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2. 
ABSTRACT, 

The criteria and mechanisms of breaadonn within concrete are 

very imperfectly understood. Host of the existing theories assume 

concrete to bo homogeneous and this approximation is probably the 

main reason why they arc unsatisfactory 	.ftor recognising the 

non-homogeneity of concrete, considerations of the probable average 

distribution of coarse aggregate particleS within a mortars matrix 

by Baker in 1059, hP4  led him to suggest that a pin-jointed lattice 

system could be used to represent the internal behaviour of concrete. 

The lattice members connected aggregate vartioles and a member was 

assumed to fail when the stress in it reached a limiting tensile 

valve. 

The purpose of this thesis is to examine the usefulness of this 

theory, and to this end experiments were designed: 

a), To test the basic assumption that the positions of pieces of 

aggregate influence the directions of thrust within concrete. 

b). To gain information on the Poissonts Ratio of cement pastes, 

mortars and concretes9  as this parameter is important in deciding 

upon relative lattice proportions to represent these mines. 

c). To learn something about internal strains and stresses in a 

matrix surrounding harder inclusions. 

The lattice system is extended into three dimensions as this is 

particularly necessary then considering biaxial and triaxial etates 

of stress end lattice units are analysed under theme states 	A 



lattice membox,  is assumed to fail whon it roaches a limiting tonsil() 

strain and information from the experiments was used in deciding 

which members were likely to fail first. 

Good qualitative agreement was obtained with these and with 

many other concrete phenomena, and it is believed that the lattice_ 

approach is a useful way of visualising, and hence explaining to a 

certain extent, the internal deformations and breakdowns within 

concrete. 
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CFAPTER 1. 
41•Iiriela irail41•••• 

ETTRODUCT ION. 

Because of the present lack of knowledge of the criteria of 

deformation and failure of concrete, designers are compelled to 

use very safe values for its physical properties and the material 

cannot be used to its maximum advantage. 

When the detailed structure of all concrete components and the 

nature of bond at aggregate pante interfaces on the most fundamental 

level are understood, it should be possible to deduce suitable 

criteria. Since this ideal is full of experimental and theoretical 

difficulties and is not likely to be realised for a very long time, 

it has been generally felt that a limited understanding will allow 

concrete to be used at least mare effectively, in the meantime. 

Thus the problem has been much tackled from the opposite point of 

view, i.e. assuming the material to be homogeneous, in the hope of 

arriving at an approximate failure criterion. In this way, much 

information about failure loads of concrete specimens with various 

simple stress systems imposed externally has been obtained, and 

without such information from specimen testing, the use of concrete 

would have been very limited. Much more useful work can be done 

in this empirical field by testing the whole range of mixes under 

all states of stress and by work on creep and shrinkage. 

A certain amount of work has also been done on theories of 

deformation and. failure whore the non-homegeneity of the concrete is 

recognised and lattice theory, the Sajodt of this stUO, iS e?:6,  

• 
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these. Those approas.hes always idealise the material considerablj 

but the approximation is better than assuming it to be homogeneous 

and a theory of deformation and failure based on them is more likely 

to be a closer approximation to the real failure criterion. 

At Imperial College an attempt is being made to approach the 

problem from several of the above angles. Over the next few years, 

work will be done to obtain failure values of many concretes for 

many types of tent and a relation between various tests will perhaps 

be arrived at. Each type of test performed will itself be subject 

to scrutiny to see how fax it is really measuring the delA::ed 

properties. For example, a cube loaded between steel platens is 

not actually in pure uniaxial compression, since there are lateral 

restraint forces exerted at the interfaces between concrete and steel. 

A close study will also be made of existing failure theories in the 

light of available experimental avidenoe to see which are the most 

useful, and available information on the nature of cement paste and 

on the nature of bond on the most fundamental soale is being examined. 

The work of this thesis approaches the problem from an idealized 

internal structure viewpoint after recognising that there are two 

phases (atone and cement paste) within concrete, each with different 

properties. 
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CHAPTER 2. 

OBJECT. 

The object of the work described in this thesis is to test 

the usefulness of the lattice theory as a means of representing 

the behaviour of concrete and to extend and iml,rove it, if 

neoesaary. 

This is included in the broader object of attempting to 

find a theory of deformation and failure, and lattice theory 

approaches the problem by idealizing the material to a certain 

extent. 

A further object is •to learn, experimentally, something of 

the internal behaviour of materials consisting of hard and soft 

components bondedlogether, in the hope of being able to make 

deductions about the internal behaviour of concrete. 
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CRAFTER 3 

SCOPE. 

Experiments are performed on three types of combined material. 

Firstly, cast iron spheres are arranged in selected positions inside 

a cement paste matrix and a complete picture of the external deforma-

tions of the prismatic specimens obtained with roller extensometers. 

Prom these tests, deductions are made concerning internal cement 

paste strains and, hence, likely regions of internal breakdown.-

Secondly, the Young's Modulus and Poisson's Ratio of many cement 

pastes, mortars and concretes was obtained, also using Lamb's 

roller extencometere, and the Poisson's Ratio results are useful in 

determining suitable lattice proportions to represent the mixes as 

well as providing fresh information on this particular preperty. 

Lastly, two-phase, two-dimensional rubber models were constructed, 

consisting of discs set in softer matrices. The diameter of the 

discs is 2", and grids were drawn on the rubber between them in 

selected placee and their deformations under load examined pith a 

cathotometor. The directions of principal strain and stress are 

thereby obtained in different regions and evidence is available that 

the positions of the hard inclusions influences the directions of 

stress. This assumption is basic in the lattice theory. 

The experimental evidence BO obtained is used in selecting 

lattice proportions to represent a typical concrete, and in deciding 

howthie lattice snit brete down. With this 	 aTo-, 

birailex;ity between real concrete behavioUr a.i2e. the "e4Uivalene'' 

lattice behaviour is examined. 



14. 

CHAPTER 4. 

LipTIEVi OF THEORIES OF DEFORMATION AND FAILURE OF CONCRETE. 

4.0. 	Introduction. 

The majority of researchers in formulating theories of failure 

have considered concrete to be a single homogeneous substance and 

consequently any assumed internal stresses or strains are averages 

over finite areas and distances and are unable to provide much 

evidence of the real mechanism of internal deformation and failure. 

These theories can be known as 12.4,sroseciE alhEzaa and. included, 

are, the Maximum Stress Theory, the Maximum Strain Theory, Maximum 

Energy Theories, the Internal Friction Theories, and Limiting 

Functions of Principal Stress Theories. As far as conorsteis 

deformation is concerned, it is treated as partly elastic and partly 

viscous at low loads, beooming partly plastic and partly viscous 

at higher loads. 

Lnothir group of theories, which can be called the Idealized 

latmaLjarulireGrE....2t2 recognises the heterogeneous nature of 
concrete but because of the complexity of the material, is forced 

to simplify its structure considerably, and the subsequent analyses 

are limited in their usefulness by the original assumptionts. 

3randtcaeges theory(1)9  which recognises that there will be randomly 

orientated directions of weakness in concrete, can be placed in this 

group and also the lattice models of Reinius(2)  and Baker(3)  and the 

numerous time dependent deformation models used to represent creep 

as well as theories designed to preduct Toungts Modulus fOr concrete. 
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A theery of Griffiths D1'0 CIUGOa an expression relating frac:t UT 

stress in a material ils its voung's Madtaus and the free surface 

associated vith a given crack length- This theory, 

C!ovsloped for 0.CA6.1C2  has the disadvantage of being difficult to 

annly in practice and ia further complicated by the heteregoncaus 

nature of concrete. 

4.1, macro,E2,pis GrOUD 

Pha theories of this group all have their origins in the 

theories that have been applied to metals and n, brief summax7 and 

aizeunzion of these is given. 

