregate/cement 

r a t i o was carr ied out , the r e su l t of which i s shown i n 

graph form i n F i g . 3.18 and can be summarised as f o l l o w s : -

( i ) With a constant water/cement r a t i o the w o r k a b i l i t y 

and hence ease of compaction of the mix decreased as the 

aggregate/cement r a t i o was increased. This resu l t was as 

expected since an increase in. aggregate/cement r a t i o decreased 

the cement content and thus w i t h a constant water/cement 

r a t i o there i s a decrease i n the water content and hence a 

decrease in. the w o r k a b i l i t y of the mix and an increase i n 

the compactive e f f o r t required to achieve f u l l compaction. 

( i i ) S i m i l a r l y , f o r a sonstant aggregate/cement r a t i o , 

a decrease i n water/cement r a t i o decreases w o r k a b i l i t y , 

t h i s decrease reaching a stage where f u l l compaction covld 

not be obtained, thus causing a decrease in. the crushing 

strength of the mix. This " f a l l - o f f " i n strength ocurred. at a 

higher water/cement r a t i o f o r the lean mixes (high aggregate/ 

cement r a t i o ) , than f o r the r i c h mixes (low aggregate/cement 

r a t i o ) ; the reason f o r t h i s being as explained i n ( i ) above. 

( i i i ) As can be seen from the graph, only low crushing strength 
were obtained, the maximum being that of 56. 



70Q.0 l b f / s q . i n s , at 28 days using a water/cment r a t i o of 

0.40. and an aggregate/cement r a t i o of 4 :1 This value could 

have been increased by f u r t h e r lowering of the aggregate/ 

cement r a t i o , thus increasing the w o r k a b i l i t y and a l lowing 

a f u r t h e r decrease i n the water/cement r a t i o before the 

mix became unworkable. 

( i v ) From the resu l t s obtained, i t i s apparent tha t 

the size and i r r egu la r shape of the aggregate was the 

most in f luenc ing f a c t o r on the curshing strengths obtained, 

t h i s being due to i t s pronounced e f f e c t on the w o r k a b i l i t y 

of the mix, the mix becoming unworkable at a r e l a t i v e l y 

high water/cement r a t i o even when, a low aggregate/cement 

r a t i o was adopted. This e f f e c t of aggregate size and shape 

is explained in "Factors A f f e c t i n g Concrete Strength? i n 

Chapter 2 and from the resu l t s obtained i t appears that i n 

t h i s instance the advantages of using a small aggregate 

size is more than o f f s e t by the disadvantages of the 

add i t iona l water which is required f o r w o r k a b i l i t y of the 

mix. 

Upon completion of Test Series A and B . using the above 

aggregate i t was decided to repeat the series using a larger 

s i ze . The size of the processing moulds again r e s t r i c t e d 

the choice, but i t was thought that a f " max imum size 
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aggregate of the same type as used above, along w i t h sand 

as the f i n e aggregate, would be acceptable. The "gap-gradin. 

of the aggregate i s as shown i n P i g . 3.19, a t y p l i c a l sample 

being shown in P i g . 3.14, selected tests on the sand being 

shown in F i g . 3.20. 

Test Series B l was carr ied out using the same f-w 

aggregate and f i n e sand, the grading being s l i g h t l y 

d i f f e r e n t and as shown i n F i g . 3 . 2 1 . 
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TABLE 3.1 . SELECTED PHYSICAL PROPERTIES OF- THE 

"DOLERITE" AGGREGATE USED IN THE INVESTIGATIONS 

AVERAGE SPECIFIC GRAVITY ON AN OVEN 
DRIED BASIS 2.93 2.93 

AVERAGE SPECIFIC GRAVITY ON 
SATURATED BASIS 2.96 2.96 

3.02 

AVERAGE WATER ABSORPTION ( % of dry weight ) . 1 .03 

PERCENTAGE CLAY,FINE SILT,AND DUST 

( Carried out on sample of aggregate as i t 
was received i . e . as per Fig .3 .15 . ) 7fo 
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"Top Lzf H Sample, of single, size . 

4"Jfe« "Do/or/t-e," aggregate. 

Tep Right-: Sample op S i n g l e S i ze 
Vg* • Dolor/ re* oggragare. 

bprrom Lafh • Sewpifc of ^ifc" 5or>d. 

BoH-om fcigbf : 5anripie oP * W aggregate 

as It* w a s . r e c i l v t d ' 

I "Top •" 3/&" "Dolerire,* aggregate. 
I 

^ % \ \ # 1 1 % t 4 I bot-l-om : "Dolor.rV aggregate. 

^ ^ h % % t< i * * + | 
« • «»• | 3 4 ^ t | 

1 

ft 

FIG. 3 .1U. TYPICAL SAMPLES OF THE AGGREGATES USED 

IN THE INVESTIGATIONS. 
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TABLE 5 .20 . SELECTED PHYSICAL PROPERTIES OF THE SAND 

USED I N THE INVESTIGATIONS 

AVERAGE SPECIFIC GRAVITY ON AN OVEN 

DRIED BASIS 2.54 2.54 

AVERAGE SPECIFIC GRAVITY ON 

SATURATED DRY BASIS 2.64 2.64 

2.83 

AVERAGE WATER ABSORPTION ( % o f d ry weight ) . 4.04 
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3.6 TEST SERIES. 

Two se r i es o f t e s t s mere c a r r i e d o u t . 

Ser ies A: To study the e f f e c t o f v a r i a t i o n s i n 

i n t e n s i t y o f pressure . 

Ser ies B : To s tudy the e f f e c t o f v a r i a t i o n s i n 

t ime o f a pp l i e at ion^o-f"pressure. 

Ser ies B l : An ex tens ion to Series B . 

Both t e s t se r ies were c a r r i e d out us ing two d i f f e r e n t 

maximum s ize aggregate, these being 3 / l 6 n and § " , d e t a i l s 

o f s&lected t e s t s and gradings being g iven i n Sec t ion 3 . 5 , 

d e t a i l s o f the mixes used be ing given i n Section. 3 . 7 . 

Ordinary Por t land cement was used f o r Series A and B , 

Rapid Hardening cement being used f o r Ser ies B l . 

Ser ies A: V a r i a t i o n s o f I n t e n s i t y o f Pressure . 

Three values o f pressure were used, 555, 1110 and 3330 

l b f / s q . i n s . , a l l o f which were app l i ed f o r a per iod o f 

20 minutes ( f o r procedure see s e c t i o n 3 . 4 ) . For the 555 

and 1110 l b f / s q . i n s . pressures i t was poss ib le to make 

s i x specimens i n each ope ra t i on o f the appara tus . I n the 

case o f the 3330 l b f / s q . i n s . pressure the load c a p a b i l i t y 

o f the apparatus r e s t r i c t e d the number o f specimens wh ich 

could be made to two. T h i s was achieved by making the f o u r 
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corner moulds o f the apparatus redundent and us ing the 

remaining two . Since these two remaining moulds were centia 1 

about the p o s i t i o n o f the app l ied l o a d , i t was ensured 

t h a t equal pressure was a p p l i e d to each specimen. 

Specimens were made us ing one mix f o r the 3 / l 6 t t 

aggregate, mix r e f e r ence A l , and three warying mixes f o r 

the f " aggregate, mix re fe rences B l , B2 and B3i ( f o r 

d e t a i l s o f the mixes see s e c t i o n 3 . 7 ) . Due to the l i m i t e d 

t ime a v a i l a b l e o n l y one set o f specimens were made f o r 

each pressure; the pressure range f o r mixes B2 and B3 

being uncompleted. 

