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ABSTRACT .
The thesis describes the initiation of & reseszrch.
programme which is in two parts:-
(I) An investigstion of possible methods of producing
high strength concrete.
(IT) A study of the creep charsascteristics of these con
For convenience and clarity, therefore, the thesis
is presented in two parts, each being suitably entitlJ
80 as to represent the present state of the investigat

into the above two topicse

cretes,

d

ions

The actual work embodied in each part of the thesis| cen
be swmmarised as followse
PART I: "A preliminary invesitigation of the effect of
hydrostatic pressure, appliea during setting,
on thé strength of. concrete," |
A preliminary investigution into one possible methogd was
carried out, the method being that of manufacturiﬁg concrgte
specimens under an applied pressure, the specimens also being
sub ject to suction and vibretion. |
Two test series were carried out, one to investigate the
effect of intensity of pressure, the other to investiggte
3]

the effect of time of applicat ion of the pressure. Th

3




apparatus for prpcessing the conecrete 1s fully described,

and details.e2md results of the above tests are given.

The main conclusion drawn, i1s that the process is

undoubtably beneficlal to the strength of councrete, both

the intensity, and time of application of the pressurg

effecting the possible strength increase which can be

obtained,

The test specimens were cylindrical in shape, the size

being restricted to thst of 2" dismeter by 2% long in

that reasonably high pressures could be obtained.

order

PART II: "The design and development of s creep machine".

|

The design and development of a creep machine capatile of

testing a maximum of six.small cylindrical specimens
simultaneously is fully described. The specimens are
located in the creep machine in tandem and are loaded
means of a system of lever arms, the maximum design lo
being 10 touf, the diameter of the specimens heing 2%,

Due to the limited time available, development of t
machine was not completed, and hence no preliminsry cr

tests were carried out.
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CHAPTER 1. INTRODUCTION




l.1. DEVELOPMENT OF CONCRETE TECHNOLOGY.

The processes of batching and mixing are the fundamental

principles of concrete meking and are the same today as

were in Roman times; it 1s the knowledge behind these

processes and the quality of the product which have bee
improved to such an extent that over the past fifty ye%
the crushing strengths of concrete have been more than
trebled.

The major part of this development has without doubt
taken place since the turn of the century, when due to
introduction of the technique of re-inforcing concrete|
full potential of concrete as a structural magterial was
realised. )

Although this growth of knowledge of the principles|
of concrete is chiefly responsitle for its developments
of strength the development of the quality of one of it
constituents, cement, cannot be discarded, since its st
hes also been greatly improved upon since the .first Bri

Standard for cement was issued in 1904. At that time ¢

was manufactured by over sixty companies using various

they

n

rs

the

the

S
rength
tish

Bment

production techniques which created a situstion where cement

was a very variable product dus to varistions in burnin

and




fineness, and hence a varistion In its setting time an
strength were experienced. Before 1907, when Rapid
Hardening cement was introduced, only what we now cali
Ordinary Portland cement was produced, whereas today {
eare some ten mein types, as well as a number of modifi
varieties; the development of which has contributed my
to the development of concrete strengthe.

On the other hand, aggregates have changed very lit
the muterials used sre much the swme today as they wer
the start of the century end the sizes employed in coﬁ
ere generally identical. The methods of manufacture ﬁ
of course been advanced considerably, but it is the kn
behind the effect of the dggregate on mix design that
progress has been made.,
1little was known by the prascticing engineer about the
effects of the mix design proportions of the aggregsate
the effects of the aggregate grsding, and therefore, "
aggregates were the most commonly used, although resea
workers were beginning to realize the lmportance of th

aggregate grading and also the advantages to be galned

using single sized coarse aggregstes, il.e. gap graded

-0~
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The greatest advancement on the effects of aggregat
on concrete occurred during the perlod bhetween the wan
and was responsible for B.S.882 which was first publis
In 1940. This advancement coincided with and partly
resulted from the progresswhich had been made in the
field of mix-design during thelsame period.

In the early years of the present century, mix-desi
@s we know it -todsy wsas alﬁost non-exisfent and differ
views were held on what was the called the proportion
of the mixes, but it was generally realizéd that unles

concrete was sufficiently workable to be sdequately co

es
S

hed

en
ent
ing
S

mpacted

it would be of poor quality. During the latter yesrs of the

nineteenth century, Feret had shown that a relationshi
existed between concrete strength and its density, and

although this relationship included a factor which was

J

determined by the amount of water in the mix, it does not

seém as though the psrt played by the water in determi
the strength of the mix was fully understood.

In 1909, Zielinsky spproached what is the present

ning

conception of mix-design by demonstrating that a relationship

existed between the strength andthe water/cement ratio

of the

mix. Zielinsky's work, however, received little notice and it

=10«




was not until 1918 that Abrams published results of tests
on a wide renge of mixes and produced his now well known
water/cement ratio law. Abrsms continued his investigstions
on the bals of the water/cement ratio law and produced many
more written papers which aroused a growing interésf aLongst
other inQestigatdrs, who extended Abrams work by investigating
the effects of aggregate grsding and workability. Glanville
added precision to Abrams work by establishing s rélationship
between strength and compaction and tﬁus revealed that| it
was not necesssry fer 8 mix to be workable but only tth it
should be fully compacted. Many other investigetions into
the effect of aggregate grading, size, texture, snd mix
proportions on the workability of the mix were carried|out,
the cumulative result of which was that mix-design tables
were drswn up on the basis that tbe strength of concrete
was solely dependent upon the water/cement ratio, and the
workability of the mix upon the aggregate type, size a&d
gradling, end the mix proportions.
With a greater degree of guality control and sample‘
testing these general principles, in soﬁe cases no longer
suffice, and the aggregate properities and its grading have
to be taken into account, especially when high strength

concrete is required.

-11-




1.2, DEMAND FOR HIGH STRENGTH CONCRETE:

The demand for high strength concrete arose mainly|{from

the introduction and subsequent dévelopment of the tec
of ppestressing concrete. The technique was introduce
.1950 by Freyssinet, but it was not until after the war
there was a .shortage of steel, that the technique was
empioyed to any great extent in the construction indus
Employment of the technique incressed simultaneously w
1ts deveiopment, and todsy the demend for concretss of}
high strengthé is very common., However the continued
development of the prestressing technique demands conc
‘of even higher strengths.

The demand has been accentusted by a growing intere
by quineers in the economies of structural design tha

be acﬁieved in some members by the use of high stre

concrete. At the present time, concrete with a mazimun

hnique
d in

» When

try.

ith

retes

st

t may
ngth

n

strength of say 10,000 1bf/sg.ins. can be used to advantage

for the lower parts of columns in very tsall builldings,

and

it is envisaged that there would be an economical use for

concrete of even higher strepgths 1f it could be produced

in new ways which d4id not involvemuch grester cost then is

traditional. It seems likely that if any new method of high

strengthconcrete production is evolved, it would be too

-12-




expensive and difficult for insitu concrete production
but could possibly be accommodated in the production of
pre-cast units, the employment of which has rapidly
increased in recent yecars.

le3s AIMS OF THE IN ESTIGATIONS:

Although the strength increase of concrete is
economically advantageous, the use of high strength

concrete must be approached witﬁ caution, becsuse the

material is likely to become more brittle as the streng

is increased end there is & need for more information-
the modulus of elasticity, drying shrinkage 2nd creep
this type of concrete to ensble designers to check tha
cracking will not occur as a result of excessive movem
or deflections of the structure. The creep and shrink
chsracteristics are most important, since in time they
produce, in a member which is under sustained loading,
deformations which can be two or three times as - great
aé the elastic deformation.

.A long term ressarch programme has thﬁs been set up

to 1nvestigate the problem concerned, hémely,

*]
ct
(a3

ent s
boe

can .

(1) To investige possible methods by which high strength

concrete can be produced.




(ii) To investigate the characteristics of these
concretes, with special emphasis on their creep
characteristics.

The aim of the work described in this thesis is
to initiate this research programme by means of
preliminary investigations into the aforementioned
topics, and thus form a basis from which further wo

can be evolved.

Y.



PART T. A PRELIMINARY INVESTIGATION OF THE
EFFECT OF HYDROSTATIC PRESSURE,

APPLIED DURING SETTING, ON _THE STRENGTH
OF CONCRETE .

CHAPTER 2. LITERATURE SURVEY

15




2.1.. FACTORS AFFECTING CONCRETE STRENGTH.