For ductile mtals the material loses its usefulness to a. 

largo extent at the yield point and it is the combinations of stress 

nhich preduco yield that are generally considered as the most 

important. The limiting combinations of principal stress at 

yield suet all lie on some limitingp 	surface _of yielding whose 
w[M

equation Can be =crossed in terms of tha co-ordinates of the throe 

mutually pernendioular principal stress axes p (d p d,.: . undo.. 

hydrostatic loading it has been. found impossible to induce failure 

in any material and so the point A 	 f3 , wheys these stresdes 

a 	compressivo2  must be inside this surface. Brittle materials p  

however espocially whore at least one of the principal stresses is 

tensile often exhibit a comparatively sudden cleavage failure nithout 

noticeable preceding yielding and for those materials, it has been 

considered that there exists a alittLima...E......yur ace of rulure which 

ehanges to that 	ac7eOrting to thn at vonnoz 



Triaxial tension tests on some brittle materials by TIOAdam 

(reported by Nadai(4)), showed that the principal stresses ez, 

at failure, wore greater than the unia:xial tensile stress at failure, 

hence disproving the Maximum Stress Theory and under ecual tensions 

ductile materials do not yield. Triaxial compression tests have also 

shown for all materials that the principal stresses under this typo of 

loading are much in excess of the maximum uniaxial comprehensive stress.. 

The Maximum Strain Theory which postulated that there .was a limit- • 

i.ng amount of extension which a material could stand, does not hold for 

ductile metals because it would have to be shoran that the ratio of 

tensile to compressive yield strength was equal to Poissoncs Ratio. 

As this is of the order of one third for ductile metals, the fact that 

the tensile and compressive yield strengths are equal does not support 

the theory. 

The Maximum Elastic Energy of Deformation Theory which stated 

that there was a limit to the amount of energy a material could store 

is disproved by the fact that much larger energies can be stored under 

hydrostatic loading than under uniaxial loading. The Maximum Strain 

Dnergy of Distortion Theory, however, has been found to express the 

yield of ductile metals very well. The strain energy of distortion 

is the total strain energy minus the strain energy of volume dilata-

tion, and if de) is the uniaxial tensile yield stress then the theory 

is expressed loK 
(go - 4 	( "" irj 	( 74 f 2 402. 

The octahedral shear stresses are equal to 

~ )14. ( 4 	g )3" (4 -2 ) C1 	 . T . 	3,  

cg, constant. 
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and henco we see that 

/ 	const., 0 	c 

exioresses the above yield criterion which is thorofore also known 

as the Maximum Octahedral Shear Stress Theory. Its surface of - 

yielding is cylindrical v:1.th a radius 	 4 and its avis is the 

linec? 	g vzd 	It can be realised that the Doints4t ":- 	=2..?  

cannot be on this surface of yioldiug9  and hence fit that condition 

for hydrostatic loading. 

The Maximum Shearins Stress Theory takes the form 

consto 2 

and can clearly only be true if the tensile strength is equal to the 

compressive strength. (This is also true of the octahedral shear 

stress theory). This theory expresses the yield mints of ductile 

metals almost as well as the octahedral shear theory and its surface 

of yielding is that of a heTagonal bar inscribed in the cylinder ef 

the octahedral shear stress theory. 

Taking a section through these two surfaces in any plane where 

one principal stress is zero we see that the yield curve for the 

resulting biaxial stress system is elliptical for the octahedral 

theory and an irregular hexagon for the maximum shear thoory and 

both indicate that under equal biaxial tension or compression the 

yield stresses equal the uniaxial yield stresses. Fig. la shows 

these biaxial failure envelopes. 

Mohr'0 Theory of Slidinp states that the intermediate principal 



max ,fmax octahedral shear 

C- C se mant shear 

-+ 
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THE MAXIMUM OCTAHEDRAL SHEAR AND MAXIMUM SHEAR 

THEORIES  

FAILURE ENVELOPES IN A PLANE OF BIAXIAL LOADING  

FIG. la  
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stress can be ignored and the material yields by sliding according 

to the relation 

whoror is a shear stress in the material and 8 in the corresponding 

normal stress. As we ignore the intermediate princival stress, 

only the largest Mohr stress circles plotted on principal stress 

shear stress axes need be considered, and the envelope of these must 

give the required equation, since any circle cutting the envelope 

would imply the existence of stresses Whioh the results have nhown 

the material cannot stand. For materials of equal tensile and 

comprossivo yield strengths the envelopes become straight lines 

parallel to the principal stress axis, thus corresponding with the 

maximum shear stress theory, but for materials with tensile strengths 

less than compressive strengths, the envelopes diverge as the cOm---

pressive stresses increase and are not necessarily linear, It has 

been uointed out that if a Mohr envelope outs the —tensile principal 

stress axis at the same angle then the Mohr stress circle at that 

place is a mathematical point representing equal tensile stresses, 

and as it has been shown that no material can yield under equal 

IrjBx:LE,.../ tensions, the envelope close to the axis must be representing 

the limiting surface of rupture, It has also been shown 

experimentally that the Mohr envelope under high compressive streseeS 

for brittle materials tends to become parallel to the principal stress 

amis.• This moans the condition of failure is becoming one of Mald.M7.11/3. 
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shear or the material is tencli.ng to behave in a cluc.,ti.le 

aud the envSlope represents the surface of limiting-  yield. 

the Mohr envelope can have meaning for brittle matoriaIe if 	is 

assumed that their mode of failure chans from rEpture to sliding 

aS the stPesses change, from being tensile to coarpresf,ve. 

Theerior:t of the trpe 

2; -1(4) 
whore lo in the normal stress on the octahedral 311oar planoy are 

useful and represent an imPraTement on the Mohr theory in that 

the intermediate Principal stress istaken into account. W have 

seen that for ductile materials 

(40) 

represents the yield points very well but it should le possibo to 

arrange thin function to give any desired surface to suit brittle 

materials?  in the same way as it in possible to draw a Mohr 

envelope fox any brittle material. 

clear from the foregoing summary that duotile and brittle 

materials nom to be governed by different law a. In the former 

caet the compressive and tensile yield strengths are equal and 

the yield criteria are well (=pressed by maximuM shear or matimum 

octahedral shear stresses. The ma=imum ertensienal strain theory 

dose not hold and neither doss the, maxiDiwu stros6 tbeor and Mhrls 

theory becomes identical to the maximum shear stress theory. 

Brittle mstorialsy on the other handy are wekor in tension. 

tiaclompcssion na can hes fail ea in - ru?tuT:o uncleral tvf,tsa 

tensions unlike dustile maeriaie‘ 	Taey do TieI 
	

in W1A,c,. 01;h6k 
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the maxis 	ehear or maximum octahedral shear stress theories 

except at high compressive stresses and for them the theory of 

maximum extensional strain is not disproved. The Mohr type of 

eiWig theory .1.6 also not disproved so long as it is recognised 

that sliding failure possibly gives way to rupture failure under 

some tensile stress systems. The maximum stress theory does not 

hold for any material, 

Concrete can be considered to be a brittle material and so the 

maximum shear, maximum octahedral shear, and maximum stress theories, 

aro not considored. The other.thooriss are, however, discussed with 

reference to concrete as well as one or two variations on them in 

the rest of this chapter. 

4.1,0. The ylazimum Extenesionlatranlauy =pears to be quite 

a useful one for concrete since many tests on concrete' in direct 

tension or in flexure report MATiMUM tensile strains between .00003 

and .00023. 	(See Carlson(5)g Berg
(6), Blakey?- Todd(8) and 

Evans(9)) and Todd and Evans also came to the conclusion that the 

maximum tensile strains were the same for flexure end direct tension. 

(N.B. By "tensile" strain is meant "extensional" strain). As all 

these are from a wide variety of mixes it seems possible that the 

scatter could be accounted for by factors to represent the 

parameters of different mixes. Richert, BrendtSaeg, and 

Brown,(10), however, in the course of some biaxial compression tests 

reported a tensile strain vp to .00060 in the o Alding direction 

whorow they had obtained °nil; .00017 in uniaxia compression tsotc, 
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on the same concrete. Although the changedloadirg arrangement 

might bo'ulmected to affect the value of the mamimum tensile strain 

recorded it seems doubtful whether this could account for a lot:min 

three and a half times as great. 