The r e s u l t s f o r t he above specimens, along w i t h the 

r e s u l t s f o r the c o n t r o l cubes, c o n t r o l c y l i n d e r s and 

" s u c t i o n o n l y " specimens, are g iven i n Chapter 4 , Table 4 . 1 

and are discussed i n s e c t i o n 4 .2 

Ser ies B: V a r i a t i o n s o f Time o f A p p l i c a t i o n o f Pressure . 

Due to t h e l i m i t e d t ime a v a i l a b l e i t was decided to 

repeat the t e s t s which were c a r r i e d out un. er Series A, 

the pressures in. t h i s ins tance being app l ied f o r a pe r iod 

o f 24 hours ins tead o f 20 minutes . Since these specimens 

were made us ing the same three pressures , t h e 24 hour 

pressure specimen r e s u l t s are shown, as Series A r e s u l t s i n 

Table 4 , 2 , the 20 minute and 24 hour Series A r e s u l t s be ing 

shown toge ther i n Table 4.3 as Ser ies B r e s u l t s . 
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S e r l e s B l : An extens ion to Series B . 

A research p r o j e c t by D.IY.K. Pres ton , a depar tmental 

undergraduate, formed an extens ion to Series B , a summary 

o f t h i s work being as f o l l o w s . 

Specimens were made using a constant pressure o f 1600 

l b f / s q . i n s . appl ied f o r three v a r i a t i o n s o f t i m e , these 

being 20, 60 and 600 minutes; the v i b r a t i o n and s u c t i o n 

i n a l l cases being t e rmina ted at 20 minu tes . A l l specimens 

were w tamped n and v i b r a t e d f o r 5 minutes be fo re the pressure 

and suc t ion were a p p l i e d . Only f o u r moulds o f t he apparatus 

were used f o r process ing, the remaining two moulds were 

used f o r " c o n t r o l " specimens (no s u c t i o n o r p res su re ) , the 

"Control 'specimens were t h e r e f o r e sub jec t to a per iod o f 

v i b r a t i o n o f 25 minutes . 

Only one mix was used throughout the t e s t s , d e t a i l s o f 

which are g iven i n sec t ion 3 . 7 . , the mix r e f e r e n c e be ing B4. 

The r e s u l t s f o r t h i s s e r i e s o f t e s t s are shown i n Table 

4.4 and discussed in. s e c t i o n 4 .2 o f Chapter 4 . 
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3 . 7 . DETAILS OF MIXES 

Mix Reference Ai 

Coarse Aggregate: 

Fine Aggregate: 

Aggregate Grad ing : 

Water/Cement R a t i o : 

None 

' D o l e r i t e " o f maximum s ize 3/16", 

a sample be ing shown i n F i g . 3 . i U « 

See F i g . 3 -17-

0.65 

Aggregate/Cement R a t i o : 1+:1 

Mix Reference B-] 

Coarse Aggregate: 

Fine Aggregate: 

Aggregate Grading: 

Water/Cement R a t i o : 

3/8 1' " ' D o l e r i t e " , a sample be ing 

shown i n F i g . 3«1U» 

Sand • 

See F i g . 3 -19-

0.55 

Aggregate/Cement R a t i o : 5*5 : 1 

Coarse/Fine Aggregate R a t i o : 65% : 35$ 

Mix Reference B2 

Water/Cement R a t i o : 0.1+0 

Aggregate/eSment R a t i o : 3 : 1 

A l l o ther d e t a i l s as per mix r e f e r ence B1 

Mix Reference B3 

Water/Cement R a t i o : 0.35 

Aggregate/Cement R a t i o : 2.5 : 1 

A l l o ther d e t a i l s as per mix r e fe rence B1 
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Mix Reference BU 

Aggregate Grading : See P i g . 3.21 . 

Water/Cement R a t i o : 0 .i+5 

Aggregate/Cement R a t i o : i+.5 : 1 

Coarse/Fine Aggregate R a t i o : 10% : 30% 

A l l o ther d e t a i l s as per mix r e f e r ence Bi 

NOTE: A l l the above mixes were batched by weigh t 
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3 . 8 . TESTING OF SPECIMENS 

A l l specimens were t e s t e d at the s tandard r a t e 

o f 2000 I b f / s q . i n s . /minu te . 

Whereas bo th faces o f the p re s su r i sed specimens 

were adequately smooth f o r t e s t i n g requi rements , the 

top f ace o f the " s u c t i o n o n l y " specimens were n o t , 

t h e r e f o r e , a f t e r be ing weighed, these specimens were 

capped w i t h p l a s t e r o f p a r i s . The top face o f the 

c y l i n d r i c a l c o n t r o l specimens were made smooth d u r i n g 

t h e i r manufac tu re . 

The r e s u l t s obta ined f o r Test Ser ies A and B, 

are 28 day c rush ing s t r e n g t h s , i e Ord inary P o r t l a n d 

cement was used; the r e s u l t s f o r Test Ser ies B1 are 

7 day c rush ing s t r e n g t h s , i e Rapid Hardening cement 

was used f o r these specimens. 

A t y p i c a l f a i l u r e of a processed specimen i s 

shown i n P i g . 3*22. 
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TABLE 4 . 3 . RESULTS FOR TEST SERIES "B" 

MIX 
REF I.W/C. INTENSITY OF PRESSURE LBF/SQ.INS. MIX 
REF I.W/C. 

555 F.W/C 1110 F.W/C 3330 F.W/C 

Pressure applied for 24 hours 

6700 0.40 6650 0.40 7760 O.36 

0.65 
6870 0.42 7840 O.38 7660 0.35 

A1 0.65 698O 0.43 6560 0.40 
0.35 

6850 0.44 6770 0.40 — — 

3920 0.32 7430 O.38 6760 0.32 
7480 0.40 7680 0.39 7350 0.26 

B1 0.55 6580 0.35 7280 O.38 
7350 

7060 O.32 7320 — — — 

Pressure applied for 20 mins. 

6600 0.42 7500 0.45 7760 O.36 

O.65 
6550 0.47 7130 0.26 7670 0.36 

A1 O.65 6200 0.44 7750 0.49 
0.36 

6700 0.42 7670 0.54 — — 

7340 0.44 7650 0.35 8080 0.32 
698O 0.44 658O' 0.33 8000 0.89 

B1 0.55 8900 O.46 7700 0.31 
0.89 

7670 O.41 7640 0.29 - — 

NOTATION: 
I.W/C. : INITIAL WATER/CEMENT RATIO 
F.W/C. : FINAL WATER/CEMENT RATIO 
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TABLE 4 . 4 . RESULTS FOR TEST SERIES "Bl" 
DETAILS: 
INTENSITY OF PRESSURE: 1600 LBF/SQ.INS. 
MIX REFERENCE: B4 

DURATION OF PRESSURE 
20 MINS. 60 MINS. 600 MINS. 

A B C A B c A B C 

1 6540 
4840 

9590 
8870 
7580 
8450 

4 5830 
5640 

6860 
10120 

8610 
9040 

7 7380 
7960 

8710 
10880 
11330 
10550 

2 6930 
5450 

8020 
7650 
8420 
8940 

5 6430 
6280 

10540 
9040 

12080 
11320 

8 7770 
6800 

10710 
9400 

10700 
10400 

3 5600 
5190 

8190 
8420 
7960 
9390 

6 7440 
6670 

11540 
11490 
9100 

11940 
9 6500 

7000 

7870 
9550 
9880 
9810 

COLUMN NOTATION: 
A = SPECIMEN GROUP NUMBER 
B = CONTROL SPECIMENS LBF/SQ.INS. 
C = PROCESSED SPECIMENS LBF/SQ.INS. 
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TABLE k.5. PERCENTAGE STRENGTH INCREASES. 