The great advancement which has gaken place in conerete

technology can be mainly attributed to the many investig:tions

which have been carried out. These investigstions orjginste

from, and probably resulted from, a publication in 1918 by

D. Abrams in which he presented the first analytical ajnd

methodical approach to mix-design by pronouncing his now

well known water/cement ratio lam, which stated that the

strength of concrete should be considered as only related to

the ratlo of the amount of cement to the amount of water in

the mix. The ensuing investiagations-which followed ti

\1s state~-

ment revealed that many other factors besides the water/cement

ratio influence concte te strength, and with the ever-increasing-:

demand for concrete of higher strengths, these factors
be taken into consideration.

Some of the factors concernad sre listed below and a

must

followed by a brief review of some of the literature whiich

has made their importance realised,
Some factors which affect concrete strength:-
(1) Water/Cement Ratio.
(11) Characteristics of the Aggregate.

(111) Cement paste - Aggregate Bond Strength.

=16




(1Vv) Shape and size of Test Specimen.
(V) Characteristics of Testing Machine,.
(1) Water/Cement Ratio.

The importance of the proportion of water to cement in
governing the strength of a concrete mix has been recognised
f?r many yearse. The classical work on the subject was done
by D. Abrams (1918) and he is generally credited with
establishing the so called "water/cement retio law" which

"states that
Myith given conchete materials and conditions
of test the quantity of mixing water used
determines the strength of the concrete, so
long as the mix is of a workable plasticity"

Later work has shown that the above statemsnt is
incorrect in thet the concrete need not be workable bult
only that it is fully compacted. The ease with which [full
compaction can be obtained depends on the workability pf the
concrete and other things being equ al thls increases ajs the
water in the mix is Increased. On the other hand, an [increass
in water/cement ratilo results in a decrease in strengih.
Therefore, 1f an initially workable concrete of fixed proportions
wers made with steadily decreasing waeter/cement ratios|and the
strength plotted, a typleal water/cement ratio-strength curve
would be obtalned up to the point where the mix became|too

«]l7=
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dry to be completely compacted, when the strength woul
rapidly fall off. If, when the point of maximum stren
had been reached, a more efficient method of compactiac
been employed, Wibration, then the water/cement ratio
have been further reduced without causing incomplete
" compaction and the point at which the stremgth curve w
have fallen off would have been raised further up the
water/cement retio = strength curve. These effects ar
shown in Fig. 2.1l

(11) Characteristics of the Aggregate.

The significance of éhe aggregate in a concrete mii
has changed enormously, from being more or less consid
as a cheap inert filler 50 years ago, to its present d
status of being that of an important ingredient specia
selected for the concrete réquired. This change has b
to fhe realisation of the effects the aggregate has on
ultimete strength of concrete, these effects originati
two properties of the aggregate,namely,
(a) 1its natﬁre, i.e. size, texturse, and
(b) 1its grading.

(a) Nature of Aggregate

(1)

Size of Aggregate:-

Results of tests carried out by S. Waelker, D.L. Blo

=18=
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Fig. 2.1 - Effect of varying the W/Q

. \‘ ~_ Vibration.

Cras/u'ng sfreAjl'A.

t o Hond compaction.

o Normal curve |Jfor
Jully compaclred coacrale.

. E_'ffcc/- of msufficient
comp acl/on.

Wearter - Cement Rato.

ratio n a mix__of coastaal

,lpro/oor /OAS ,
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R.D. Gaynor (1959) on sizes of aggregate ranging from
% ins. to 2% ins. indicated that as the coarse aggreg

size is increased, mixing water requirements 1s reduce

lowering the water/cement ratio and tending to improve

strengfh. Apparently at the same time, inclusion of i
aggregate particles is in itself detrimental to streng
' probably because of reduced surface area for bond and

total~cross-section of particles to resist shear. For

S

in size up to abowt ¥ ins., the effect of reduced water
predominates and strength increased. ﬁeyond this poin
advantage of reduced wster is more than offset by the
pieces of aggregate which in themselves cause strength
reduction.

After extending the above work,.S. Walker and D.L.B
(1960) concluded that the size of coarse aggregate exé
an influence on concrete strength independently of the
water/coment ratio, strength becomes less as maximum s
course aggregate is increased.

Further work by D.L. Bloem and R.D. Gaynor (1963)
substantiated the above conclusions and also indicated
generally in the leaner concretes of lower strength le
reduction in mixing water will be more than sufficient
the detrimental effect of size, with the result that t

sizes will yleld higher strengths. In rich, high-stre

=}
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concretes, the effect of size will dominate and the smaller

sizes will produce higher strengths,

(11) Shepe and Texture of Aggregates-

The shape and texture of the aggregate are two properties

which influence the amount of mixing water required to
prodube a workable mix, and thus have an effeet on the

strength of the concrete.

nltimate

Aggregate particles which have sharp edges and & raugh

surface, such as crushedstone, need more water than smooth

and rounded particles to produce concrete of the same workabilit;

It may be necessary to increase the cement content of |a mix

made with erushed aggregate or irregularly shaped gravels to

allow water to be added to mmke the concrete suffiﬁieﬂtlyly

workable without reducing the strength below the required

level. However, a crwshed aggregate concrete may have

a

higher strength than s smooth or rounded aggregate congcrete

of the same water/cement ratio, (i.e. grester hond strength),

and this extra strength mey be sufficient to offset the
effect of the extra water,

(b) Grading of Aggregates.

The grading of the aggregate affects the workability

the mix and as the workabillty determines the ease with

of

which

concrete can be compacted it follows that the mix proportions

of the aggregste will therefore determine the minimum




water/cement ratio for complete compaction and thus hg

an important though indirect effect on the strength,.

(111) - Cement paste - Aggregate Bond Strenpgth.

After carrying out extensive tests, conéiusions drs
XK.M. Alexander (1959) are as follows:-
( 1) At 7 days, 1§rge differences can exist between
strength of the_bond formed between the same Portland
and different strong, uniform aggregates,
( 1i) No evidence was found of significant difference
bond strength between different sasmples of the same rog
(ii1) Reactivity of aggregate is not necessarily asso
with an incteased rate of hond strength developmsant.
(iv) The strepgth of the cement-aggregate bond decresq
with increasing water content at a rate which corresgo
to an appr0ximately_linear relatlionship between the pr
of cement in the paste, and the logarithm of the bond
(v) 1In general, the 28 day strength of the cement=agg
bond was found to be 56 per cent greater than the 7 da
(vi) All cement-aggregate bond strengths observed wer
than the strength of the adjacent portland cement past
However, since the two quantities are not seperated by
large a margin, the presence of even slightly angular_
pro jections or depressions on the surface of an otherw
smooth aggregaste pebble could cause the mechanism of %

-2
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failure to change from preferentiasl rupture of the boy
preferential rupture through the pcﬁte'in the region o
surface irregulsrity.
(vii) The evidence available so far suggests, that ur

<

[~

comparable conditions there is @ characteristic bond
for each rock.type.

(vili) Cement-sggregate bond strength decreased rapid
incceasing size of aggregate, the strength of the bond
3 1inch aggregate, for example, being only about one-te

the corresponding value for %

Inch aggregates Howeve#
a number of reasons 1t is thought that the effect in o
will not be nearly as marked as that shown by isolatea
aggregate interflaces such as -those studied here.

The above conclusions were dfawn from tests in whie
cement-aggregate bond strengths wcre determined either
messuring the trénsver&aload regvired to repture the b
between sawn aggregate cubes, clamped ss shown in Fig.
and projecting beams of paste, or by centre point load
composite prisms such as that illustrated by Fig 2.2b,
were designed for preferential failure along the inter

located et the mld point of the span.

(V)

Shape and Size of Test Specimen’ .

It is well known that the compressive strength of c«

of a given mix is not the same when obtained on differ

-23-
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and shape test specimens .. Thus concretes tested on 4

type specimens  csn only be comp:red when we know the

of the type of the specimens . Several investigations

made in this field, general conclusions dreawn by T. GY

(1938) are typical 2nd are as followse.

(

1) The age of concrete up to 28 days has no effect o

strength relzations for thes varlous forms and sizes of
specimens ..
(i1i) 'The stréngth decreases with'increasing size of ¢

This decrease is linear in csse of mortar and oversan

(70 per cent sand) concretes. The strength relation c

to a curve for concretes with high fineness modulus.

ifferent
effect
have beeam

engo

n the

test

ubese, .
ded

hanges

"(1iii) The strength of square prisms decreases repidly at

first with increesing slenderness ratio, The decrease
8 ins. prisms is almost fifty per cent for a slenderne
ratio of 1:2. Further drop of strength with increaseil

slenderness is small. For 6 ins. prisms the drop in s

for 1:2 slenderness ratio is only about 30 per cent, b
reaches 50 per cent for 1l:3 slenderness ratio.