Testa by Berg(11)  showed surface microcracks at loads of :7:oout 

55-60 of the ultimate uniazial compressive lona and Rusch(12)  'pas 

reported that the volume of a soecimen under uniamial load can begin 

to wound at 75% of ultimate load. These facts indicate that 

concrete is disrupted at quite low loads and if we assume that 

Youngs Nodular; in compression is the same as that in tension, 

(Todd(8)), than Poiason,s Ratio up to about 60% of the ultimate 

unisxiel compressive stress should equal the ratio of uniazial 

tensile strength to 60% of uniazial compressive strength, for the 

manimum tensile strain theory to be valid. Johnson(13)  and 

Rumphreys(14)  give some values for the ratio of tensile to compresoive 

strength of concrete and applying the above modification to their 

figures we see that Poiseen,e Ratio should be between .25 and .09. 

The fact that it is usually within this range is not at variance 

with the theory but the theory offers no explanation of the fact 

that the ratio of tensile to compressive strength varies from 

.15 to .08 in the first three months of the lives of concretes 

tested by Johnson, whereas he observes Poisson,a Ratio is subject 

to much less variation in that time 

Flmther evidence not in sue port of the maximum tensile strain 
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theory i2 offered by Blakey and. Boresford(15) rho chewed that for . 

the same mix the fracture strains for (i) beams in flexure vas of 

the order of 7.0 az 10-5r  for (ii) discs whose undersurfaces were in 

biaxial tension, 3.5 x /0-5, for (iii) slabs loaded to induce a 

biaxial state of tension and compression at right angles, 

11,0 x 10-5, and for (iv) the indirect cylinder tensile test 

15.0 x 10-5. On the other hand, there is some difficulty in deciding 

when a crack has occurred purely from their strain curves obtained 

with electrical resistance gauges, and not many specimens of each 

type were tested. Esvertheless, there are large differences between 

the above fracture strains which must, therefore, bo indicative of 

the true trends, for their tests. In reference (16)7  although they 

could not explain that in some new tests, fracture strains for 

equivalent specimens were different from those above, the same 

trends were in evidence. 

4.1.1. The MazkEELI2Lajaskaglim.has been shown to be value-

less because under states of high triaxial stress the total strain 

energy in an intact material can be much greater than that in a 

body which fails under a uniaxial stress. 

442.2:,LindBeresforiterion. 

In 1955, Blakey and BeresfOrd(16), formed a failure theory on 

the basis of their test results on a certain concrete in biaxial 

tension, uniaxial tension, and biaxial tension and compression at 

right angles. The teats were all flexural in that maximum stresses 
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were only developed at extreme fibres of the specimens. From the 

three points so obtained they drew an envelope of the principal 

'StreSses at fracture of circular shape. Its equation is 

- 21-x1-2.1 1...r = 3.142' 

whore 	„Ad), 42.„ and 4 equals the uniaxial tensile 
fracture stress. di  , are the principal stresses. Since the 
shear strain energy per unit volume ( qs) equals 

constant x ( 2-12- ;37;.), 

and the volumetric strain,.e.., w  a constant x IR, they postulated an 

equation of the form 

Ka  Us 4- g14 K2.4-2.-- 3.44  E 
where K12  K.2vre constants. 

In other words they suggested that a failure criterion in terms 

of the shear strain energy, the volumetric strain and a term which 

is the produot of the principal stresses was a suitable one for their 

tests; 

They pointed out that the circle would not necessarily have 

been shown to be the best curve if more teats had been done but they 

believe it to be a second order curve at any rate, which would leave 

unaltered, the hypothesis of the previous paragraph. 

In an earlier paper, Blakey(17)_had.examined the failure-

envelopes for the theories of maximum stress, maximum tensile strain, 

and maximum strain energy per unit volume, end the results are shorn 

r1-1 	It Acl intotinf!, i o n'or.;erve that th mrs.qt.talo 

F;t0-7vAll thew:2T 	 1,t only om whic.4 	Qtrauses viatIn 

i,t 
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both aro ocual and tensile to be greater than the pniaxial 

stress. This is what happena with brittle materials general 

tho tests of Blakey and. Bercsferd diseuessd in 4.1.0 show the roverso 

to be the case for their concrete teste. Thin appear to bo the 

'only evidenoe a;7ailable for concrete in biamial tension. 	Five, taTts 

17&7?C; performed in all, on disc supported at their circumferences 

and loaded vertically thro%-h an annular ring, such that the 1:ottom 

fibres 

 

ax in biaxial tension. 

folloy:eg— The rotation used in Fig.la and in later diegrra, is ae  

uniaxial compressive strength. 

V' 	40 	tEraBile 	 90 

Principal stresses at failure. 

All triarial tests reported consist of oylindrical states of ;.-i:V00.2 

— or two stresses are identical. 

C P = compressions  tension. 

C 	Tw. comprossion—tension zone of applied loading. 

4.1.3. Internal Friction Theory. 

Coulomb , e internal friction theory assumes that the material 

undergoeS a eliding failure when a limiting shear stress is reached. 

This can be expreased in the form 

°Y0 / 
where 7' is the limiting shearing stress, 7; is the shear strength 

of the material under pure shear 	is the coefficient of friction 

-..)rms1  force, pea-Dezidicular to the; 	r.;74 01 

This straight lino theory has, howOrery been found not suitable fo:c 

;ii 
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concrete, but the basic concet of internal friction is oMtedi.c. 

in Mohr's generalisaten, km maximum shear otressms are obtained 

in the plane containins the greatest an0 least -2 rincioal mtresmos 

it fE these watch. determine the failure Of the matrial. 	Thip 

relation between shear and corresponding normal stress at any direction 

in the Plane oontaining the g:natest and least principal etT'osses 

can be expressed graphically in. the form of a circle and these circles 

differ for different sets of principal stresses. Plotting those 

different circles for the different stresses which can induce 

failure a family of circles is obtained. Their envelope will lie 

on a curve of the form 

r 
which represents the failure envelope of the material as this is 

the line which no stress circle, can inters 	"Yct. 	represents 

shear stress and the corresponding normal stress. It has been 

mentioned. in 4.l that the Mohr envelope can be taken to represent 

rupture for tensile stresses;changing to pure shear failures at 

high compressive stresses. Concrete triasial results usually 

exhibit a gentle curve for their failure envelope according to 

Richart, Bran aedtzg, and Brown00) Aokroyd(18) ,FG (19) 11. 1, — (20)9  
(21) 	

-0apAy 

and Fumagalli 	. The latterfs curve approximates to maximum 

shear being the failure criterion at high stresses regardless of the 

values of those stresses. Bellapyqs triaxial results are plotted 

in figure 2 as an ,,xamplo of a Mohr cnvelepo end FUmagall:I'l 

failure curve is shown dotted. 
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Those various results are not in disagreement with the notion 

of an occurrence of a Mohr type of sliding failure within concrete 

but do not constitute proof of MOhrgo theory because it mould have 

to be shown that the intermediate principal stress was mithout 

effect, iTz that different typos of test with the same material 

exhibited the) same failuto envelope. Bellav, however, plotted 

Mohr circles :?or hire biaxial tests on the same diagram as his 

triaxial circles and showed them to have a completely different 

pattern._ He concluded that the difference wee due to the effect 

of the intemediate principal stress. In any case, it is impossible 

to draw failure envelopes for biaxial compression and biaxial tension 

tests because in these testa the smallest principal stress in 

always equal to zero end co the circles all pass through and arc 

tangential to each other at the origin of the shear stress- 

principal street+ axes as Figure 3 shows. It follows that only the 

smallest circle could be safe if Mohr's theory is valid and yet, 

in praoticel  the fact that larger circles can be safe clan only mean 

that the intermediate principal stress is of major significance. 

Marin
,(22) shows that the limiting failure envelope in all stages 

of bical loading is as shown in figure 4, but Wastlundis results (23)  

of cubes in biaxial compression show marked divergence from the 

theory, in spite of the fact that care vas taken to minimise 

friction, as do Bellamy' results for tests on hollow cylinders 

where he obtained a state of biaxial compression at the inner 
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surface of the specimens. 

Ackroyd's results(18) published in 19619  of concretes under 

triaxial stress9  shoved that the degree of saturation had a major 

effect on the shape of the failure envelope. These were always 

more curved for saturated specimens and for higher stresses 

approximated to a limiting constant shearing stress, which means 

that the necessary inorementsin vertical and lateral stresses to 

cause failure in this region are equal, whereas for dry specimens 

the vertical stress increments are several times larger than the 

lateral increments. 