MIX I . W / C . SUCTION INTENSITY OP PRESSURE LBP/SQ.IN. 
REP. ONLY 555 . . 1110 3330 

(a ) Pressures a p p l i e d f o r 20 mins . 

- 3g 90% 117% 12k% 

0.65 
-23% 89% 106$ 122% 

A1 0.65 12$ 79% 12k% 
122% 

h% 9k% 122% — 

- - 3% 88% 111% 123$ 

lh% 58% 69% 75% 
9% 5^% h2% 73% 

B1 0.55 19% 93% 67% 
73% 

20% 66% 69% — 

67% 62% 7h% 

(b ) Pressures a p p l i e d f o r 2U hou r s . 

A1 0.65 -3% 

9h% 
99% 

102% 
99% 

92% 
127% 

90% 
96% 

12U% 
121% 

. 98% 101% 122% 

B1 0.55 16% 

-15%* 
62% 
h2% 
53% 

60% 
66% 
57% 
58% 

U6% 
59% 

1 
52% 60% 52% 

*IGNORED 
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TABLE 4 . 6 . PERCENTAGE DECREASE IN WATER/CEMENT RATIO 

MIX 
R E F . I . W / C . 

SUCTION 
ONLY 

INTENSITY OF PRESSURE LBF/SQ.IN MIX 
R E F . I . W / C . 

SUCTION 
ONLY 555 1110 3330 

A1 0.65 
20% 
20% 
23% 

35% 
28% 
32% 
35% 
3 8 g 
35% 
3k% 
32% 

35% 
65%* 
25% 
17% 
38% 
42% 
38% 
38% 

45% 
45% 
45% 
46% 

-

23% 33% 33% 45% 

-

B1 0.55 

15% 
13% 
25% 
20% 

20% 
20% 
16% 
25% 
42% 
27% 
36% 
42% 

36% 
40% 
44% 
47% 
30% 
30% 
30% 

42% 
47% 
42% 
53% 

-
28% 35% 46% 

-

B2 0.40 
22% 
22% 
18% 

-

22% — — 

-

B3 0.35 — . 

17% 
34% 
31% 
27% 

— — 

-

27% — — 

* IGNORED 
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TABLE U.7» TEST SERIES "B1" 

E f f e c t of time of appl icat ion of pressure 

on percentage strength increase 

DURATION OF PRESSURE 

20 MINS 60 MINS 600 MINS 

m> 53% 35% 

38% 69% Wo 

56% 56% 38% 

SUMMARY 

47% 59% 
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4 . 2 DISCUSSION OF RESULTS. 

A l l r e s u l t s f o r p rocessed specimens-.- show an i n c r e a s e in. 

s t r e n g t h o v e r t h e r e s u l t s o b t a i n e d f o r t h e non-processed , 

spec imens , t h e i n c r e a s e i n s t r e n g t h v a r y i n g f r o m 20% t o 

125%. However , t he se s t r e n g t h i n c r e a s e s canno t be soleLy 

a t t r i b u t e d t o t h e a p p l i c a t i o n o f a h y d r o s t a t i c p r e s s u r e 

s i n c e t h e process a l so i n v o l v e d t h e e x t r a c t i o n o f excess 

w a t e r f r o m t h e m i x , t h u s l o w e r i n g t h e w a t e r / c e m e n t r a t i o 

a n d i n c r e a s i n g t h e s t r e n g t h o f t h e m i x . 

Owing t o t h e few r e s u l t s o b t a i n e d , no d e f i n i t e c o n c l u s i o n s 

can be drawn a.s t o what p r o p o r t i o n o f t h e s t r e n g t h i n c r e a s e s 

can be a t t r i b u t e d t o t h e l o w e r i n g o f the w a t e r c o n t e n t o f 

t h e m i x e s . The r e s u l t s f o r t h e " s u c t i o n o n l y " specimens 

w h i c h were c a r r i e d o u t o n mixes A l and B l , a r e i n c o n s i s t e n t 

i n t h a t a l t h o u g h t h e water /<anent r a t i o o f each was r e d u c e d 

by 25% and 18% r e s p e c t i v e l y , t h e r e was a dec rease i n s t r e n g t h 

f o r mix A l o f 5%, and an i n c r e a s e i n s t r e n g t h f o r f i x B l 

o f 16%. An. e x p l a n a t i o n , o f t h i s i s sought in . t h e f a c t 

t h a t t h e maximum s i z e a g g r e g a t e adop ted in . mix A l was 

3 / 1 6 " , and upon r e m o v a l o f w a t e r f r o m t h e m i x , v i b r a t i o n 

was no l o n g e r an adequate method b y w h i c h t o o b t a i n , f u l l 

c o m p a c t i o n , t h u s r e s u l t i n g i n a dec rease i n s t r e n g t h . T h i s 

e x p l a n a t i o n i s s u b s t a n t i a t e d by t he r e s u l t s o b t a i n e d f o r 
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t h e processed specimens o f t he same mix ( see T a b l e s 4 . 1 

and 4 « 2 ) , t h e decrease i n s t r e n g t h b e i n g r e v e r s e d t o 

t h a t o f an i n c r e a s e i n s t r e n g t h o f up t o 125%, t h e a p p l i c a t i o n . 

o f t h e p r e s s u r e b e i n g the n e c e s s a r y e x t r a c o m p a c t i v e e f f o r t 

r e q u i r e d f o r f u l l c o m p a c t i o n . 

The r e s u l t s o f t h e t e s t c a r r i e d o u t on mix B l , i n w h i c h 

t h e maximum s i z e a g g r e g a t e was f " , show an i n c r e a s e i n 

s t r e n g t h f o r t h e " s u c t i o n o n l y " specimen^ o f 16%, t h e 

i n c r e a s e i n s t r e n g t h f o r t h e p rocessed specimens b e i n g as 

h i g h as 74%* I t t h e r e f o r e appears t h a t t h e m a j o r i t y o f t h e 

s t r e n g t h i n c r e a s e i s due t o t h e a p p l i c a t i o n o f the p r e s s u r e 

and no t to t h e r e d u c t i o n i n the w a t e r / c e m e n t r a t i o o f t h e 

m i x . T h i s r e s u l t i s d e c e p t i v e , s i n c e t he a p p l i c a t i o n o f 

t h e p r e s s u r e a l s o i n f l u e n c e s t h e amount o f w a t e r e x t r a c t e d 

f r o m t h e m i x , t h i s b e i n g due t o i t s " s q u e e z i n g " e f f e c t 

on t h e m i x . For mix B l , t h e r e d u c t i o n i n t h e w a t e r / c e m e n t 

r a t i o f o r t h e processed specimens b e i n g as h i g h as 46%, 

whereas t h e r e d u c t i o n i m : t h e w a t e r / c e m e n t r a t i o f o r the 

" s u c t i o n o n l y " specimens was o n l y 18%, I t c o u l d , t h e r e f o r e , 

be c o n c l u d e d t h a t t h e d i f f e r e n c e i n s t r e n g t h between t h e 

p rocessed and " s u c t i o n o n l y " specimens i s due e n t i r e l y t o 

t h e d i f f e r e n c e i n w a t e r c o n t e n t removed by each p r o c e s s . 
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T h i s c o n c l u s i o n i s h i g h l y i m p r o b a b l e , and i t wou ld be more 

a c c u r a t e to say t h a t t h e l a r g e i n c r e a s e s i n s t r e n g t h 

r e s u l t i n g f r o m t h e p rocess a r e due t o t h e a p p l i c a t i o n 

o f t h e p r e s s u r e , t h e p r e s s u r e i n f l u e n c i n g , t h e u l t i m a t e 

c r u s h i n g s t r e n g t h o f t h e c o n c r e t e , e i t h e r d i r e c t l y o r 

i n d i r e c t l y , i n t h e f o l l o w i n g t h r e e w a y s : -

( i ) By r e d u c i n g o r t o t a l l y e l i m i n a t i n g t h e m i c r o c r a c k s 

a t t h e a g g r e g a t e and m o r t a r i n t e r f a c e s , and t h u s 

i n c r e a s i n g t h e bono s t r e n g t h . 