(iv) The compressive strength obtained on 6 x 18 in,
is about 75 per cent of that of en 8 in.
&gl purposes can be teken equal to the

of the 6 In, prism of 12 in, length.

cubg, and for

compressive stx

for
S S
ng

trength

e¢ylinders
11l pract-

~ength




. (v) The compressive strength of 4 in. prisms with sq?are
cross-section and 1l:3 slenderness ratio is approximat%ly

seventy per cent of the 8 1in. cube strength. For 6 in.
' |

prisms it is only fifty per cent and for-8 in. prism anly
slightly higher. |

(vi) The strength percentage of both the prisms and %ylinders
decreases with increasing fineness modulus of the aggﬂegate.
The amount of decrease for equally slender specimenSwfis
grester for a small then a larger Specimen. !

(viii) Decrease in the strength percentage with incrégsing

fineness modulgs is noticeable also for different sizelcubes

if the largest cube is the basis for combarison. The_hecrease

is greatest for the smaller cubes. {

|

(V) Characteristics of Testing Machine.

After carrying out extensive investigations

0.T. Sigvaldason (1966) reported the following conclusﬁons.
(1) Cube strengths are lower when tested with an effe#tively
pinned spherical sesting than when tested with an effe%tively
fixed seating. With carefully centred specimens, thi'
|
B

(ii) The internsl distribution of stresses and the ultimate

difference is about 6%.

strength of cubes and cylinders is extremely sensitiveito

i
misalignment, if an effectively pinned spherical seating is
used. On the other hand, If both ends of the specifen'are

|

|



effectively fixed, the stress distribution and ultimag

strengths are essentially independent of misalighment.
addition, the scatter of strengths will normally he 14
with an effectively pinned ssating than with an effect
fixed seating. As cube and cylinder strengths should
independent of the small random misalighments which oc
routine testing, it iIs recommerded that the seating ti
freely only during the initial setting-up, becoming fi
the load is applied to the spescimen.
(i11) Cube and cylinder strengths are influenced diff
by the method of end loading. With carefully centredf
differences of 7% occur between loading cubes with bot
pinned end both ends fixed, while the corresponding di
in cylinder strengths is only 1%. Cylinder/cube stren

ratios, as a result, are very dependent upén the exsact

of end loading.

(

iv) The cylinde:/cube strengh ratio is also very dep
upon the degree of uniformity of the concrete, because
different directions of testing, in relation to the di
casting. Where-as the results of cube specimens teste
right-sngles to the d'rection of casting, represent th
strength of the concrete, cylinder strengths indicate

of the weakest portion of the material, .As a result,

cube strength ratios are considerably smaller with the

27
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segregating concretes than with uniform concretese.
(v)‘ The longitudinal stiffness of the testing machine has
no direct influence upon the ultimate strength of concrete

specimens., However, because of the explosive specimen

fallures which occur with the 'softer' testing machines, result-

ing in more rapld deterioration of machine components @nd loss
: |

ofaccuracy, it is recommended that control testing be !

performed on longitudinally stiff or 'hard'! testing

machinese

(vi) When the end-blocks of the testing maechine are smaller

in cross-section than the cube specimen, bending of the
platens wlll result in large reductions in cube stren%h.
It is therefore recommended that the cwoss-sectional
dimensions of the spherical seat;ng-or ram shduld be a&

least as large as those of the specimen , thereby eliminating

completely the possibility of bending at the platens.

e



2.2, THEQORY OF FAILURE.

The mode of fallure of concrete as presented by
Prof. A.L.L. Baker (1956) is as follows.

Figure 2.3. shows a typical section through a void.

Under pressure applied in the direction indicated the
stones will be displaced from the broken-line to the f?ll-
line position. Since the stones are very stiff comparepd with
the mortar, their deformation under pressure will be
comparatively smally, The distribution of the externsal|forces
acting on the mortsr area ABCDO may bé deduced from the
deformation of the area from the broken outline to the‘full
outline: The approximate direction and magnitude of these
forces are indicated by the arrows, which represent the
fesultants of normal pressure (or tension) and tangential
bond. The principal internzl tensile and compressive stresses
in the mortar will be distributed roughly ss indicateds The
stresses are assumed to be proportionsd to strains. The
magnitude of the strain of a strip of mortar in any direction
is the chsnge of length of the strip di-ided by the original
length. In the neighbourhood of B.C. some crushing may| take
place, with grestly increased strains in relsztion to stresé.

The tension in the mortar is mainly due to the outward

29




displacement of stones on either side of the void in

the direction OD. A secondsry strain is caused in thT
7

ratio for mortar; it partly accounts for the displscement

mortar by the pressure and wmay be defined by Poisson!

in the direction OD, though the principal csuse of thﬁs
is the diagonal comprsssion at BC. :

It is evident that, failure by tension in the voids is
generally the primery cause of failure, and that concgntrated

pressures or tensions tend to spread into the structure

l

l
direction of application; thus explaining the charactekistic

at an-angle of about 45 degrees on either side of the!

cube fallure. The frictlon in the bearing plates applies
an inward compression which reduces the tension near the

plates and towsrds the centre of the cube. Failure is

initiated by the cracking of the mortar in the zones of

maximum tension. When prisms or cylinders are tested %ith
frictidnless besring plates, splitting fallure occurs,!
since there is no transverse friction force opposing the
tensions due to pressure.

Bond between mortar and stone helps to reduce the tension

|
|
in voids by resisting deformation and is, therefore, important.

|
|
)
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Boﬁd failure also relesases tension and therefore can
initiate f2ilure of tensile resistance. The bond

characteristics of stones are, terefore, lmportant.
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CHAPTER 3. INVESTIGATIONS CARRIED OUT
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3,1 INTRODUCTION. '

The aim of the investigations was to determine the
effect of hydrostatic pressure, applied during setting; on
the strength of concrete.

Due to the limited time available the mope of the
investigsations was restricted to that of a few tests, the
main object of which was to form a basis from which future
work could be evolved.

The sctuzl tests which were carried out, were designed
not only to study the effect of pressure but the effect

of intensity eand time of application of pressure.

3.2 THEQORETICAL REASONING BEHIND ADOPTION OF PROCESS BEING

INVEST IGATED. i

As explained in Chapter 2, many factors affect the gltimate
crushing strength of concrete, one of these being the *ond-
strength between the sggregate and mortasr interfaces, failwe

of which can initiate the ultimate failure of the conclete.

!

After carrying out extensive research work, Thomas T.C.

Hsu, Floyd 0. Slate, Gerald M, Sturman, and George Winter (1963)

presented the following results:-
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(i) Microcracks can be divided into three types, cragks

at the interface between aggregate and mortar (bond @gacks),
cracks  throurh the mortar, and cracks through the
aggregate.

(11) Bond cracks exist even before the concrete is subject
to any load, while the mortar cracks remein negligible
unt il a later loading stage. - :
(1i1i) The total extent of mortar cracking is consideriably
less than that of bond cracking at all stages of straipning.

From the above results it can be concluded that the| bond

between the sggregate and mortar interfaces is the weakest

link in the heterogeneous concrete system. It was with !

this in mind that prompted the adoption of the process i

being investigated as one which would be beneficial to|the |

uifimate érushing strength of conchete, the reason being

as follows.,
The application of a hydroststlic pressure will squepze

the aggregate particles and mortar together, thus reduéing

and possibly elimineting the micro;bond eracks, and sinmce

the pressufe will be applied during setting of the conbrete,

it is hoped that s substantlal increase in the crushing strength%

of the resulting concrete specimens will follow,
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343 APPARATUS.

The apparatus for processing the conchkete is shown
figures 3.1 to 3.6 inciusive and baéically consists of
mould capable of producing six sylindrical specimens i
one opefation. The pressure 1ls applied to the specims
through six pistons which are locested on a centralised
plate, load being applied to the plate by means of s
hydraulic jacke To meintain the vacuum, "O" sealing r
were incorporated In the pistons, and also before eacﬁ
test all joints in the mould were well greased befors |

assembly. It was also found nscessary to incorporate

a gasket between the mould and the mould baseplate, TPe

suction was obtained by means of a rotary pump capable
producing 98% vacuum. The suction was spplied to the
of each specimen via small holes In the mould baseplet
these belng connected to the pump by means of reinforc
tubing, @a vacuum gauge being incorporated in the syst
Toss of material particles from the mould due to the é
was prevented by placing sintered brass discs at the b

of each specimen mould. .

Vibration was obtained by clamping the apparatus %o
1
vibreting table,
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The cylindrical moulds were limited in size to 2 in
diameter 1n order that reessonably high pressures could

applied to the specimens, end also that a reasonable n

i.e. six, could be obtained in each operation of the

apparatus for testing requirements.
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3.4 METHOD.