That there is a difference is to be expected in view of the 

effect of pore water pressures in the saturated cases and he 

presented reasons why pore water should result in a more curved 

failure envelope. Nevertheless, the fact that dry concrete also 

has a curved failure envelope which cannot be due to the influence 

of pore water pressures means that the material inherently has a 

value of coefficient of friction depending on the state of stress 

which cannot, therefore, bona basic property of the material," as 

there is no unique. value. If this is true, the concept of concrete. 

as a cohesive—friction material is not likely to produce the true 

theory of failure since the basic parameters, whatever they are, 

must be properties of the material alone, independent of the state 

of stress or anything else. 

T; 	epplioat ion of Mehris thcory to conozato ha,5 been popular 

partly booausp of the appearance ci concrete cubes a4d 
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after test, which often disintegrate leaving pyramids and cones;  
• respectively, uith a semi-vertical angle of 10o  -35o  . See Plate 1. 

A shear failure along an inclinea plane has apparently taken place 

and it is often found that the inclined faces are powdery, 'which 

might be expected after a eliding of this type. On the other hand, 

Berg( 4) has pointed out that the direction of maximum shear is at 

45°  to the vertical in the case of simple compression and no 

explanation can be given of the many instances of vertical splitting 

of concrete and the occurrence of miorecraoks in concrete at low 

leads. A possible explanation of the cones is said to be owing to 

friction at the loading platens which effectively prevents the 

concrete from straining there and will tend to reinforce the 

material at some distance away. The fact that pyramid failures 

are not obtained when friction is artificially removed by some form 

of packing between the specimen and the loading platens reinforces 

this view. The powdering of the inclined faces could conoeivably 

be a secondary effect, caused by the movement of the none or pyramid, 

during the final stages of disintegration;  against the faoeg it hale 

already been separated from by a series of short vertical tensile 

cracks. 

4.1.5. The Combined Stress Theories are the most recent in the 

Macroscopic Group and they derive failure criteria in terms of all 

three principal stresses and therefore represent an advance on the 

Mohr them-, with the exception of (o) below, which ignores the 

into:met/into principal otross. Relations aze usua/ly in a. form 
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(a) Shear and normal octahedral stresses. 

Average shear and normal stresses. 	3 

Maximum shear and corresponding normal 
stresses  
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In 1929 Richart;  Bpandtsaeg end Brown(10) reported biaxial 

tests on plain conoreto solid cylinders loaded normally and between 

thin strips on their sides for three different mixes and triazial 

tests on cylinders with lateral loading supplied by oil prossupe. 

The biaxial results were inconclusive but the evidence led them to 

believe that the vertical stress required to cause failure when 

some lateral stress was being applied was at lost as great as that 

required to cause failure under uniaxial load. Their triaxial 

tests showed that with increasing lateral pressure increased vertical 

stress was necessary to cause failure. The plot of vortical stress 

against lateral strew at failure is very slightly curved, but for 

the case when the lateral stresses are less than the vertical 

stresses the equation 

dy  

approximately expresses the results for all throe mixes;  where 4. 

is the failure load of the concrete in uniaxial compression. The 

failure ourves for all three mixes were parallel to each other. 

For tho cane who lateral stresses are greater than vertical 

Er4TV39OLT the failuria curve is of the form 
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In some later ezporiments (24), they tested spirally reinforced 

columns in uniasial comproesion and found that the earlier se..ustion 

was still applicable the lateral stresses being those devolopod 

by the reinforoement. 

In 1937, wt/ 23)  reported some tests on biaxial 

compression of 15 cm. cubes. Ho used a thin rubber sheeting in 

an effort to remevo friction between loading platens and the con-

crete and showed that as the lateral stress was increased the 

vertical stress needed to ba increased also, to cause failure. 

After the lateral stress had reached 0.6 times uniaxial compressive 

stress the required vertical stress dropped gradually. He V&3 

not satisfied, however, that friction had been properly eliminated 

and he next tested. prisms 20 cm, z 7 cm. 7 cm. The Vertical 

stress was applied through sood fibre and lateral pressure on 

two opposite. faces in the central portion of the specimen, by oil 

pressure applied through a rubber membrane. The range of these 

tests was more limited than that of the cube tests, Olth a lateral 

pressure no greater than 0.15 of uniaxial compressive stress being 

reached.. The results showed an increase in the required vertical. 

stress to cause failure, as the lateral stress was increased.. 

The results of lestlund's oube tests are reported in a discussion 

by Bernhardt to Bresler and Pieter's paper(25),  anal the prfsm 

tnrAm1y R.,7aitisi(2). 
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In 1953, smitla(26)  norfoymed some biaa:ial ter;ts 1l conb:d. 

tension and compression. His specimens 77OTO 3" z 4" z 16 fl 

and VSTO lased in flommre under third point lcedin, and in com-

pression at the central section over the depth of the beam fe..:? a 1;1 - 

wide strip in suchm  a anner that the bottom fib 	uzz'ores of the been 

in biaxial tonion and compression under the total lorlding. flw 

C5ovon 	 rrtal rcoulto are napro=imatoa by tho ocluation 

 

zhero 
4 

 represents the applied compressive stress and 	tho 

applied tensile stress at failure. 

In 1949, Balmer conducted a wide range of triaxial compression 

tests which showed that ac lateral stresses are incroased the vertical 

stress necessary to cause failure is also increased. His results 

fitted. OUTV05 of the form 

where a ET - 4309  b 0.00519  and c 1r 1.37 for ono series of tests. 

These figures illustrate the order of magnitude of the constants 

for all tests on his specimens which were oven dried for a cmak. 

In 19579  Brasier and. Pister(25)  did some tests on long hollow 

cylinders in combined torsion and compression and the octahedral 

shear and zormal stresses were calculated from the failure values. 

The results, which are in the tension-compression biaxial, zone 'Oro 

approximately expressed by the line 

"C474= 1.16?„,— .086v 
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where dr:, and 4, are the octahedral shear and. normal oteessee, 

is oonsiderecl to be positive when tensile and is equal to 

2x  )7-  4,  (J2- 8.3 )z 	('3 -4i 
41.?;  g 	g 	are the principal stresses. 

The three principal stress invariants are given by 

4 in 

+1.3 i1  
Z1 4, g3 

and. hence as 
4.= f '(11) 

and ro ml 	12), 

they state that the failure line proposed is of the form P 

0 for their biaxial stat©s of stress in the tension—compression 

zone. They then compare their failure line, extended into the 

compression-compression segment with the plotted triaxial results 

of Preudenthal, Balmer, and Richert, Brandt zaeg, and BrONCY.2 eed 

observe that these experimental values gradually fall aweev from it, 

and suggest that the deviation is due to the influence of 13  which 

is not zero for triaxial states of stress. Plotting the observed 

deviation against 13/41ef on a logarithmic scale they obtained 

satisfaotoey correlation which lead them to postulate a failure 

criterion in the generalized fox. 

%,„; = 8 ( 	t,  F2.  

In a discussion of the same paper Rice shows that 3mithle 

and 
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results fit the curve 

- V1.15 	.125 

and observes that the Mfference in the constant term betwm this 

12c1 Brosler and Fiterle ungoneralined eouation for the tenr,:i)n-

compression zone only, might be duo to the differance in tensile 

strengths between Smithla meazurement in flexure and the t.7":120 

tensilo trench of i±e consveto. 	also =lints out that B.t'selv:,,  

and. Pieter ,s results an be expressed by Smith ,s -sluation 

reasonable accuracy. 

In 1958, NeEenry and Karni(27)  tested hollow cylinders under 

a vertioal load and interne] oil pressure. Their results, w-aich 

aro in the tension-compression segment fall on an S-shaped OVZI.70 

4- 2: 
where 

 

A b, o aro oonstants. In a test of this type the concrete 

will be under triazial stress at the inner surface of the cylinder 

and under biaxial stress at the outer surface, but they examined 

the effect of the radial stress on the values afro  and 4 and an 
the effect is small they assumed their results to be biaxial. When 

plotted on 71;/, 4,6  - 
244., 

 axes the S-shape is much less noticeable 

and the points can be expressed by the straight line 

l.109 L- 242 

for one of their mixes. This failure criterion is then transformed 

into an equation in the applied stress co-ordinates q_AO and .Thar j 

plotted. gives very poor correlation with the experimenlini rnazIts. 