( i i ) By i n c r e a s i n g the amount o f w a t e r removed, f r o m t h e 

m i x , t h u s r e s u l t i n g i n a l ower w a t e r / c e m e n t r a t i o t h a n 

i f s u c t i o n were o n l y a p p l i e d t o t h e m i x . 

( i i i ) By compress ing t h e c o n c r e t e t o a h i g h degree o f 

c o m p a c t i o n , t h u s d e c r e a s i n g t h e a i r v o i d s , and 

a h i g h e r d e n s i t y c o n c r e t e b e i n g o b t a i n e d . 

E f f e c t o f I n t e n s i t y o f P r e s s u r e . 

Prom the r e s u l t s i t can be seen t h a t , g e n e r a l l y , as t h e 

i n t e n s i t y o f p r e s s u r e i s i n c r e a s e d , t h e i n c r e a s e i n s t r e n g t h 

in. r e l a t i o n t o t h e c o n t r o l s t r e n g t h a l s o i n c r e a s e s . 

A l t h o u g h no t c l e a r l y demons t ra t ed by t h e s m a l l r a n g e o f 

i n t e n s i t i e s o f p r e s s u r e i n v e s t i g a t e d , i t i s appa ren t t h a t 

t h e i n c r e m e n t s o f s t r e n g t h - i n c r e a s e , decrease w i t h each 

i n c r e m e n t of! pressur-e' i n c r e a s e , t h e s t r e n g t h o f t h e 
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processed specimens w i l l t h u s r e a c h a l i m i t i n g v a l u e f o r 

a g i v e n m i x . 

As p r e v i o u s l y s t a t e d , t h e a p p l i c a t i o n o f a p r e s s u r e 

a l s o i n f l u e n c e s t h e amount o f w a t e r removed f r o m t h e mix 

and as can be seen f r o m , t h e r e s u l t s shown i n T a b l e 4 . 6 , 

i t appears t h a t t h e pe rcen tage r e d u c t i o n i n t h e w a t e r / c e m e n t 

r a t i o i n c r e a s e d w i t h i n c r e a s e i n p r e s s u r e . T h i s f u r t h e r 

l o w e r i n g o f t h e i n i t i a l w a t e r / c e m e n t r a t i o w i t h i n c r e a s e 

i n i n t e n s i t y o f p r e s s u r e c o u l d account f o r t h e s t r e n g t h 

i n c r e a s e w i t h i n c r e a s e i n p r e s s u r e , t h e f e w r e s u l t s making 

i t i m p o s s i b l e f o r any d e f i n i t e c o n c l u s i o n t o be d r a w n . 

E f f e c t o f Time o f A p p l i c a t i o n o f P r e s s u r e . 

Prom t h e r e s u l t s o b t a i n e d f r o m Tes t S e r i e s B , shown i n 

T a b l e s 4 . 3 and 4*5 , i t appears t h a t t h e pe r cen t age i n c r e a s e 

i n s t r e n g t h i s g r e a t e r when t h e p r e s s u r e i s a p p l i e d f o r 20 

m inu t e s t h a n when a p p l i e d f o r 24 h o u r s , t h a t i s , t h e r e i s a 

decrease i n s t r e n g t h w i t h i n c r e a s e i n t i m e o f a p p l i c a t i o n , 

o f p r e s s u r e . F u r t h e r r e s u l t s o b t a i n e d f r o m T e s t S e r i e s B l , 

and shown in . T a b l e s 4 . 4 and 4 . 7 , show t h a t t h i s i s p a r t l y 

c o r r e c t in. t h a t t h e s t r e n g t h i n c r e a s e s w i t h t i m e o f p r e s s u r e 

a p p l i c a t i o n up t o a c e r t a i n p o i n t and t h e n d e c r e a s e s . The 

t e s t s c a r r i e d ou t i n T e s t S e r i e s B l i n v o l v e d t h r e e d u r a t i o n s 

o f t i m e o f a p p l i c a t i o n o f p r e s s u r e , t h e s e b e i n g , 2 0 , 60 
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600 m i n u t e s , a summary o f t h e r e s u l t s "being g i v e n i n T a b l e 

U*7. Prom t h e s e r e s u l t s , i t i s n o t i c e a b l e t h a t t h e "best 

s t r e n g t h s were o b t a i n e d f o r t h e 60 m i n u t e p r e s s u r e 

a p p l i c a t i o n and the w o r s t f o r t he 600 m i n u t e p r e s s u r e 

a p p l i c a t i o n . Owing t o t h e f e w t e s t s c a r r i e d o u t t h i s . 

r e s u l t i s "by no means c o n c l u s i v e , b u t a c c e p t i n g t h e r e s u l t 

as a t r u e r e p r e s e n t a t i o n o f t h e p r o c e s s , an e x p l a n a t i o n i s 

as f o l l o w s . A f t e r a c e r t a i n t i m e , i n t h i s i n s t a n c e 60 

m i n u t e s , t h e i n i t i a l s e t t i n g p e r i o d o f t h e c o n c r e t e i s r e a c h e d , 

any a p p l i c a t i o n o f p r e s s u r e a f t e r t h i s t i m e i s a c t i n g as a 

l o a d on t h e specimen, and t h u s i s . d e t r i m e n t a l t o i t s 

u l t i m a t e c r u s h i n g s t r e n g t h . 

I t s h o u l d "be n o t e d t h a t t h e a p p l i c a t i o n o f l o a d 

t o the p i s t o n s imposes a " h y d r o s t a t i c p r e s s u r e " o n l y as 

l o n g as t h e c o n c r e t e i s s u b s t a n t i a l l y f l u i d ; once s e t t i n g 

i s under way the l o a d i n g t ends t o w a r d s " c o n f i n e d c o m p r e s s i o n " . 

Any f u t u r e t e s t ' s must c l e a r l y employ a t r u e a p p l i c a t i o n 

o f h y d r o s t a t i c p r e s s u r e . 
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4 . 5 . CONCLUSIONS. 

1 . S u b s t a n t i a l i n c r e a s e s i n t he u l t i m a t e c r u s h i n g s t r e n g t h 

o f c o n c r e t e can. be o b t a i n e d by a p p l i c a t i o n o f t h e p r o c e s s . 

2 . For a g i v e n m i x , t h e r e i s a l i m i t a t i o n on t h e i n c r e a s e 

i n s t r e n g t h w h i c h can be o b t a i n e d by t h e p r o c e s s . 