After carrying out trisl tests the following two
conclusions were drawi.
(i) It was found that better resilts were obtained when
the pressure and suction were accompanised by . vibration.
This conclusion substantlates those drawn by J.B. Garnett
(1959) who carried out similar tests on vacuum processed
concrete, without application of pressure. Explsnation
of this, as given by Hawkes, is that the vibration maintains
the concrete in a "fluid staete®, thus enabling the atmospheric
pressure (or applied pressure) to act with the vibretion
in forcing the particles into closer contact, 2nd thus a
higher strength concrete is produced.
(11) Relatively high water/cement ratios had to be adopted
in order that a smooth surface could be ohtained on the
face of the specimen znd thus a uniform pressure was ensured
throughout the specimen., Figure 3.7 shows a typicsl
specimen of low water/cement retio. These specimens were
disregarded since the resulting irregular face is obviously
detrimental to the process being invesigated sincd - only
point loadings were obtained on the face of the specimen
in the mould.
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It was on the above findings that the following
method was based,

The weight of concrete required to fill each ¢ylindrical
mould was recorded. After filling, the wmoulds were
vibrated for 3 minutes; this ﬁas necessary in order that
intimate contact between the concrete and the sides of
the mould was obtained, and also, as steted above, that a
smooth face. was obtained on the specimens before the
pressure was applled. For approximstely the last 36
seconds of this period of vibration, suction was applied to
the specimens. This was found necessary in order to remove
some of the excess "free" water which had been formed due
to the vibration, and which, due to its incompressibility
was found to break the sealing between the moutd joints
when the pressure was applied,

Pressure, suctién and vibretion were then simultsaneously
applied to the specimens. For all tests the suction and
vibration were terminated after 20 minutes. -'Bests were
carried out uéing three variations of intensity of pressure
(Test Series A), each pressure being applied for a period
of 20 minutes (i.e. pressure removed at same time as suction

and vibrastion) and 24 hours (Test Series B).
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In all cases the moulds were stipped after 24 hours.,
the specimens being weighed and then stored in water
at a constant temperature of 65° F. until tested.

From the initisl weight of material placed in the
mould and the weight of the specimen on removal from the
mould, the amount of wat er removed from each specimen
"was deduced, and assuming a uniform mix the final Water/cement
ratio for eaéh specimen was calculated,

To evaluate the effect of the suction, cylindrical
specimens were made using the same prdcedure except that
the pressure was omitted. To evaluate the effect of the
process, c¢ylindrical control specimens were mede, these
being the same dlameter as the processed specimens,.

Both test series were carried out using a 3/16" and a

maximum size aggregate. In the case of the 2" apgregate,

20
4 inch control cubes were also made, and a cylinder/cube
ratio was evaluated, thus enabling the.results of the
processed cylinders to be more realistically compared %o
results that would be obtained if the process was to be
used in practice.

In 21l cases all control specimens were vibrated fora

period ¢f time varying from 2-3 minutes, the time depending
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upon the workability of the mix concerned.
'Typical stages in the manufacture of a set of specimens
are shown in Figse. 3.8 to 3.12 inclusive, a typlcal set

of resulting specimens being shown in Fig., 3.13.
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3¢5 SELECTION AND GRADING OF AGGREGATE.

Since the specimens ware limited in size to 2 inches
diameter, the choice of the maximum sixe aggregate was
accordingly limited to that of the smallest possible size
thought to be practical, the choice being .that of a 3/16"
irregular shaped "Dolerite" aggregate, results of selected
bests on which are shown in Table 3.1, a -typical ssmple
being shown in Fig. 3.14.

Fig. 3.15 shows the "all-in" grading of the aggregste
as it was received. From this cu?ve it can be seen that
for workability purposes the grading possessed an excessive
amount of fines and that a "gap-graded" aggregate contasining
the maximum percentage of top-size aggregate for maximum
compacted bulk density would have to be adopted if the best
results were to be obtained. To obtain this greding, a
graph of Compacted Bulk Density against Percentage Top-size
Aggregate was plotted wnd is shown in Fig. 3.1l6. As can be
seen from the curve the maximum percentage top-size
aggregate was - found to be 75, the resulting gap-grading -
of the aggregate being as shown in Fige. 3.17 and as detalled
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% n " No. 170 "
1.58% " " No. 200 "

Since a 3/16" maximum size sggeegate is somewhat unusual
and rafely used in pracfice, 8 classification of strength
against water/cemeﬁt ratio with verying aggregate/cement
ratio was carried out, the result of which is shown in
graph form in Fig. 3.18 and can be summarised as follows:-

(i) With a constant water/cement ratio the workability

and hence ease of compaction of the mix decreased as the
aggregate/cement ratio was increased. This result was as
expected since an increasé in aggregate/cement ratio decreased
the cement content and thus with & constant water/cement

ratlio there is a decrease in the water content aﬁd hence a
decrease in the worksbility of the mix and an increase in-

the compactive effort required to achieve full compaction.
(i1) Similarly, for 2 esonstant aggregste/cement rstio,

a decrease in water/cement ratio decreases workability,

this decrease reachling a stage where full compaction corld

not be obtained, thus csusing a decrease in the crushing
strength of the mix. This "fall-off" in strength ocurred at a
higher water/cement ratio for the lean mixes (high aggregate/

cement ratlo), than for the rich mixes (low aggregate/cement

ratio); the reason for this being as explained in (i) above.

(i1i) As can be seen from the graph, only low crushing strengths
were obtained, the maximum being that of 56.




7000 1bf/sqg. ins. at 28 days using a water/cment ratio.of
040 and an aggregate/éement retio of 4:1 This value could
have been increaseé by further lowering of the aggregate/
cement ratio, thus incressing the workability end allowing
a further decresse in the water/cement ratio before the

mix became unworkable,

(iv) From the results obtsined, it is apparent that

the slze and irregular shape of the aggregate was the

most Influencing factor on the curshing strengths obtained,
this being due to its pronounced effect on the worksbility
of the mix, the mlx becoming unforkable at a relatively
high water/cement ratio even when s low aggregate/cement
ratio was adopteds This effect of aggregate size and shape
is explained in "Factors Affecting Concrete Strength® in
Chapter 2 and from the results obtailned it apbears that in
this instance the advantages of using a smell aggregate
size is more than offset bﬁ the disadvantages of the
additional water which is required for workabiiity of the
mixe.

Upon completion of Test Series A and B. using the above
aggregate it was decided to repead the series using a larger
size. The size of the processing moulds again restricted |
the choice, but it wes thought that a 5" maex imum size
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aggregate of thé sesme typs as used above, along with sand

as the fine aggregate, would be acceptable. The "gap-grading"

of the aggrepate is as shown in Fig. 3.19, a typlical sample

" being shown in Fig. 3.14, selected tests on the sand being

shown in Fige 3420, | |
Test Series Bl was carried out using the same 2%

aggregste and fine sand, the grading being slightly

different and as shown in Fig, 3.21.
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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

® @ 000 S0 00 0080002800 2.93

AVERAGE SPECIFIC GRAVITY ON
SATURATED BASIS

LK BN BN BN N BN BN BN BN BN BN BN BN BN NN BN BN AN N J 2.96

AVERAGE APPARENT SPECIFIC GRAVITY +eveeeees | 3.02

AVERAGE WATER ABSORPTION ( % of dry weight ). 1.03

PERCENTAGE CLAY,FINE SILT,AND DUST

( Carried out on sample of aggregate as it
was received i.e. as per Fife3e15¢ ) ecececes| 7%
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,‘ Top LefF: Sample of single size
il

36" "Dolorite” aggreqate.

Tep Right: Sample of single size
¥Y9* *Dolorite” oggregate.

Bortom Laoft : Sampie of ¥6" Sand.

)

' Bortom Right: Sample of ¥’ aggregate

as It was received. ‘

. = 11

Top : ¥e" "Dolerite’ aggregate.

)\
82 &
@
§
8
®
®

S VW B0 WA I B
Poa\ocdax oy
Ay 8 HR2s¢ !
@0 ol da»i j

Borrom: ¥e* "Dolorike” aggregate.

FIG. 3.14. TYPICAL SAMPLES OF THE AGGREGATES USED
IN THE INVESTIGATIONS.
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TABLE 3.20. SELECTED PHYSICAL PROPERTIES OF THE SAND

USED IN THE INVESTIGATIONS

AVERAGE SPECIFIC GRAVITY ON AN OVEN

DRIED BASIS ) 9 0000500000 000000 se e

2.54

AVERAGE SPECIFIC GRAVITY ON
SATURATED DRY BASIS @ OO0 OD 8000000650000 00000

2.64

AVERAGE APPARENT SPECIFIC GRAVITY cceccvcccos

2 .83

PERCENTAGE CILAY,FINE -SILT AND DUST seccccscces

AVERAGE WATER ABSORPTION ( % of dry weight ).