(See Fig. 5). 	It appears then that a failure txilte:-:-on of thS 

of the polynanial form 



A 
1.0 	-c 

FIG. 5  

C-T 

BRESLER 
& PISTER 

BRICE —'♦ 

— 

c 

FIG. 6a  

Mc HENRY 
& KARNI 

( A stronger thcn B ) 

38. 

C-T 

C  

	 CRITERION 
OF FAILURE 

EXPERIMENTAL 
RESULTS 

— •10 

) 
c 



39. 

form 7, 	) 	natifaotoril y e17press enpsLi7Tiental T.esvJts 0 0 0  

givon in ter a2 of Who octahedral she.ar and normal otresser 11c:

when tho 5Er&D criterion f!:.5 transformed _nto an euation. cermet:- 

tho 	strooF s it QI.Qne, rot nt.3ssoarily matiztorily C749T0152 

cx-mer4mcatni r:1,eults 7.rd r:-47 munt be considerca raToliv:b1 

amd 	Pis. 5 zhous 	can alco be vTlczfoi 

aioeu.Jsion of thau POPCO 1;rico nrosento =no rc;.ciate; 

in tho tension-somTiression mone ana secs no ovidenee of an S-ohap-D 

and Johansen ploim tho rosultc c±  Brice2  rcrEcnry and Larn:;.;  z,7c1. 

BreElor and Pfister 	 ?:.- gm oo-ordinatos and notes that almost 

parallel otraight linen ere obtained f the diffsrent mizcs. 

Iv- 1958 Bros M  Ear cnd Pistor(28) sucgosted that lao failure 

orit rion. be  ozprossed in the form 

and g aro obtained by conf;idering a fiphoricai infinitesimal 

olemont of volms an  aToraging echo strosses at say :pint of ite 

surface over the whole ophore. Those ouentitics are attzzotive 

so they are more genoral than octahedral stresses although they 

boar t4v following simale ro/ations to them. 

5 •„ - 2 

The form of f( ) has been found oxporiment -7 for their cote 

on hollow cylinders in torsion and comproosion mad they prosont 

the following 'bro.) oritoria of failure7  both of which fIt the 

r=/tn n',Dnf:731r 
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A :r B 	C 	2. parabo:f e (!t,c, de; 
and 	1,5"  = A B go.;,., 	- straight line 

•••-gt, 

whore A 	.045 or .050 Bo  T=7 1.224 or 1.274, and 3, 	.949 or .941 
or-e;(4° 

depending on whether the value of 	is taken from 6' • 12yAcylindrs 

resnectively. 

These criteria when transformed into the applied stress axes 

oni,), give much poorer correlation with the real results which 

themselves appear more scattered and the straight line criterion 

is shown to be the safer and has a transformed equation. 

---., 0.31:62 .5. 7.86 (i-) - 8.46 L,‘  
4(c. 	 ze, 

if s,  is based on 6 x /2" cylinders. 

In 19609  Fumagalli(29)  performed biaxial and triaxial teats 

on 30 cm. cubes in the compression-comproeeion segment. No mention 

was made of any attempt to remove friction and for the biaxial tests 

the application of an increased lateral load required an additional 

load to be added in the vertical direction to cause failure.- The 

additional load required was about the same as the lateral load in 

the case of a mortar and slightly greater for a concrete. In the 

triaxial tests a similar trend was noted. For the mortar the 

additional vertical load was about twice the applied lateral load 

and for the concrete about three times. 

Also in 19609  Ackroyd(19)  did some triaxial tests on concrete 

in the compression-compression segment and thought it difficult to 

postulate any difference in tho meohanism of failure between con-'. 

fined. and, unconfined teste, judging from the broken appearance of 
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his specimens, and observed that little progress had been made in 

the understanding of the mechanism of failure for a long time, 

although many more experimental results had been obtained under 

various states of stress. Ackroyd,s results show a steeel alightly 

curved, failure line with the vertical stress required to cause failure 

increasing at a rate between 3 and 4 times that of the lateral 

stresses. 	(see Fig. 6b). 

( 20) In 1961, Bellamy 	performed biaxial and. triaxial tests in 

the commreseion-comeression segment on hollow and Solid cylinders 

respectively. Radial and vertical stresses ware applied to the 

hollow cylinders from the outside and this results in a state of 

biaxial stress at the inner surface. Ho believes that when failure 

occurs at this surface it spreads quickly through the specimen and 

that the measured failure loads reflect the biaxial strength of the 

material. His biaxial results followed the line 

and his triaxial results the line 

34,c,  9 

which are both in general agreement With the trends found by other 

experimenters. 

He plotted his triaxial results Onlreonexes together with 

those of Biohart, Brandtzaeg, and Brown, and Balmer and obtained 

the straight line 
11,1,„ 	3.00, dekt. 

as a suitable oxprsosion for -thom. He also obtained a ourrod Molar 
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failure envelope but bia.7-cial results plotted on the same dia;I:mm 

showed 12103 failure mrlolope to be meeninqiess for thm. hIta 

implications of this have boon discussed in Section 4.1.4. 

Re then aces on to criticise failure criteria of the foam 

because, by assuming values of failure load to be a: much 

as 2O elifferent framsome actual results of Balmr,s he notsfl. that 

the failure curve was very little affected;  =d eomeluded that this 

type of nresentation of results is graphically ins3rxitive. The 

same criticism he lovels at result° plotted onAc,--gmezes and decides 

that the best way of presenting results on all types of test is in 

terms• of the applied stresses. The fact that the results of all 

ezperimenters on triaxial tests fall neatly into a smooth cur,ro on 

64 -lc  azos and yet are substantially scattered on applied stress 

ames;  in itself supports Bellamy's contention that this form of 

Presentation is unsatisfactory because we find that this typo of 

failure curve, 17;hon transformed into applied stress axes, would 

indicate that the applied stresses, too, should be on the same 

smooth curve for all results. McHenry, too, as has been discussed, 

had observed that this did not occur in the compression-tension 

segment of his teets. 

In Figs, 6a and 6b the results in applied stress axes of many 

biaxial and triaxial tests are shown. 

4.2. Idealized Internal Structure Group. 

4.2.0. In l927  Brandtoaeg(1) presented a detailed analysis of a 

oortain idealifxd material. The matorial consisted of a very large 
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number of elemsate each of which had a direction of -weakness 

along vihich sliding within the element WES most likely to take place 

and the directions of weakness of all the different elements 7:core 

randomly orientated. Yo ungls Modulus and Po issencs altic for the 

matex.ial is constant throughout and so the advance from the marosectic 

anpz'oach is in the recognition of different directions of wealmoss 

throughont the material. 

Each clement deforms elastically until the loads on it aro such 

that it deforms "plastically" by eliding within itself according to 

the standard internal friction 10w. Clearly the direction of weakness 

within an element is bound to affect the value of the vertical 

applied load necessary to cause eliding within it amd co as the load 

is gradually applied, to the total material a few isolated elements 

will become plastic. Those plastic deformations will be restrained 

since the material must keep on deforming as a unit in order that 

continuity be maintained° As elements become plastic, compressive 

forces in the plastic elements preventing them from deforming 

laterally as much as they would like, under the loads they carry, 

must be balanced by tensile forces in the elaetio elements, and 

these tensile stresses will eventually reach a limiting value, 

resulting in fracture. After this, rapidly increasing disorgan-

isation is to be expected and the material will disintegrate. 

For cylindrical states of stress only, Brandtsaeg derives 

c.ions of ml:Ilibrim for elastic anO. plastic 'olcmcnto in term 

of 'he degree of plasticity arrived at and these are manipulat 
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to give expressions for the principal stresses in the elements. 