3 . The u l t i m a t e c r u s h i n g s t r e n g t h o f p rocessed c o n c r e t e , 

i n c r e a s e s w i t h i n c r e a s e i n i n t e n s i t y o f p r e s s u r e , b u t 

a t a. d e c r e a s i n g r a t e . 

4 . The e f f e c t o f t i m e o f a p p l i c a t i o n o f p r e s s u r e i s n o t 

f u l l y unde r s tood . , b u t i t appears t h a t any a p p l i c a t i o n o f 

p r e s s u r e a f t e r t h e i n i t i a l s e t t i n g p e r i o d o f t h e c o n c r e t e 

has been r e a c h e d , i s d e t r i m e n t a l t o i t s s t r e n g t h . 

5 . The a p p l i c a t i o n o f p r e s s u r e i n c r e a s e s t h e amount o f 

w a t e r removed f r o m t h e c o n c r e t e , t h e amount removed 

i n c r e a s i n g w i t h i n c r e a s e i n i n t e n s i t y o f p r e s s u r e , b u t 

a t a d e c r e a s i n g r a t e . 

6 . The amount o f w a t e r wiiirah can be removed f r o m the c o n c r e t e , 

decreases w i t h decrease o f i n i t i a l w a t e r / c e m e n t r a t i o cf 

t h e c o n c r e t e . 

7 . The amount b y w h i c h t h e c o n t r o l s t r e n g t h can be 

i n c r e a s e d , decreases as t h e c o n t r o l s t r e n g t h i n c r e a s e s . 
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5 . 1 COMCRETE CREEP. 

C o n c r e t e c r eep i s t h e n o n e l a s t i c d e f o r m a t i o n w h i c h c o n t i n u e s 

t o i n c r e a s e w i t h t i m e , o f c o n c r e t e s u b j e c t e d t o s u s t a i n e d l o a d . 

Creep i s d e s i r a b l e i n c o n c r e t e s t r u c t u r e s s i n c e t h e f a v o u r a b l e 

d i s t ± i b u t i o n o f s t r e s s e s produced b y volume changes depends 

upon, t h e a b i l i t y o f t h e c o n c r e t e t o a d j u s t i t s e l f t o s t r e s s 

c o n d i t i o n s . The e f f e c t o f c reep i s in. g e n e r a l t o r e l i e v e 

t h e s t r e s s e s and t h u s a i d in. r e d u c i n g t h e t e n d e n c y towards 

c r a c k i n g . 
y 

Creep d e f o r m a t i o n s a re b e l i e v e d t o be due t o c l o s u r e o f 

i n t e r n a l v o i d s , v i s c o u s f l o w o f the cemen t -wa te r p a s t e , 

c r y s t a l l i n e f l o w i n a g g r e g a t e s , and t h e f l o w o f wa t e r o u t cf 

t h e cement g e l due t o e x t e r n a l l o a d and d r y i n g . 

5 .2 MEED FOR RESEARCH. 

Many o f t h e f a c t o r s a f f e c t i n g c o n c r e t e c reep and t h e way 

t h e y a f f e c t a r e r e a s o n a b l y w e i l known., a b r i e f o u t l i n e o f 

t h e most i m p o r t a n t i s g i v e n i n s e c t i o n . 6 . 1 . C o n s e q u e n t l y a 

measure o f c o n t r o l o f creep i s a v a i l a b l e t o e n g i n e e r s and 

A r c h i t e c t s , bu t i t must be remembered t h a t w h i l e some o f 

t h e answers a re known, a l a r g e number o f q u e s t i o n s s t i l l 

r e m a i n unanswered . Ttr'.s i s m a i n l y due to t h e l a r g e number 

o f p h y s i c a l v a r i a b l e s i n v o l v e d , and t o t h e l a c k o f c o r r e l a t e d 

e x p e r i m e n t a l r e s u l t s . 
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6 . 1 PHYSICAL FACTORS AFFECTING CONCRETE CREEP. 

( 1 } H u m i d i t y P u r i n e Loaded P e r i o d . 

The h u m i d i t y o f t h e a tmosphere d u r i n g t he l o a d e d p e r i o d 

s h o u l d a f f e c t c reep in . as much as i t i n f l u e n c e s t h e e x p u l s i o n 

o f m o i s t u r e f r o m the c o n c r e t e . Th i s i s o b v i o u s c o n s i d e r i n g 

t h a t an i n c r e a s e i n e x t e r n a l h u m i r i t y r educes t h e s u r f a c e 

e v a p o r a t i o n , i n c r e a s e s the r e s i s t a n c e t o c a p i l l a r y f l o w , and 

r educes seepage, 

( i i ) Age a t t i m e o f l o a d i n g . ' 

Creep s h o u l d depend upon the age o f t h e specimen- at t he 

t i m e o f l o a d a p p l i c a t i o n . The f u r t h e r t h e cement h y d r a t i o n 

has p r o g r e s s e d , t h e l e s s creep s h o u l d be o b t a i n e d , 

( i i i ) S i z e o f Specimen-; 

I t i s g e n e r a l l y c o n s i d e r e d t h a t f o r c y l i n d r i c a l 

specimens loaded a x i a l l y c reep v a r i e s w i t h t h e d i a m e t e r 

b u t not w i t h t h e l e n g t h o f the spec imen . As t h e t r a n s v e r s e 

d imens ions i n c r e a s e , t h e c o r r e s p o n d i n g i n c r e a s e i n f r a c t i o n a l 

r e s i s t a n c e t o f l o w a long t h e c a p i l l a r y channe l s r e s u l t s i n 

r e d u c t i o n , o f seepage, 

( i v ) Mix P r o p o r a t i o n . 

In. c o n s i d e r i n g t he e f f e c t o f mix p r o p o r t i o n s on c r e e p , t h e 

i n t e r - r e l a t i o n s h i p s between w a t e r c o n t e n t , s lump , w a t e r / c e m e n t 

r a t i o , and p r o p o r t i o n s o f c o n s t i t u e n t s must beklept i n m i n d . 
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T e s t s by v a r i o u s i n v e s t i g a t o r s have shown t h a t c r eep o f 

c o n c r e t e decreases as t h e w a t e r / c e m e n t r a t i o and the volume 

o f cement pas te d e c r e a s e . I n a d d i t i o n , i t has been shown, 

t h a t when a c o n s t a n t wsater/cement. r a t i o i s m a i n t a i n e d , 

c reep i n c r e a s e s as t h e slump and cement c o n t e n t i n c r e a s e , o r 

e s s e n t i a l l y as t h e amount o f cement pas te i s i n c r e a s e d . 

( v ) E f f e c t o f C u r i n g • 

Tempera tu re and h u m i d i t y d u r i n g t h e c u r i n g p e r i o d p r i o r 

t o l o a d i n g have an i m p o r t a n t e f f e c t on c r e e p . The t e n d e n c y 

o f c o n c r e t e t o c r e e p decreases as cement h y d r a t i o n i n c r e a s e s . 

C o n s e q u e n t l y j c o n s i d e r i n g h y d r a t i o n a l o n e , w a t e r - c u r e d 

c o n c r e t e s h o u l d c r eep l e s s t h a n a i r - c u r e d c o n c r e t e . I t must 

a l s o be r e c o g n i s e d t h a t t h e h u m i d i t y and t e m p e r a t u r e c o n d i t i o n s 

d u r i n g c u r i n g may cause s h r i n k a g e o r s w e l l i n g w h i c h have a 

s t r o n g i n f l u e n c e on c r e e p . Under compres s ive l o a d p r e - s w e l l e d 

specimen's ( r e s u l t i n g f r o m moist c u r i n g ) c reep more t h a n 

p r e s h r u n k specimens ( r e s u l t i n g f r o m c u r i n g i n d r y a i r ) . 