L.oh
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3.6 TEST SERIES.

Two series of tests were carried out.

Serieé A: To study the effect of variations in

intensity of pressure.

Series B: To study the effect of variations in

time of applicatlon_of  pressure.

Series Bl: An exteﬁsion to Serles B.

Both test series were carried out using two different
meximum size aggregate, these being 3/16" and &%, details
of s&lected tests and gradings being given in Section 3.5,
details of the mixes used being gilven in Section 3.7.

Ordinary Portland cement was used for Series A and B,
Rapid Hardening cement being used for Series Bl.

Serles A: Variations of Intensity of Pressure.

Three values of pressure were used, 555, 1110 and 3330
1bf/sq. ins., 2all of which were applied for a period of
20 minutes (for procedure see section 3.4). For the 555
and 1110 1lbf/sq. ins. pressures it wes possible to make
six specimens in each operation of the apparstus. In the
case of the 3330 1of/sq. ins. pressure the load capability
of the apparstus restriéted the number of specimens which
could be made to two. This was achieved by making the four
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corner moulds of.the appsratus redundent and using the
remaining two. Since these two remaining moulds were centm 1
about the position of the applied load, it was ensured

that equal pressure was applied to each specimen.

Specimens were made using one mi% for the 3/16%
aggregate, mix reference Al, snd three warying mixes for
- the 3" aggregste, mix references Bl, B2 and B3. (for
details of the mixes see section 3.'7).“ Due to the limited
time avallable only one set of specimens were made for
each pressure; the pressure range for mixes B2 ahd B3
being uncompleted.

The results for the above specimens, along with the
results for the control cubes, control cylinders and
"suction only" specimens, are given in Chapter 4, Table 4.1
end are dlscussed in section 4.2 |

Series B: Variations of Time of Applicution of Pressure.

Due to the limited fime available 1t was decided to
repeat the tests which were carriec¢ out un er Series 4,
the pressures in this instance being applied for a peariod
of 24 hours instesd of 20 minutes. Since these specimens
were made using the same thfee pressures, the 24 hour
pressure specimen results are shown as Series A results in
Table 4.2, the 20 minute and 24 hour Series A results being

shown together in Table 4.3 as Series B results.
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SeriesBl: An extension to Saries B.

A research projeecet by D.W.K. Preston, a depzurtmentsl
undergraduate, formed sn extension to Series B, a summary
of this work being as follows.

Specimens were made using a constant pressure of 1600
l1bf/sq. ins. applied for three varistions of time, these
being 20, 60 and 600 minutes; the vibrstion and suction
in 211 cases being terminated at 20 minutes. All specimens
were "tamped"™ and vibrsted for 5 minutes before the pressure
and suction were applied. Only four moulds of the apparatus
were used for processing, the remzining two moulds were
used for Ycontrol®™ specimens (no suction or pressure), the
. "Control®specimens were therefore subject to a period of
vibration of 25 minutes.

Only one mix was used throughout the tests, details of
which are given in section 3.7., the mix reference being B4.

The results for this series of tests are shown in Table

4.4 and discussed 1In section 4.2 of Chapter 4.
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3e7e« DETAILS OF MIXES
Mix Reference A1
Coarse Aggregate: Nonq
Fine Aggregate: "Dolerite" of maximum size 3/16",
a sample being shown in Fig.3.14.
Aggregate Grading: See Fig. 3.17.
Water/Cement Ratio: 0.65

Aggregate/Cement Ratio: L:1

Mix Reference B4

Coarse Aggregate: 3/8" "Dolerite", a sample being
shoﬁﬁ'in Fige 31l

Fine Aggregate: Sand

Aggregate Grading: ‘See Fig. 3.19.

Water/Cement Ratio: 0.55

Aggregate/Cement Ratio: 5.5 : 1

Coarse/Fine Aggregate Ratio: 65% : 35%

Mix Reference B2
Water/Cement Ratio: 0.40
Aggregate/6Bment Ratio: 3 : 1

All other details as per mix reference B1

Mix Reference B3
Water/Cement Ratio: 0.35
Aggregate/Cement Ratio: 2.5 : 1

All other details as per mix reference B1
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Mix Reference Bl
Aggregate Grading : Sée Fig. 3.21.

Water/Cement Ratio : 0.45
Aggregate/Cement Ratio: 4.5 : 1
Coarse/Fine Aggregate Ratio: 70% : 30%

All other details as per mix reference Bi

NOTE: All the above mixes were batched by weight
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3.8. TESTING OF SPECIMENS

All specimens were tested at the standard rate
of 2000 1bf/sqg.ins./minute.

Whereas both faces of the pressurised specimens
were adequately smooth for testing reguirements, the
top face of the "suction only" specimens were not,
therefore, after being weighed, these specimens were
capped with plaster of paris. The top face of the
cylindrical control specimens were made smooth during
their manufacturee.

The results obtained for Test Series A and B,
are 28 day crushing strengths, ie Ordinary Portland
cement was used; the results for Test Series B1 are
7 day crushing strengths, ie Rapid Hardening cement
was used for these specimens.

A typical failure of a processed specimen 1is

shown in Fig. 3.22.
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CHAPTER 4. RESULTS
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TABLE 4.3. RESULTS FOR TEST SERIES "B"

INTENSITY OF PRESSURE LBF/SQ.INS.

MIX
I.W/C.
REF 555 | F.W/C " 1110 | F.w/C u 3330 | F.W/C
Pressure applied for 24 hours
6700 | 0.40 6650 | 0.40 7760 | 0.36
6870 | 0.42 7840 | 0.38 7660 | 0.35
A1 | 0.65 | 6980 | o.43 || 6560 | 0.Lo _
6850 | 0.4 6770 | 0.40 B _
3920 | 0.32 7430 | 0.38 6760 | 0.32
7480 | 0.40 7680 | 0.39 7350 | 0.26
B4 0.55 || 6580 | 0.35 7280 | 0.38 _ _
7060 | 0.32 7320 _ _ _
Pressﬁr;e applied for 20 mins.
6600 | 0.42 7500 | 0.45 7760 | 0.36
6550 0.47 7130 0.26 7670 0.36
A1 0.65 | 6200 | o.ul | 7750 | 0.49 - 1 =
6700 | o.42 7670 | o.54 _
7340 | 0.4k 7650 | 0.35 8080 | 0.32
6980 | 0.4y | 6580°| 0.33 8000 | 0.29
B1 0.55 || 8900 | o0.46 7700 | 0.34 _ _
7670 | O.L41 76L0 | 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 "B4"

DETAILS:

INTENSITY OF PRESSURE: 1600 LBF/SQ.INS.

MIX REFERENCE: B4

DURATION OF PRESSURE

20 MINS. 60 MINS. 600 MINS.
A B c B c A B c
9590 6860 8710
, | 6su0 | 8870 5830 {10120 | - | 7380 | 10880
48450 | 7580 56L0 | 8610 7960 | 11330
- 8150 | 9010 10550
8020 10540 10710
o | 6930 | 7650 6430 | 9040 | o | 7770 | 9LOO
5450 | 8420 16280 | 12080 6800 | 10700
8940 11320 10400
8 || e [ o
5190 | 9390 6670 | ,3550 7000 | gg40

COLUMN NOTATION:

A

B

C

SPECIMEN GROUP NUMBER
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CONTROL SPECIMENS LBF/SQ. INS.
PROCESSED SPECIMENS LBF/SQ.INS.




TABLE 4.5. PERCENTAGE STRENGTH INCREASES.

MIX 1.W/C SUCTION IMEﬁSITY OF PRESSURE LBF/SQ.IN.
REF. ONLY 555 .. 1110 3330

(a) Pressures applied for 20 mins.

- 3% S 11 - 12
-2;% Bgé 1 Ogé 12%;2
A1 0.65 12% 79% 124% -
u% L% 122% -
AVERAGE..'..... - 3% 88% 117% 123%
14% 58% 69% 75%
9% 51% L2% 73%
B1 0.55 19% 93% 67% -
20% 66% . 69% ~
AVERAGE ¢ 4 0uss s 16% 67% 62% L%

(b) Pressures applied for 24 hours.