By "degree of plasticity arrived at" is meant the number of elements 

which have become plastic. Assuming numerical constants applicable 

to concrete the curves of elastic element and plastic element 

principal stresses can be plotted against the degree of plasticity, 

and these show that plastic element are carrying axial stresses 

above their limiting values and so must be restrained by lateral 

compression forces. The surrounding elastic elements are seen to 

be in lateral tension and must eventually fail in fracture. For 

different sets of constant lateral Applied stress the values of 

vertical stress at which failure occurs in tension are plotted and 

these values compare reasonably well with tests on concrete under 

a triaxial stress system with the vertical load greater than the 

equal lateral loads. Brandtzaeg assumes that until some internal 

fracture occurs all elements deform alike if continuity is to be 

maintained, and so all elastic elements carry the same stresses as 

each other and all fail in tension at the same time. Hecalls the 

point at which fracture occurs the "critical point" and above this 

the deformations are beyond the scope of his analysis. He believes, 

however, that although the material will probably deform considerably 

after the critical point it will not be able to carry higher loads. 

He points out that his idealited material deforms and breaks 

down as a result .of "intra-granular" movements whereas concrete is 

much more likely to be affected by "inter-granular" movements except, 

perhaps, under high hydrostatic) loading, but he feels that the two 
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are inter-connected as the stresses adjacent to an "intor-gl-anular" 

sliding will be similar to those involved in an "intra-granular" 

sliding. Hie directions of weakness can be considered analagous to 

surfaces of weakness within concrete at the interface between aggregate 

particles end cement paste. Aggregatesr  which are basically 

crystalline, end cement paste, which is partly so, arc likoly to have 

their own internal directions of weakness as a result of their crystal 

etruotures. Re also mentions that values of the angle of friction 

and limiting Shear stress required to induce plastic eliding wore 

chosen to help the theoretical curves to agree with the experimental 

ones. The fact that such agreement existed, does not therefore 

prove the theory to be valid although he thinks it fair to say that 

it is an "argument in favour of the conceptions underlying the 

analysis.' 

4.2.1. 	Lattice Models. 

In 1956 Reinius(2)  examined information concerning the structure 

of cement paste and noted that cement gel consisted partly of crystals, 

to a groat extent needle-shaped connecting the cement particles in the 

paste. As the needles are randomly orientated, he suggests that 

cement paste can be considered as a pin-jointed lattice system which 

can be simplified to a model consisting of vertical, horizontal, and 

diagonal members. Thrusts in the diagonal members are balanced by 

tension in the horizontal members and ho suggests that failure will 

occur when the tensile strength of the horizontal member is erereeme, 

Re chooses suitable ratios of cross-sectional area betwoon the links 



47. 

and suitable angles of inclination to give a Poisson's Ratio of .14 

when the frame is analysed, and then uses the model to explain some 

concrete phenomena. The fact that cubes and cylinders under friction-

less loading fail by vertical splitting can be explained by the 

breakdown of the horizontal members, and the fact that an element 

under triaxial compression will need a Lancir vertical load to induce 

the ultimate tensile strength in the horizontal member than if the load 

were acting alone, agrees with the usual observed results. Concrete 

under biaxial oompreaaion usually requires a larger vertical load to 

cause failure as the lateral load is inoreased, and he explains this 

by stating that some tensile breakdowns will occur at early loads and 

so as the oonorete will now deform easily in the tensile direction, 

most of the load is oarried by the part in compression, and, conse-

quently, only a proportion of the applied vertioal load will cause 

tensile strains. In this way collapse is postponed. 

The curvature of stress strain diagrams can be explained by the 

gradual rupture of tensile members of the whole lattice frame 

resulting in less resistance to deformation both vertically and 

laterally and be shows that a hole in the outside of a specimen can 

induce cracks inclined at some angle to the vertical, hence explaining 

the inolined failures often noted with prisms. 

In 1959, Baker( 3)  proposed a lattice simulation of concrete from 

entirely different considerations to those of Beinius. It seemed 

reasonable to suppose that on the average coarse aggregate partiols 

could be considered to have a certain one size and be spaced in a 



DEFORMATION 

FIG.8  

aggragata 
4 particla 

stiffness ratios 

are 1:2:3 = 4:4:1 

48. 

THRUST RING  

FIG.7 

(b) 

LATTICE UNIT 

TIME 



49. 

regular formation. If a lot of equal spheres are placed in a 

container, they will pack themselves as closely as possible such 

that their centres form the corners of a series of diamond forma-

tions and Baker suggests that coarse aggregate particles in concrete, 

on the average will take up this pattern although they will bp 

separated from each other by the mortar matrix. Examination of 

one of these diamond elements makes it clear that Young's modulus 

of the combined aggregate-mortar material is higher along the 

diagonals than in the vertical and horizontal directions and it is 

likely that a "thrust-ring" will be formed taking the applied . 

stresses partly around the mortar filled voids through the diagonal 

portions of the diamond. (See Pig. 7a). Baker then remarked that 

a similar action must take place between sand particles and cement 

paste and as thrust-rings must be stabilized by tension in the voids, 

he believes that this is a reasonable explanation for the setting up 

of internal tensile forces which could possibly induce the breakdown 

of the material. Re suggested that concrete could be simulated by 

a pip-jointed lattice system, one unit of which is shown in Fib. 7b., 

consisting of diagonal, vertical, and horizontal members which results 

in tensions in the horizontal members when vertical loads are applied. 

The YOungla Moduli of the members can be calculated approximately 

knowing the grading, the Young's MOdulusAt_the aggregate and the 

Young's modulus of the surrounding cement paste, and he chooses the 

effective cros6..sectional areas of his members to be such that the 

stiffness of the diagonal members is one half that of the vortf,o474 
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and horizontal members in order to represent a typical concrete. A 

two-dimensional lattice unit will, therefore, have the diagonal 

stiffnesses one quarter of the vertical and horizontal stiffnesses, 

and if this unit has a vertical load applied to it, the ratio of 

lateral to longitudinal strain is 0.15. The paper also reports two-

dimensional lattice models made by Perera(30) using drapers,  elastic 

and with those etiffnesses suggested by Baker. The first model 

represented the cross-section of a cube and when loading equivalent 

to uniaxial compression with friction at the loading platens was 

applied, it was clear from measurements of the deformed shape of the 

model that the loci of equal member tensile strains throughout the 

horizontal members, which represent the directions along which 

cracking is likely to occur, were inclined to the direction of 

loading and shoved a pattern in agreement with the failed shape of 

concrete cubes. • If no "frietion" force was applied there were 

equal tensions throughout the lattice and vertical splitting would 

be expeatod. A test was also performed with a model of a prism under 

uniaxial load and end restraint and the loci of equal tensile strains 

Wore in a direction parallel to that of the loading over most of the 

specimen away from the ends. Perera also showed that the effect of 

the failure of a single latice unit was to cause increased tension 

in neig;abouring units such that a crack was likely to run at 450  

throng:a a. sneemen. This is used to explain the occasional incline 

feilnee obtained with prisms, as the initial failure could be due to 

e7,ight eccentricity of loading eaueing higher stresses at one point 
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of the material or could be duo to a flaw in the material. 

In 1961s  Dougill (31), used Baker,s lattice analogy to ezplain 

the fact that shrinkage due to the heating of concrete results in 

a lower crushing strength in general s  and a, higher one if shrinkage 

has only taken place olose to the surface cf the specimen. The 

effect of the shrinkage of the cement paste constituent is to set 

up tensile stresses within it s  as long as there is no bond brea%downs  

and Dougill assumed certain values of internal shrinkage strain to 

be acting at different parts of the lattice systems  and superimposed 

the stresses deduced from these values on the internal stresses 

produced by the loading. Failure was said to have occurred yhen 

lattice units reached an assumed limiting tensile stress. 

In en appendix to this papers  he discusses the failure envelopes 

of a single two—dimensional lattice unit. The envelopes are always 

straight lines and only those which assume internal tension to be the 

cause of failure show the qualitative trends of actual experimental 

results. He believes that the lattioo analogy is useful for qual—

itative examinations of concrete behaviour but that it cannot be of 

greater use because of "the limitations of the simple lattice as a 

representation of the complete behaviour of a concrete specimen." 

4.2,2. Models  ...2.--...0141trelMkatia2I12414111E. 

This group of idealized structure theories are those which 

represent deformations by means of nmehanical models. They are 

concerned mainly with deformation and tell us little abOut the 

meohanism of failure of concrete. 
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In 19439 R(32)oost 	suggested en idealied model to represen the 

fol/owing concrete Characterietioss- 

c immeaiate elastic deformation is proportional to the applied los, 

2) There is progressive inelastic deformation under eustaine 

the rate of which dereasos with time and the stains reacheq arc. 

oT a mkc.nitudo pz.opoxtionai to "kle appliea iced 	cmy on 'c'Tivo. 