The e f f e c t s o f h y d r a t i o n and p r e s w e l l i n g a r e t h u s o p p o s i n g 

f a c t o r s • 

S i z e e f f e c t s a r e i m p o r t a n t i n c u r i n g s i n c e s m a l l specimens 

r e spond more r a p i d l y than l a r g e specimens t o m o i s t u r e changes . 

Hence , under s i m i l a r c u r i n g c o n d i t i o n s , t hedeg ree o f 

h y d r a t i o n and t h e m o i s t u r e c o n t e n t o f l a r g e and s m a l l 

specimens may be d i f f e r e n t . a t t h e t i m e o f l o a d i n g . 
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( v i ) E f f e c t o f t i m e o f l o a d i n g . 

I n v e s t i g a t o r s - have shown t h a t c r eep i n c r e a s e s r a p i d l y 

d u r i n g t h e e a r l y s tages o f the s u s t a i n e d l o a d i n g p e r i o d , 

and t h a t i t c o n t i n u e s to i n c r e a s e b u t a t a, d e c r e a s i n g r a t e 

f o r a l o n g t i m e . In. some i n s t a n c e s , I n c r e a s e s i n c r eep have 

been . r e p o r t e d t o 25 y e a r s . A p p r o x i m a t e l y o n e - f o u r t h t o 

o n e - t h i r d o f t h e u l t i m a t e c reep t a k e s p l a c e i n t h e f i r s t 

month o f s u s t a i n e d l o a d i n g , and about o n e - h a l f t o t h r e e -

f o u r t h s o f t h e u l t i m a t e c reep o c c u r s d u r i n g t h e f i r s t 

h a l f - y e a r o f s u s t a i n e d l o a d i n g i n c o n c r e t e s e c t i o n s o f 

moderate s i z e . R i c h a r t and Jenson. (19380 have measured 

c reep i n c o n c r e t e i n c o m p r e s s i o n i n r e l a t i v e l y s h o r t pe r iods - , 

v a r y i n g f r o m 1 t o 30 m i n u t e s , under v a r i o u s i n t e n s i t i e s o f 

s t r e s s . Evans (1942) has shown t h a t under i n s t a n t a n e o u s 

l o a d i n g , much more c reep o c c u r s i n t h e f i r s t 0 . 0 1 seconds 

than i n t h e p e r i o d f r o m 0 . 0 1 seconds t o 1.0 m i n u t e s . 

( v i i ) E f f e c t o f C o n s t i t u e n t s . 

B o t h compos i t i on , and f i n e n e s s o f P o r t l a n d cement i n f l u e n c e 

c r eep c h a r a c t e r i s t i c s . C o n c r e t e made w i t h l o w - & e a t cement 

c reeps more t h a n c o n c r e t e made w i t h n o r m a l cement a t a l l 

ages . Da ta o n t h e e f f e c t o f f i n e n e s s o f cement on t h e c r e e p 

p r o p e r t i e s o f c o n c r e t e a re s c a r c e , b u t Davis - ; and T r o x w e l l 

(1954) s t a t e t h a t f i n e n e s s i s p r o b a b l y no t as i m p o r t a n t 

as c o m p o s i t i o n . 
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Ho g r e a t amount o f w o r k has been done t o d e t e r m i n e 

t he e f f e c t s o f a d m i x t u r e s on t h e c r e e p p r o p e r t i e s o f 

P o r t l a n d cement c o n c r e t e . E v i d e n c e now a v a i l a b l e i n d i c a t e s 

t h a t t h e use o f approved a i r - e n t r a i n i n g agents has no 

a p p r e c i a b l e e f f e c t on c r e e p . C o n c r e t e s made w i t h p o z z o l a n s 

g e n e r a l l y e x h i b i t g r e a t e r c reep t h a n c o n c r e t e s made 

w i t h o u t p o z z o l a n s . W i t h o t h e r t h i n g s e q u a l , i t appears 

t h a t c reep i n c r e a s e s as t h e pe rcen tage o f cement r e p l a c e m e n t 

i n c r e a s e s . Where creep i s an i m p o r t a n t factor, p r o p r i e t a r y 

compounds s h o u l d not be used unless their effGcts o n shrinkage 

and c reep have been p r e v i o u s l y d e t e r m i n e d because o f t h e i r 

u n c e r t a i n r e a c t i o n s when used w i t h d i f f e r e n t cements and i n 

d i f f e r e n t m i x t u r e s . 

The s i z e , g r a d i n g , and m i n e r a l c h a r a c t e r o f t h e a g g r e g a t e 

a l l have an a p p r e c i a b l e e f f e c t on c reep o f P o r t l a n d cement 

c o n c r e t e . Under comparable c o n d i t i o n s , i t appears t h a t 

s h r i n k a g e and creep decrease as t h e maximum s i z e o f coarse 

agg rega t e i n c r e a s e s , and a l s o t h a t b o t h s h r i n k a g e and c r e e p 

decrease when w e l l g raded agg rega t e s w i t h low v o i d c o n t e n t 

a r e u s e d . The m i n e r a l c h a r a c t e r o f t h e agg rega t e has an 

i m p o r t a n t i n f l u e n c e on t h e c reep pro per i t es o f c o n c r e t e . 

H a r d , dense aggrega tes w i t h low a b s o r p t i o n and a h i g h modulus 

o f e l a s t i c i t y are d e s i r a b l e when c o n c r e t e w i t h low s h r i n k a g e 
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and . c r eep a re w a n t e c . Under comparab le c o n d i t i o n s , i t . 

appears tfea - t i n c r e a s i n g amounts o f c reep may be expec t ed 

depend ing upon the agg rega t e u s e d , i n t h e f o l l o w i n g o r d e r : 

l i m e s t o n e , q u a r t z , g r a n i t e , b a s a l t , and s a n d s t o n e . 

6 . 2 THEORY OF CONCRETE CREEP. 

P r o b a b l y t h e bes t ' known and most a c c e p t a b l e t h e o r y o f 

c o n c r e t e c reep i s t h e " G e l T h e o r y " in. w h i c h i t has been 

sugges ted t h a t c reep o f c o n c r e t e may i n v o l v e a l l t h r e e 

o f t h e f o l l o w i n g t y p e s o f y i e l d i n g : ( a ) c r y s t a l l i n e f l o w ' 

( i n a c r y s t a l l i n e mass, s l i p p a g e a l o n g p lanes w i t h i n t h e 

c r y s t a l s : ( b ) seepage (due t o a p p l i e d p r e s s u r e , f l o w o f 

adsorbed w a t e r f r o m t h e cement g e l ) ; and ( c ) v i s c o u s f l o w 

(movement o f p a r t i c l e s , as i n t he f l o w o f a s p h a l t ) . A 

p o r t i o n o f t h e creep may p o s s i b l y be due t o c r y s t a l l i n e o r 

v i s c o u s f l o w ; n e v e r t h e l e s s , i t i s b e l i e v e d t h a t t h e m a j o r 

p o r t i o n i s caused by seepage, w h i c h w o u l d appear t o be t h e 

most a c c e p t a b l e e x p d a n a t i o n o f c r e e p . 