L% 92% 12U%
99% 127% 121%
A1 0.65 ~3% 102% 90% -
: 99% 96% -
AVERAGE.eseess =3% 8% 101% 122%
-1 5% 60% L6%
62% 66% - 59%
B4 0.55 16% 42% 57% -
| 53% 58% -
AVERAGE..... - 16% 52% 60% 52%

®*IGNORED




TABLE 4.6. PERCENTAGE DECREASE IN WATER/CEMENT RATIO

MIX SUCTION INTENSITY OF PRESSURE LBF/SQ.IN|
reF. | 10|  onmy 555 1110 3330
35% 35% |
28% 65%*
31% 32% 25% L4 5%
20% 35% 17% L5%
A1 0.65 20% 38% 38% L 5%
23% 35% L2% L6%
34% 38%
32% 38%
AVERAGE ¢ ceve.oo 23% 33% 33% 4 5%
20% 36%
20% L0%
15% 16% L% L 2%
81 | o5 | sk | bk 3% i
) 20% 27% 30% 53%
36% 30%
L2% -
AVERAGE eeeees. 18% 28% 35% L6%
25%
: 259
B2 0.40 - _ 22% _ -
18%
AVERAGE . e0avesa _ 22% - -
17%
B3 0.35 gﬁ‘g
. . _ 27‘}2 _ _
AVERAGE .eeeaces 27% - -

i

# IGNORED
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TABLE 4.7, TEST SERIES "B1"

Effect of time of application of pressure
on percentage strength increase

- DURATION OF PRESSURE
20 MINS 60 MINS 600 MINS
L46%  53% ' 35
38% 69% U1%
56% 56% 36%
SUMMARY
L7% 59% 38%

82




4.2 DISCUSSION OF RESULTS.

All results for processed specimens+ show an increase in
strength-over the results obtained for the non-pro&essed
specimens, the increase in strength verying from 20% to
123%. However, these strength increasses csnnot be soldy
aftributed to the aspplicetion of a hydrostatic pressure
since the process also involved the extractlon of excess
water from the mix, thus lowering the weter/cement ratio
andincreasing the strength of the mix.

Owing to the few results obtained, no definite conclusions
can be drawn as to what proportion of the strength increases
cen be attributed to the lowering of the water content of
the mixes. The results for the "suction only" specimens
which were carried out on mixes Al and Bl, are inconsistent
in that although the water/@ment ratio of each was reduced
by 23% and 18% respectively, there was a decrease in strength
for mix Al of 3%, =nd an incresse in strength for fix Bl
of 16%. An explanation of this is sought in the fact
that the maximum size aggregate adopted in mix Al was
3/161, and upon removal of weter from the mix, vibration
was no longer an adequate method by which to obtain.full
compaction, thus resulting in a decrease in strength. This
explanation is substentiated by the résults obtained for
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the processed specimens of the same mix (see Tables 4.1

and 4.2), the decrease in strength being reversed to

that of an increzse in strength of up to 123%, the application
of the pressure being the necessary extra compactive effort
required for full compzsction.

The results of the test carried out on mix Bl, in which
the meximum size aggregate was 5", show an increase in
strength for the "suction only" specimens of 16%, the
increese in strength for the processed specimens being as
high as 74%. It therefore appesrs thaﬁ the majority of the
strength increasse is due to the applicstion of the pressure
snd not to the reduction in the water/cement ratio of the
mix, This result is deceptive, sincé the applicat ion of
the pressure also influences the amount of water extracted
from the mix, this being due to its "squeezing" effect
on the wmix. For mix Bl, the reduction in the water/cement
ratio fop the processed specimens being as high as 46%,
whereas.the reduction int the water/cement batio for the
"suction only" specimens was only 18%. It could, theefore,
be concluded that the difference in strength between the
processed and "suction only" specimens is due entirely to
the differenée in water content removed by each process.
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This conclusion is highly improbable, and it would be more
accurate to say that the large increesses in strength
resulting from the process are due to the applicstion
of the pressure, the pressure influencing, the ultimate
crushing strength of the concrete, either directly or
indirectly, in the following three ways:-
(1) By reducing or totally eliminating the microcracks
at the aggregate and mortar interfaces, and thus
Increasing the bond strengthe.
(ii) By incressing the amount of water removed from the
mix, thus resulting in 2 lower water/cement ratio then
if suction were only zpplied to the mix,
(ii1) By compressing the concrete to a high degree of
compaction, thus decregsing the air voids, and
a higher density concrete being obtained.

Effect of Intensity of Bressure.

From the results it can be seen that, genersally, as the
intensity of pressure is incressed, the increasse in strength
in relation to the control strength also incresses.,
Although not clesrly demonstrated by the small range of
intensities of pressure investigatéd, it 1s apperent that

the increments of strength-~increase, decrease with each

increment off pressuid increase, the strength of the
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processed specimens will thus reach a limiting value for
8 given mix,

As previously stated, the application of a pressure
also influences the amount of water removed from the mix
and as can be seen from the results shéwn in Table 4.6,
it appears that the percentage reduction in the water/cement
ratio increased with increase in pressure. This further
lowering of the initisl water/cement ratio with increase
in intensity of pressure could account for the s trength
increase with increase in pressure, the few results making
1t impossible for any definite conclusion to be drewn,.

Effect of Time of Application of Pressurs.

From the results obtained from Test Series B, shown in
Tables 4.3 and 4.5, it appears that the percentage increzse
in strength is greatef when the pressure is applied for 20
minutes than when applied for 24 hours, that is, there is a
decrease in strength with incresse in time of application
of pressure. Further results obtained from Test Series Bl,
eand shown in Tables 4.4 and 4.7, show that this is partly
correct in thet the strength incmreases with time of pressure
application up to s cerfain point and then decrsases. The
tests carried out in Test Series Bl involved three durations
of time of applicetion of pressure, these being, 20, 60
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600 minutes, a summary of the results being given in Table
4e7. From these results, it is noticeable that the best
strengths were obtained for the 60 minute pressure
application and the worst for the 600 minute pressure
application. Owing to the few tests carried out thi;.
result is by no means conclusive, but accepting the résult
as a true representation of the process, an expldnation is
as follows. After a certain time, in this instance 60
minutes, the initial setting period of the concrete is reached,
any application of pressure after this time is acting as a
load on the specimen, and thus is detrimental to its
ultimate crushing strength.

It should be noted that the application of load
to the pistons imposes a "hydrostatic pressure" only as
long as the concrete is substantially fluid; once setting
is under way the loading tends towards "confined compression".
Any future tests must clearly employ a true application

of hydrostatic pressure.
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4.5, CONCLUSIONS.

l. Substantial increases in the ultimate crushing strength
of concrete can be ohtained by application of the process.

2. For a given mix, there is a limitation on the increase
in strength which csn be obtained by the process.,

S9¢ The ultimete crushing strength of processed concrete,
Increases with increase in intensity of pressure; but

at a decreasing rate.

4. The effect of time of gpplication of pressure is not
fully understood, hut it appears that any spplication of
pressure after the initial setting period of the concrei e
has been reached, is detrimental to its strength.

5. The application of pressure increases the smount of
water removed from the concrets, the amount removed
increasing with increase in intensity of pressure, but
at a decreasing rate.

6. The amount of water whieh can be removed from the concrete,
decrsases with decrease of initial water/cement ratio o

the concrete.

7. The amount by which the control strength can be

increased, decreases as the control strength increases.
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PART II. DESIGN AND DEVELOPMENT OF CREEP MACHINE

CHAPTER 5. CREEP OF CONCRETE




51 CONCRETE CREEP.

Concrete creep is the nonelastic deformat ion which continues
to increase with time, of concrete subjected to sustalned load,
Creep 1ls desirable in concrete structures since the favourable
dist®ibution of stresses produced by‘volume changes depends
upon the ability of the concrete to adjust itself to stress
conditions. The effect of creep is in general to relieve
the stresses and'thus 2id in reducing the tendency towards
cracking;

Creep deformations are halieved to be due to closure of
internal voids, viscous flow of the cement-water paste,
crystalline flow in aggregates, and the flow of water out o
the cement gel due to external load and drying,.

5.2 NEED FOR RESEARCH.

Many of the factors affecting concrete creep and the way
they affect are reassonably wedl known, a brief outline of
the most important is given in section 6.1l. Consequently a
measure of control of creep is available to engineers and
Architects, but 1t must be remembered that while some of
the answers are known, 2 large number of questions still
.remain unanswered. Th’s 1is mainly due to the large number
of physical variables involved and to the lack of correlated

experimental results.,
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CHAPTER 6. LITERATURE SURVEY

91



6.1 PHYSICSL FACTORS AFFECTING COVCRETE CREEP.

(1) Humidity During Lozded Period.

The humidity of the atmosphere during the loaded period
should affect creep in as much as it influences the expulsion
of molisture from the concrete. This is obvious considering
that an increase in external humicity reduces the surface
evaporation,.increases the resistance to capillary flow, ard
reduces secepage.

(ii) Age at time of loading.