2) There is an kmodiate elastic recovery on removal ofload. 

4) A relati7ely small inelastic time dependent recovev takes place 

after romoval of load.. 

These characteristics are depicted. on Yfig. 9a, and the deforma-

tion (bs) at time tp can be expressed as the sum of the elastic and 

inelastic deformations, resulting in the formula 

A - — 01, 6  7 0 	( “4 

where If is the appliedstress, ,ft60  is the elastic deformation per unit 

load on spring.1,6 is the elastic deformation per unit load on spring 

, and 0 is the characteristic of the dashpot ouch that 

If a foree.q is applied f4posing the return of the piston on removal 

of load fp the residual strain c4 at time t if the load was removed. 

,t time t is given by 	7;11 
..q.it:Ag 

1 
In 19569  Ocwan(33)  thought that Ross's model failed to show that 

if concrete is failed under a constant mte of Strain, the stress-

strain cuxvu will shrru a doecionAing portion before the spooimon is 

5216;E:17 "=3hon. Cormnve model (Fig. 9b) 	ó.ed brittle six,th5s 
• 
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each with different failure loads and this showed the required 

descending portion under rapid loading at a constant rate of st-..'ain. 

(34) In 1958,  Freudenthall and. Roll 	suggested a more comple7,7:. 

mechanical model with different elements for a variety of ooncrcte 

parameters and. observed that creep strain was only proportional to 

applied load. for stressed up to about 30% of the ultiMate load :in a 

rapid loading test. • Their modely depicted in Fig. 90  has four units 

which representt 

a) Long-time viscous flow. 

b) Viscoelastio interaction in shear of fluid and, solid parts. 

0) Short-time consolidation duo to irrecoverable Pore water. 

d) Irrecoverable deformation due to internal disruptions. 

In their model there are eight constants required, which they calculate 

from their test results. 

Several creep models of a similar nature to these are due to 

Ruotzy Pace and. Tarrajay Nielson y and Hansen and can all be found in 

reference (35). 

4.2.3. Theories  for calculatIngjoD,Ws  Modulus. 

Theories of deformation which attempt to predict Young's Modulus 

for concrete are of interest in that they recognise its heterogeneous 

nature and try to explain its elastic longitudinal deformation in terms 

of the Young's Moduli of its constituent materials. 

In 19469  La, Ruo(36)  suggested ths formula 

Ci- p. ue: 4 
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where 20a  is Youngs Modulus for concrete, E that for stone, and 
G 

1-2 '02  a, are constants determined_ by his tests to be 5.875 10 

0.08, and. 0030, respectively. The 'value of the constants must depend 

on the proportions of stone in the mix.  as his results suggest the 

maximum possible value of EG  to be 5.875 z 10
6

9 which is too low, 

In 3_960, Hanson(37) suggested the formula 

t 1.7F 	V't 

	

Ec 	E4.9  

where V renresento a volume per unit volume of total material and the 

• suffices Spit represent.soft material and hard material respectively. 

This formula was derived by considering the concrete to consist of 

layers of hard and soft material lying perpendicular to the direction 

of application of load, which implies that stresses are the same in all 

parts of the material. The formula 

	

Bc:al 	V4B4 

was derived assuming that the material consists of layers lying 

parallel to the direction of loading and therefore all parts of the 

material are assumed to undergo the same strain. He compared the 

measured results of many experimenters with his theoretical values and.  

found that good agreement was obtained for concrete with the first 

formula unless the volume concentration of aggregate is very great. 

For concretes,,mortar is considered as the soft material and coarse 

aggregate.as the hard 

It wnuld appear lilly,: however, that as long as there in con-

tinuity" throughout tilt etrtioture )  a better approximation fo:;. 1;12 
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material will be a combination of these two idealized states. 
t 38 

In l956 Dantu ' had obtained similar formulae and had elso 

incorporated Poisson's Ratio of the constituent Darts but he had 

decided they were fundamentally in error even though they appeared 

to work reasonably well in practice because by putting 344,= 

having air voids instead of coarse aggregate, in the first formula 

Ec. becomes zero which cannot be true in praotice. This is the 

formula which works quite well for real concrete but because it is of 

limited application it seems there must be other factors which are of 

importance in finding the true formula, From.a practical vioupointp 

this formula is nevertheless of use in determining the approy.imate 

Young's Moduli of most conoroto mimes. 

In 3-9625  Hirsch(39) realised that, the bond between aggregate 

and paste is .a major factor in the distribution of stress within the 

material and one of the reasons why the above formulae are funda 

mentally unsatisfactory and he expressed a formula for the combined 

material in the form 

vz 	TT 	yD  --÷ 
1.  

2 

where KI  and K.xare constants due to the influence of reetraint at 

cement—aggregate interfaces. K 4  and K2,. arpfactors such that the 

average stresses in the stone and cement pastea:ce Ti. and Y.-.0imes the 

average concrete stress :respootivoly and 
	

thc,refore interdependent 

.7.Q6 win be emb*dica &21 
	 A31 he firAs cmpirica1i 

f:ym hie toots on wide range s 	1!.!-,o6ment betymen 
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ana axperimental values F:?:e found to be withilp 10. 

A.3. 	loresconio View. 

4.3.0. 	Griffiths T,racture Theory, 

In 19212  Griffiths(40) postulated his theory for the stress 

necessary to cause cracks .at the edges of flaws in a.brittlo material2  

of a siss greater  "than the radius of molecular action. The potential 

energy of any elastic solid body is a minimum if the body is in eqUil-

ibrium ana so it follows that at the occurrence of a rupture th. 

potential energy must remain the same or decrease for equilibrium to. 

be maintained. Thus at the extension of a crack the released strain 

energy W2  must be greater than or ecual to the increase in the free 

surface energy of the crack U2  and hence the limiting condition that 

a, crach-of length 2c may extend. is given by 

()'s  
Now U. 40T2  where T is the surface tension of the material and an 

expression for W 

w 	3-7.) 	2  

was calculated for a plane stress or plane strain system containing 

a narrow crack such that "the principal. stresses in the plane Of.the. 

plate at.points far from the crack are respectively parallel and 

perpendicular to -the line of the crack and are thesamo at all -such 

points." 

.•i. •..- (lase 	strain2  and 	-y)/( 
PoiFizon,  Ratio of thr:, 	ara A :i.E; the 
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principal tensile stress at points far from the crack and'porpondiour- 

lar to the direction of the crack. 	is the Modulus of Rigiaty. 

Performing the differentiation led to the expressions for the

of R necessary to extend the crack:- 
	 2p.ZW0iiifICEIO*0 

--/(1A-r0TVG) for the case of plane stress. 

--it2Erlioric) for the case of plane strain. 

This work applies to brittle fractures only and is limited by 

the difficulty of performing the energy calculations for more complex 

states of stress and for concretewould be further complicated by its 

non homogeneity. Nevertheless, this approach is of importance in 

that it considers the effect of molecular interaction at crack sur—

faces and as these surfaoe tension forces can be considerable, they 

are of fundamental significance in the study of fracture of any 

material including concrete. Griffiths performed. an experiment 

which demonstrated the strength of these forces. He tested some 

thin glass fibres in tension and found them to be extremely strong 

and much in excess of the extra strength which might be predicted 

statistically because of the small cross section. It'appeared that 

the surface tension was playing the dominant role in keeping the 

fibres intact. 

42321 2...yztastEuiaa)a has very limited application in 

the study of failure in that it merely explains statistically why 

smaller specimens are stronger than larger ones in any type of test. 

This phenemo.non has bean noted by many observers, ana Frankel(41)  

showed on the basis of 90 flexural tests that the stxen,zth of 
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13•1;t1njy.1 oneiLf tht of 

ono fifth its 0i20. Statiotionl work has boon on on thiu 

Yucico,,(42)  and Weibull(4) who have formed equations to calculate 

the probability of failurs .01volumeO of concrete in terms of the 

lowest possible failure value. mho lowest possible valuo. w-01116. be  

the strength of a unit volume of concrete containing the flaw which 

would give the worst stress concentration possible, and obviously as 

the volume of concrete increases the greater is the probability of 

there being such a unit in it. 