The h y d r a t i o n o f P o r t l a n d cement r e s u l t s i n t h e f o r m a t i o n 

o f an amorphous o r g e l a t i n o u s mass, o r d i n a r i l y t e rmed " g e l " , 

w h i c h s e rves t o connec t t h e aggrega te p a r t i c l e s . Vfater may 
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e x i s t I n the concrete mass i n three p r i n c i p a l forms; 

(a) chemically combined water ( i n chemical combination w i t h 

the cement), (b) adsorbed water (adsorbed by the cement g e l ) 

and (c) f r e e water (water w i t h i n the microscopiib pores or 

spaces w i t h i n , the gel);...- . = 

According to Lynam (1934), chemically combined and f r e e 

water play no d i r e c t part i n volume changes. Thus except 

f o r the e f f e c t of h y d r a t i o n , gain or loss o f adsorbed water 

from the g e l appears to be the basis of volume changes 

r e s u l t i n g from ambient moisture v a r i a t i o n s or from sustained 

pressure. The g e l may be considered as having microscopic 

pores; w i t h the removal o f water the pore spaces collapse 

and the g e l s h r i n k s , w h i l e upon, the a d d i t i o n of moisture 

the pore spaces adsorb water and the g e l expands. This 

process i s dependent upon f r i c t i o n a l r e s i s t a n c e to flow 

of water along the c a p i l l a r y channels which permeate the 

mass of concrete. Other.things being equal, the t o t a l 

f r i c t i o n a l r e s i s t a n c e i s governed by the moisture g r a d i e n t . 

The steeper the moisture g r a d i e n t , the easier the flow of 

water through the c a p i l l a r y channels. Volume changes of the 

g e l may, on. the other hand, be dependent upon seepage caused 

by applied e x t e r n a l pressure. Subjecting the concrete to an 

e x t e r n a l load, the adsorbed water i s expelled from the g e l . 
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The r a t e of- expulsion o f moisture in. t h i s instance i s a. 

f u n c t i o n of the applied load and o f the f r i c t i o n i n the 

c a p i l l a r y channels. The greater the applied load, the 

steeper the pressure gradient w i t h consequent increase i n 

r a t e o f moisture expulsion. By the f o r e g o i n g hypothesis 

shrinkage or s w e l l i n g due to loss or g a i n o f moisture and 

creep due to seepage are i n t e r r e l a t e d phenomena. 
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CHAPTER 7. INVESTIGATIONS CARRIED OUT 
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7,1. Design Approach^ 

The main consideration i n the design o f the creep machine 

was t h a t i t should be f l e x i b l e i n as much tha t an extensive 

range o f stresses could be applied to several specimens 

simultaneously f o r an i n d e f i n i t e period of time. 

The approach o f the design, manufacture, and subsequent 

development o f the creep machine, was b a s i c a l l y that o f 

phasing the work i n t o t h r e e stages, these being:-

( i ) Design of creep machine frame, 

( i i ) Design o f apparatus f o r alignment of specimens, 

( i i i ) Design o f creep measuring- devise. 

Owing to the l i m i t e d time a v a i l a b l e , the completion and 

subsequent p r e l i m i n a r y t e s t i n g o f the creep machine was not 

r e a l i s e d , the ac t u a l work which was c a r r i e d out on each 

design stage i s described i n the r e l e v e n t sections which f o l l o w . 

7.2. Design o f creep machine frame• 

The frame was designed to apply a. maximum load of 10 t o n f . 

to the specimens, and i n order to achieve a h i g h stress l e v e l 

the specimens were made as small as possible , the a c t u a l 
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specimens being those which were developed under Part I of 

the -'thesi's., i . e . 2 inches diameter x approximately 2 inches 

long.. The choice o f small specimens also meant tha t a greater 

number could be t e s t e d simultaneously i n the srnne machine 

than i f l a r g e r specimens had been used. 

Since high stress l e v e l s were r e q u i r e d to be maintained 

constant over r e l a t i v e l y lo.ng periods o f time, the. choice 

of method of a p p l i c a t i o n o f the load was t h a t of a mechanical 

device r a t h e r than a h y d r a u l i c one, the m'echanical device 

being t h a t of a system of lever arms. 

The working p r i c i p l e of the creep machine i s shown, i n 

P i g . 7.1, the actual completed frame being shown i n F i g . 7.2 

A l l the p i v o t points incorporate r o l l i n g - c o n t a c t bearings. 

The loading arm o f the frame incorporates a b a l l s eating 

through which the load can be applied to the specimens, 

the choice of the lower seating being t h a t of a s p h e r i c a l 

type of same diameter as the specimens. 

I n order to achieve uniform ( a x i a l ) loading o f the 

specimens, alignment of upper and lower seating would have 

to be ensured. This was attempted by placing a 2" diameter 

brass r o d , to which was attached two sets o f s t r a i n gauges, 

between the two s e t t i n g s . Each set of s t r a i n gauges, one' set 

at each end of the r o d , consisted of 4 gauges s i t u a t e d 
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c i r c u m f e r e n c i a l l y around the rod at 90 degree i n t e r v a l s , 

see F i g . 7,3. Varying loads were then applied to t h e rod and 

each s t r a i n gauge reading was noted. For a x i a l loading o f 

the brass r o d , and thus alignment o f the seatings, the 

s t r a i n at each c i r c u m f e r e n c i a l point on the rod should be 

the same f o r each corresponding intensity,, of lo a d . This 

condition, was not f u l f i l l e d , s i nce, although the m a j o r i t y 

of the s t r a i n readings f e l l w i t h i n an acceptable l i m i t , 

the discrepancy between the s t r a i n readings at po i n t 'X' 

and point 'Y' was unacceptable. (See Table 7.1. and F i g . 7.4 

f o r . a. t y p i c a l set o f s t r a i n r e a d i n g s ) . The p o s s i b i l i t y o f 

the s t r a i n gauges at these two points being f a u l t y was 

el i m i n a t e d , s i n c e , although the rod was turned through 

90 degrees and 270 degrees, the same r e s u l t was obtained. 

On i n s p e c t i o n of the s t r a i n readings at points 'X' and 

•Y1, i t can be seen tha t the readings at 'X' are always 

higher than the readings at 'Y'. This r e s u l t o n l y applied 

when the brass rod was positioned so that a l l s t r a i n readings 

were approximately the same f o r a load o f 20 l b f . and the 

load was increased to 100 l b f . Although no r e s u l t s are shown 

i t was found t h a t i f t h e brass rod was positioned so t h a t 

a l l the s t r a i n , readings were the same f o r a load o f 100 l b f . , 
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and the load was decreased to 20 l b f . , the readings at 

'Y' were always higher than the readings at 'X'. From t h i s 

i t was deduced that the cause o f the discrepancy at these 

two points was the manner i n which the load was applied 

to the brass r o d . As can. be seen from P i g . 7.5., the loading 

arm moves i n a r a d i a l path as the load i s increased or 

decreased, and since the b a l l s e a t i n g soon becomes 

i n e f f e c t i v e as the load i s increased, the a x i s of loading 

varies ( o n l y i n the same axis as the movement of the 

loadi n g arm) as the load i s increased or decreased. The 

movement o f the axis being towards point 'X1 as the load 

increases, thus e x p l a i n i n g the discrepancy between the 

s t r a i n readings obtained at 'X' and 'Y'. The corresponding 

s t r a i n guages at the other end o f the rod were s i t u a t e d 

so near the point o f loading t h a t the r a d i a l movement o f 

the loading arm cause no recognisable discrepancy i n t h e i r 

readings. 