Creep should depend upon the age of the specimen at the .
time of load application. The furthsr the cement hydration
has progressed, the less creep should be obtained.

(iii) Size of Specimens

It is generally considered that for cylindrical
specimens loaded axially creep varies with the dimmeter
but not with the length of the specimen. As the transverse
dimensions incresse, the corresponding incresse in frictional
resistance to flow glong the caplllary channels results in
reduction of Seepagé.

(iv) Mix Proporation.

In considering the effect of mix proportions on creep, the
inter-relationships between water content, slump, water/cement

ratio, and proportions of constituents must bekspt in mind.
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Tests by var ious investigators have shown that creep of
concrete decreases as the water/cementratio and the volume
of cement paste decrease. In addition, it has been shoﬁn;
that when a constaﬁt water/cement ratio is maintained,
creep increases as the slumé and cement content increase, or

essentislly as the amount of cement paste is increased.

(v) Effect of Curing.

Temperature and humidity during fhe curing period prior
to loading have an lmportaent effect on creep. The tendency
of concrete to creep dééreases as cement hydration increasss.
Consequently, considering hydration alone, water-cured
concrete should creep lésé than air-cured concrete. It must
also be recognisedAthat the humidity and temperature conditions
during curing may cause shrinkage or swelling which have a
strong Iinfluence on creep. Under compressive load pre-swezled
specimen’s’ (resulting from mdst curing) creep more than
preshrunk specimens (resulting from curing in dry air).

The effects of hydration and preswelling are thus opposing
factors.

Size effectsare important in curing since small specimens
respond more rapidly"than large specimené to moisture changes.
Hence, under similar cubring copfiditions, thedegree of
hydration and the moisture content of large and sﬁall

specimens may be different . at the time of loading.
93.



(vi) Effect of time of loading.

Investigators  have shown that creep increases rapldly
during theearly stages of the sustained loading period,
and thatlit continues to increase but at a decreasing rate
for a long time. In some instances, increases in creep have
been reported to 25 years. Approximately one-fourth to
one-third of the ultimate creep takes place in the first
month of sustained loading, and about onse-half to three-
fourths of the ultimate creep occurs during the first
half -year of sustained loading in concretesections of
moderate size. Richart and Jenson (19380 have measured
creep in concrete in compression in relatively short periods,
varying from 1 to 30 minutes, under various intensities of
stress. Evans (1942) has shown that under instantaneous
loading, much more creep occurs in the first 0.0l seconds
than in the period from 0.0l seconds to 1.0 minutese.

(vii) BEffect of Constituents.

Both composition a2nd fineness of portland cement influence
creep characteristics. Concrete made with low-peat cement
creeps more than concrete made with normal cement at all
ages., Data on the effect of fineness of cement on thecreep
properties of concrete are scarce, but Davig: and Troxwell
(1954) state that fineness is probsbly not as important

as composition.
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No great amount of work has been done to determine
the effects of admixtures on the creep properties of
portlsnd cement concrete. Evidence now available indicates
that the use of approved air-entraining agents has no
apprecliable effect on creep. Concretes made with pozzolans
generally exhibit éreater creep than concretes made
without pozzolans., With othér things equal, it appears
that creep increases as the percentage of cement replacemsnt
increases. Where creep is an important factor, proprietary
compounds should not be used unless their effects on shrinkage
and creep have been previously determined because of their
uneeptiain reactions wﬁen used with different cements and in
different mixtures.

The size, grading, end mineral character of the aggregate
all have an appreciabhe effect on creep of portland cement
concrete. U?der comparable conditioné, it appears that
shrinkage and creep decrease as.the meximum size of coarse
aggregate increases, and also that Eoth shrinkage and creep
decresse when well graded aggregates with low vold content
are used. The mineral character of the aggregate has an
Important influence on the creep properitss of concrets.
Hard, denée aggregates with low absorption and a high modulus
of elasticity are desirable when concrete with low shrinkage
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and. creep ere wantec. Under comparable conditions, it.
appeers that increasing amounts of creep may be expected
depending upon the aggregate used, in the following order:

. limestone, qusrtz, grenite, basalt, and sandstone.

6.2 THEORY CF CONCRETE CREEP.

Prohably the best known and most acceptable theory of
concrete creep is the "Gel Theory" in which 1t has been
suggested that creep of concrete may involve all three
of the following types of yieldings ‘a) crystalline flow "
(in a crystalline mass, slippage along planes wilithin the
crystals: (b) séepage (due to spplied pressure, flow of
adsorbed water from the cement gel); and (c¢) viscous flow
(movement of particles, as in the flow of gsphalt). A
portion of the creep may possibly be due to crystalline or
viscous flow; neverthe less, it is believed that the major
portion is caused by seepage, which would appear to be the
most acceptable expdanation of creep.

The hydration of portland cement results in the formation
of an amorphous or gelatinous mass, ordinarily termed "gel,

which serves to connect the aggregate particles. Watsr may
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exist In the concrete mass in three principsl forms;

.(a) chemically gombiﬁed water (in chemical combination with
the cement), (b) adsorbed water (adsorbed by the cement gel)
énd (c) free water (water within the microscoplt pores or
spaces within  the gel),

According to Lynam (1934), chemically combined znd free
water play no direct pat in volume changes. Thus except
for the effect of hydration, gain or loss of adsorbed water
from the gel appesrs to be the basis of volume changes
resylting from ambient moisture variations or from sustained
pressure. The gel may be conside?ed as having microscopic'

“pores; with the removal of water the pore spaces collapse
end the gel shrinks, whilg vpon the additlon of moisture

the pore spaces adsorb water and the gel expands, This
process is dependent upon f;ictional resistance to flow

of water along the capillary channels which psrmeate the
.mass of.boncréte. Other things being equal, the total
frictional resistance is govefned'by the moisture gradient,
The steeper the moistufe gradient,ﬁthe easier the flow_of
water through the capillary channels. Volume changes of the
gel may, on thé other hand, be dependent upon seepage caused
by épplied external pressure. Subjecting the concrete to an
external load, the adsorbed water is expelled from the gel.
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The rate of expulsion of moisture in this instance is g
function of the apblied logd and of the friction in the
capiilary channels, The greater the applied load, the
steepef the pressure gradient with consequent incresse in
rate of moisture expulsion. By the foregoing hypothesis
shrinkage'or swelling due to loss or gain of moisture and

creep due to seepage are interrelated phenomena,
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CHAPTER 7. JINVESTIGATIONS CARRIED OUT
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7ele Design Approache

The main considerat ion in the design of the creep machim
was that it should be flexible in as much that an extensive
range of stresses could be applied to several specimens
similtaneously for san iddefinife period of time.

The approach of the design, manufacture, snd subsequent
development of the creep machine, was basically that of
phasing the work into three stages, these being:-

(1) Design of creep machine frame.

(i1) Design of apparatus for alignment of specimens,.

(i1i) Design of creep measuring- devise.

Owing to the limited time available, the completion amd
subsequent preliminary testing of the creep machine was not
reslised, the actual work which was carried out on each

design stage 1is described in the relevent sections which follow.

7.2+« Design of creep machine frame.
The frame was designed to apply a maximum load of 10 ftonf.
to the specimens, and in order to achieve a high stress level

the specimens were made as small as possible, the actual
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specimens being those which were developed under Part I of

the ‘thesis:, 1.e. 2 inches diameter x approximately 2 inchss
long. The choice of small specimens also meant that a éreater
number couid be tested simultsneously in the sums machine

thanh if larger specimens had been used.

Since high stress levels were reqguired to be maintained
constant over relatively long periods of time, the choice
of method of application of the load was that of 2 mechanical
device rather than a hydraullc one, the mechanicsal device
being that of a system of lever arms,

The working priciple of the creep machine is shown in
-Flg. 7.1, the sctual completed frame being shown in Fig. 7.2
All the pivot points incorporate rolling-contact besrings,
The loaQing arm of the frame incorporates a ball seating
through which the load can be applied to the sPecimens,
the choice of the lower seating being that of & sphericsl
type of same dismeter ss the specimense.

In order to achieve uniform (axial) loading of thse
specimens, alighment of upper and lower seating would have
to be ensured. This was attempted by placing a 2® diameter
brass rod, to which was attached two sets of strain gauges,
betﬁeen the two seztings. Each set of strain gauges, éne-éet

at each end of the rod, consisted of 4 gauges situated
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circumferencially around the rod at 90 degree intervals,

see Fige 7e3. Varying loads were then spplied to the rod'and
each strain gauge reading was noted. For axial loading of
the brass rod, and thus allgnment of the seatings, the

strain at each circumferencial point oun the rod should be

the same for each cqrresponding inténsity.of loads This
condition was not fulfilled, since, although the majority

of the strain readings fell within an acceptable limit ,

the discrepancy between the strain readings ét point 'X!

and point 'Y'! was unacceptable. (See Table 7.l. 2nd Fig. 7.4
for.a typical set of straiﬁ readings). The possibility of
the strain gauges st these two points being faulty was
eliminated, since, although the rod was turned through

90 degrees and 270 degrees, the same result was obtained.

On inspection of the strain readings at points 'X' and
'Y', it can be seenlthat the readings at 'X' are always
higher then the readings st 'Y', This result only zpplied
when the brass rod was positioned so that all strain readings
'were approximately the same for 2 load of 20 1lbf. and the
load was increased to 100 1lbf. Although no results are shown
it was foﬁnd that if the brass rod was positioned so that
all the strain readings were the sesme for a load of 100 lbf.,
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and the load was decreased to 20 lbf., the readings =t
'Y' were slways higher than the readings at 'X'. From this‘
it was deduced that the cause of the discrepancy at thess
two points was the manner in which the load was applied
to the brass rod. As can be seen from Fig. 7.5., the loading
arm moves in s radisl path as the load is increased or
decreased, and since the ball seating soon becomes
ineffective as the load is increased, the axis of loading
varies (only in the same axis as the movement of the
loading arm) as the load is increased or decreased. The
movement of the axis being towaerds point 'X' as the load
increases, thus.explaining the discrepency between the
strain resdings obtained af X' and 'Y!, The corresponding
straln guages at the other end of the rod were situated
so near the point of loading that the radial movement of
the loading arm csuse no recognisable discrepancy in their
readings.

The simplest soiution to-this problem was adopted by
meking the base-plste for the lower sesting moveable in the
direction of the loading arm so thst alignment could be

carried out each time the load was alterede.
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FIG.7e1e WORKING FRINCIPLE OF CREEP MACHINE

- P
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DIAGRAMMATIC REPRESENTATION OF LEVER ARM SYSTEM

CALCULATIONS :

Let applied load= P
Let resultant load on specimen= L
From above,taking moments about A

P X3 =PX30
o: ' p = 1OP -ocoo.oooooo(I)

Also, taking moments gbout B
L4.5L = L45p
': L = 1OP oo.ooo.ooo....(II)

But from (I) above, p = 10P, therefore
substituting into equation (II),

L = 100P
This is the theoretical lever arm ratio,and it

is suggested that the actual ratio of the completed

creep machine be deduced experimentally by the use of
a load cell. 40l
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Loacling arm.

\Ugeer seating.

Strain guages.

N

I

Load. I

I

B +¥ B

l.x.l | ] . o

ng; sm Ag

_....;Ll___l_._.._. __-_.._.__..__._.____,_.-_!

—— et — — —l ______________ I —

LoCahoA of brass rod in creeg machine f ame .

.EA/aryad p/az\s oA"/l. 1.7 —
Posrtion "A°,

16-(2)

5.(1)'Y° é_-/oadi/\; arm.

Numbers /a paren rAesrs

Position "8° refer fo_Shrain quages

al upper endl of rodl.

XL 6.(2)

3.(2).¥" Q_{oad_ing arm.__

/c/'q. 23 éocau"/'ajl\ 7" Skrain 9wua93_8_.

( For Slrein readi)\gs See Table 2.1 )
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TABIE 7.1 ALIGNMENT OF UPFER AND LOWER SEATINGS

STRAIN READINGS FCR TWO POSITIONS OF

' BRASS ROD
LOAD STRAIN READINGS (X 106 )

LB.F. 1 2 3 L 5 6| 7 8

POSITION "A"
o} o 0 0 0 o} 0 0 0
20 78| 8 |8o | 83) 78| 79| 835 | 79
Lo 124 {121 115 127 |113 (128 [128 [118
60 165 {161 M50 |162 {148 |169 [175 |158
80 206 | 201 |90 |208 |178 |209 |224 |199
100 ouly {243 232 (247 |244 |249 |267 236

’ uyn nxn

- POSITION "B"
0. o o o O 0 0 0 0]
20 70 | 63 71 81 73 78 70 77
Lo 116 (110 [109 |120 (113 |119 |115 [112
60 158 |150 (147 |168 |149 |162 {144 |148
80 199 {191 [188 [204 (193 |215 |196 |182
100 240 (231 |228 |248 [232 |[265 |237 |212
1! X" 1" Y"

NOTE: FOR POSITIONS OF BRASS ROD AND LOCATION

" OF_STRAIN GUAGES SEE FIG. 7.3.

FOR LOAD/STRAIN GRAPHS SEE FIG. 7.hi.




Point"X"

STRAIN

Remainder of Points.

Pointwy"

LOAD

FOR POSITION "A“ OF BRAS$ RQQ
Max. variation between strain readings at

points “"X" gng "y" = 21% (Unacceptable)

Max. variation between strain readings at

remainder of points = 7% (Acceptable)

FOR POSITION "B" OF BRASS ROD

Max. variation between strain readings at

points "X" and "Y" = 20% (Unacceptgble)

Max. variation between strain readings at

remainder of points =

Note: For actual strain reéaings see Table 7«1
For positions of brass rod and location of

strain gauges see Fige. 7+3.

FIG. 7.4. LOAD/STRAIN GRAPHS FOR RESULTS SHOWN

IN TABLE 7.1. ' 108.
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73« DESIGN OF APPARATUS FOR ALIGHNMENT OF SPECIMENS.

Since several specimens were to be‘loaded simultaneously
in tendem fashion, appsretus for alignment of the specimens
had to be designed if uniform (axial) loading of the
specimens was to be ensured. The design and develépment of
the creep machine frame placed certain reguirements and
limitations.on.the design of the alignment apparatus,
these were as follows:’
(i) Apparsastus to be‘removeable from creep machine frame,
(i1) TIower seating to be moveable in direction of loading arm.,
(1ii) Apparatus to incorporate strain guages in order that
alignment of upper and lower seatings could be carrsied
out whenever the load was altered.
(iv) Height of lower seating to be adjustable so as to
facilitate varying lengths of specimens.
(v) Maximum distence between upper seating end creep-
machine base-plate ¢ 183",
The appsratus is shown in Fig. 7.6., and consists of
1" deep by 43" diameter discs which act as specimen seperators
and will also serve as creep measuring points,. The specimens
are located into these discs by means of a cylindrical

recess of seme diameter as specimen plus tolerance. The

110



discs, and thus the specimens, are aligned by means of three
2" dismeter rods radially spaced at 120 degrees on a

pitch circle diameter of 3%". To achieve sccuracy of
alignment, the depth of the recesses for the specimens, and
the diameter of the rods, were made as large as possible;
the pitch circle dismeter of the rods being made as small
as possible.

The recessing of the specimens should not affect their
creep characteristics since the tolerance fit needed for
assembly would be.greater than the lateral displacement of
the specimens under creep conditions.

It was unfortunate that during the mmufacture of the
apparatus the allocated research period terminated, and
thus no preliminsry testing of the apparatus could be

carried out.

111



7Te4o DESIGN OF CREEP MEASURING DEVICE.

Due to the limited time availgble only prelimsry research
work into fhe problem of creep measurement was ahle to he
carried out.

From the preliminary investigations carried out, it
was thought that the best solution to the problem wss that}
of a portahle measuring device which could be placed between
speciflc measuring points located on each of the specimen
seperator discs which form part of the apparatus for
alignment of the specimens. It is suggested that a minimum
of three measuring points be radially spaced at 120° intervals
around each specimen,

The above proposals would thus enable 2 minimum of
threé creep measurements to be taken for each specimen at
. any time of loading.

- The working principle of the measuring device would
either be (a) tha% of an air gusging device, or (bl a
transducor system.

Although both systems would give a ﬁigh degree of sensitivity,
the wide range of measurement which is required in the creep
testing of concreté would be best obtained if a transducer

system was adopted.
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7Te4s DESIGN OF CREEP MEASURING DEVICE.

Due to the limited time availagble only prelimasry research
work into fhe problem of creep measurement was able to be
carried out.

From the preliminary investiéations carried out, it
was thought that the best solution to the problem waes thet
of a portable messuring device which could be placed between
speciflec measuring points located on each of the specimen
seperator discs which form part of the apparatus for
alignment of the specimens, It is suggested thet e minimum
of three measuring points be radially spaced at.120° intervals
ground each specimen.

The above proposals would thus enable a minimum of
threé 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 air guasging device, or (b) a
transducer system.

Although both systems would give a high degree of sensitivity,
the wide range of messurement which is required in the cresp
testing of concreté would he best obtained if a transducer

system was adopted.
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