The simplest s o l u t i o n to t h i s problem was adopted by 

making the base-plate f o r the lower seating moveable i n t h e 

d i r e c t i o n of the loading arm so t h a t alignment could be 

c a r r i e d out each time the load was a l t e r e d . 
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FIG.7.1 . WORKING PRINCIPLE OF CREEP MACHINE 

H 

30" 

1 
t I P 

A 

DIAGRAMMATIC REPRESENTATION OF LEVER ARM SYSTEM 

CALCULATIONS: 
Let applied load= P 
Let resultant load on specimens L 
From above,taking moments about A 

p x 3 = P x 30 
p = 10P •CD 

Also, taking moments about B 

U.5L = U5P 

L = I0p ( I I ) 
But from ( I ) above, p = 10P, therefore 
substituting into equation ( I I ) , 

L = 100P 

This i s the theoretical lever arm ratio,and i t 
i s suggested that the actual r a t i o of the completed 
creep machine be deduced experimentally by the use of 

a load c e l l . -jok, 
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TABLE 7.1 . ALIGNMENT OF UPPER AND LOWER SEATINGS 

STRAIN READINGS FOR TWO POSITIONS OF 
BRASS ROD 

LOAD 
LB.F. 

STRAIN READINGS (X 10"6 ) LOAD 
LB.F. 1 2 3 4 5 6 7 8 

POSITION "A" 

0 0 0 0 0 0 0 0 0 
20 78 81 80 83 78 79 83 79 
40 124 121 115 127 113 128 128 118 
60 165 161 150 162 148 169 175 158 
80 206 201 190 208 178 209 224 199 

100 244 243 232 247 211 249 267 236 

"X" 
POSITION "B" 

0 0 0 0 0 0 0 0 0 
20 74 63 71 81 73 78 70 77 
40 116 110 109 120 113 119 115 112 
60 158 150 147 168 149 162 144 1U8 
80 199 191 188 20k 193 215 196 182 

100 240 231 228 248 232 265 237 212 
"X" 

NOTE: FOR POSITIONS OF BRASS ROD AND LOCATION 
OF STRAIN GUAGES SEE FIG. 7 .3 . 

FOR LOAD/STRAIN GRAPHS SEE FIG. 7.4. 
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Point "X B 

H 
2 
Eh 
CD 

Remainder of Points 

Point"Y" 
LOAD 

FOR POSITION "A" OF BRASS ROD 
Max. var i a t i o n between s t r a i n readings at 
points "X" and "Y" = 2A% (Unacceptable) 
Max. va r i a t i o n between s t r a i n readings at 
remainder of points = 7% (Acceptable) 

FOR POSITION "B" OF BRASS ROD 
Max. va r i a t i o n between s t r a i n readings at 
points "X" and »Y" = 20% (Unacceptable') 
Max. va r i a t i o n between strain."readings at 
remainder of points = Q% (Acceptable) 

Note: For actual s t r a i n readings see Table 7«1• 
For positions of brass rod and location of 
s t r a i n gauges see F i g . 7*3• 

FIG. 7«U« LOAD/STRAIN GRAPHS FOR RESULTS SHOWN 

IN TABLE 7.1 108. 
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7.3. DESIGN OF APPARATUS FOR ALIGHNMENT OF SPECIMENS. 

Since several specimens were to be loaded simultaneously 

i n tandem f a s h i o n , apparatus f o r alignment o f the specimens 

had to be designed i f uniform ( a x i a l ) l oading of the 

specimens was to be ensured. The design and development o f 

the creep machine frame placed c e r t a i n requirements and 

l i m i t a t i o n s on the design of the alignment apparatus, 

these were as f o l l o w s : ' 

( i ) Apparatus t o be removeable from creep machine frame, 

( i i ) Lower seating to be moveable i n d i r e c t i o n o f loading arm 

( i i i ) Apparatus to incorporate s t r a i n guages i n order that 

alignment o f upper and lower seatings could be carieied 

out whenever the load was a l t e r e d , 

( i v ) Height o f lower seating to be adju s t a b l e so as to 

f a c i l i t a t e v a r y i n g lengths o f specimenfe. 

(v) Maximum distance between upper s e a t i n g and creep-

machine base-plate : 1 8 f H . 

The apparatus i s shown i n F i g . 7.6., and consists of 

1" deep by 4^" diameter discs which act as specimen seperators 

and w i l l also serve as creep measuring p o i n t s . The specimens 

are located i n t o these d i s c s by means o f a c y l i n d r i c a l 

recess o f same diameter as specimen plus t o l e r a n c e . The 
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d i s c s , and thus the specimens, are aligned by means o f three 

•f" diameter rods r a d i a l l y spaced at 120 degrees on a 

p i t c h c i r c l e diameter o f 3̂ -"• To achieve accuracy o f 

alignment, the depth of the recesses f o r the specimens, and 

the diameter of the rods, were made as large as possible; 

the p i t c h c i r c l e diameter o f the rods being made as small 

as p o s s i b l e . 

The recessing o f the specimens should not a f f e c t t h e i r 

creep c h a r a c t e r i s t i c s since the tolerance f i t needed f o r 

assembly would be gr e a t e r than the l a t e r a l displacement o f 

the specimens under creep c o n d i t i o n s . 

I t was unf o r t u n a t e th a t during the manufacture of the 

apparatus the a l l o c a t e d research period terminated, and 

thus no p r e l i m i n a r y t e s t i n g of t h e apparatus could be 

c a r r i e d o u t . 
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7.4. DESIGN OF CHEEP MEASURING DEVICE. 

Due to the l i m i t e d time a v a i l a b l e o n l y prelimary research 

work i n t o the problem o f creep measurement was able to be 

ca r r i e d o u t . 

From the p r e l i m i n a r y i n v e s t i g a t i o n s c a r r i e d o u t , i t 

was thought t h a t t h e best s o l u t i o n to the problem was tha t 

of a portable measuring device which could be placed between 

s p e c i f i c measuring points located on each o f the specimen 

seperator discs which form part of the apparatus f o r 

alignment of the specimens. I t i s suggested that a minimum 

of three measuring points be r a d i a l l y spaced at 120° i n t e r v a l s 

around each specimen. 

The above proposals would thus enable a minimum o f 

three creep measurements to be taken f o r each specimen at 

any time of' l o a d i n g . 

• The working p r i n c i p l e of the measuring device would, 

e i t h e r be (a) t h a t of an. ai.r guaging device, or (bO a 

transducer system. 

Although both systems would give a h i g h degree of s e n s i t i v i t y , 

the wide range of measurement which i s required i n the creep 

t e s t i n g of concrete would, be best obtained i f a, transducer 

system was adopted, 
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7 . 4 . DESIGN OF CREEP MEASURING DEVICE. 

Due to the limited time available only prelimary research 

work into the problem of creep measurement was able to be 

carried out. 

Prom the preliminary investigations carried out, i t 

was thought that the best solution to the problem was that 

of a portable measuring device which could be placed between 

specif ic measuring points located on each of the specimen 

seperator discs which form part of the apparatus for 

alignment of the specimens. I t is suggested that a minimum 

of three measuring points be radia l ly spaced at 120° intervals 

around each specimen. 

The above proposals would thus enable a minimum of 

three creep measurements to be taken, for each specimen at 

any time of" loading. 

The working principle of the measuring device would 

either be (a) that of an a i r guaging device, or (bj> a 

transducer system. 

Although both systems would give a high degree of sens i t iv i ty , 

the wide range of measurement which i s required in. the creep 

testing of concrete would be best obtained i f a transducer 

system was adopted. 
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