4.4. Discussion and Summary. 

It ±13 obvious from this survey that the mechanism of deformation 

and failure of concrete is a long way from being properly understood. 

Every theory has been forced to rely on great simplifications of the 

material and it seems reasonable to argue that only when the structure 

and behaviour of all constituents of concrete and the interactions 

between them are fully understood with the desired single theory 

explaining all deformations and failure characteristics be arrived at. 

The following paragraphs consist of a discussion of. past work 

and the merits of the different approaches towards finding the 

ultimate theory. 

The basic objection to the Macroscopic Group of theories is that 

they are not concerned with the internal structure of the concrete 

and theories of deformation include the treatment of the material as 

plastic to explain the lessening gradient of the stress—strain curve0 

We know that concrete in the "plastic" zone is emtensivey crad.kea 

and cannot be a true plastic material. The failure theories all 
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treat the material as homogeneous and so any conclusions reached, 

about which theories are valid for concrete and which are not, are 

only reasonable for concrete considered as a homogeneous material. 

It could happen that when real internal stresses and strains• are 

considered, completely different conclusions might be arrived at.. 

For instance, on a macroscopic scale the theory of maximum tensile 

strain has many anomalies to explain, but when the positions and 

quantities of aggregates in the cement paste matrix are considered, 

it is very difficult to be sure that the maximum tensile strains 

within the cement paste are not the same for two different mixes, 

even though the maximum tensile strains of the two concretes differ 

on a macroscopic scale. The same considerations can apply to 

identical conoretes under different load systems. The reason for 

picking on the maximum tensile strain theory for this example is 

because concrete is the oily brittle material which appears to be 

• at variance with the theory and it might well be that the 

breakdown of cement paste, which is the basic constituent of - concrete 

might follow a law of maximum tensile strain. • Nevertheless, even 

if this were so, a complicating factor within concrete is the bond 

between aggregate particles and oement paste. If bond failures 

tend to occur before paste failures, then clearly this is the most 

important property of concrete, and the intornal otrosses•at,yhich 

they occur should be investigated. The final disintegration, of 

tvlx, place throxls11 the Gcmont :0nrtUi. 

It seems impo2:tant to ethphasise that when Goner:etc is eonsAo-:-:o6_ 
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at an inter-particle level in this way, the internal stresses and 

strains are much closer to those actually in existence within the 

material and are unlikely to be at all similar to internal stresses 

and strains deduced from external loading if concrete is assumed to 

be a homogeneous material. 

The Maximum stress and maximum energy theories are in any case 

disproved for brittle materials so are not likely to apply even 

internally. They have been shown to be inapplicable on the macroscopic 

scale. 

The Mohr failure theory is rather suspect for concrete since 

many examples of failure are clearly not due to sliding even when 

stresses other than tensile ones are applied. It is possible that 

the many inclined failures, apparently due to sliding might be a 

secondary.effect due to the method of test. Mohrls theory gives 

curved failure envelopes for triaxial tests which means that the 

angle of friction in the material is dependent on the loads and 

cannot, therefore, be a fundamental property, and the theory has been 

shown to be meaningless for biaxial tests in the compression-compression 

and tension-tension segments, since it is impossible to draw a failure 

envelope. Because a biaxial test is only a special case of triaxial 

test, this is a major criticism. The fact that the intermediate 

principal stress is ignored is the reason for this and it does seem 

unreasonable that. in the two segments mentioned the lesser of the 

apaica steer oe j2: without effeot on the failure load.. 

The mmaininE =LToseopic theories 07:oress their failure criteria 



62. 

for epecimene tested under combined states of stress in terms of 

octahedral stresses, applied stresses, and maximum shear .and 

normal stresses. The octahedral stress theories embody the inter-

mediate principal stress, but it has been shown that criteria expressed 

in terms of octahedral stresses and maximum shear and normal stresses 

are graphically insensitive. That is to say, that although fitting: 

experimental results in those terms, they will often be completely 

different from the same results in principal stress terms after being 

transformed into those terms themselves. It has been shown that 
• 

these criteria can also show stresses to be allowable which experiment 

had shown to be not the case. 

It is fairly evident that no theory on a macroscopic scale is 

likely to provide the ultimate answer. 

The engineer, however, is more interested in the overall 

behaviour of concrete under complex loading arrangements rather than 

in the detailed inter-particle reactions and this is why so much work 

has been done in this field. 

The idealised structure group, in spite of their great simplif-

ications of the true material, are an advance on the macroscopic 

group in the search for a comprehensive deformation and failure 

theory in that they try to account for the heterogeneity of concrete 

and are as much concerned with deformation as failure. Brandtzaeggs 

theory shows how tensile splitting can be attune an a result of 

v!edginE • -,tion of ".olarltie" zones within the material. 	He 

that there will be randomly orientated planes of weakness but nis 
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analysis is limited to cylindrical states of stress, and if elements 

of different stiffneeses were to be introduced, and planes of slippage 

with different coeffioients of friction, as well as a variety of stress 

combinations,' the analysis would become enormously complicated. 

Within its limitations, however, the theory predicts concrete stress-

strain curves quite well and also the trends of failure curves of 

biaxial and triaxial results. 

The lattice theories of Reinius and Baker make the assumption 

that failure occurs in the tensile members of their lattice systems 

and as the idea of a maximum internal tensile strain has been ,found 

to be possibly useful, their assumption is not unreasonable. The 

tensile failure could occur in the aggregate, the surrounding matrix, 

or in the bond between them. In Bakergs lattice theory the quantities 

and properties of the constituents are partly determinative of the 

relative stiffnesses of the lattice members and to this extent the 

theory is an improvement on Reiniusls theory in which relative 

member stiffnesses are chosen completely arbitrarily.• The lattice 

systems, being pin-jointed and discrete are a long way from being a 

true representation of concrete. and it is likely that their uses will 

be limited to qualitative explanations of concrete phenomena. It 

seems reasonable to supposep•however, that if the lattice approach is 

found to give good explanations of all concrete phenomena, then this, 

is indicative that some sort of breakdown occurs within concrete in 

directions parallel to those lattice members which are in toneion. 

The models representing creep deformtions do not edri664 
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themselves with the mode of failure and were designed to represent 

the overall behaviour of concrete under loads applied for finite 

periods of time and are useful for this purpose. They were never 

intended to explain the detailed method of deformation and breakdown. 

The understanding of the mechanism of creep is, however, of obvious 

importance to the subject and tho.creso properties of cement paste 

need to be understood and the mechanism of formation and spreading 

of cracks at aggregate paste interfaces as well as within the paste. 

Theories for calculating Youngs Modulus, though useful to 

designers, are limited in scope and. limited by the lack of under—

standing of the effects of bond between aggregate and cement paste. 

It seems very probable that the understanding of the behaviour 

of concrete on the fundamental level is essential if the problem is 

ever to be solved, and Grifathsls crack theory is the only one which 

involves the recognition of molecular forces in quantitative terms. 

Griffiths,s theory, as it stands, only applies to a homogeneous 

material and can only be applied for simple conditions of stress, 

but ultimately it may be possible to analyse the deformations and 

stresses within concrete in some way and apply some such fracture 

theory as Griffiths's to predict the onset of cracking. 

It would appear, then, that the ideal approach is to study the 

fundamental make-up of concrete on the smallest scale, and , hence 

build up a picture of what will happen to.  the total material under 

100.0 The macroscopic Rppr e,ohq  although the oimplost to deal with 

=po2imcntallys  is the opposite of this. and it is impossibl4 .!;o 
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work backwards and deduce the fundamental properties while thinking 

of the material as homogeneous. The idealized. internal structure, 

which considers concrete on a more fundamental but nevertheless very 

"tangible" level can also be dealt with experimentally, though with 

more difficulty and uncertainty, but suffers from the same disadvantage 

of it being impossible to work backwards to a still more fundamental 

level, without thinking on a smaller scale. 

Nevertheless, the idealised structure approach is on the same 

scale as the mix designer uses and an approximate criterion of failure 

derived from this approach would be of practical application to help 

him design stronger mixes, in the same way as an approximate criterion 

of failure on the macroscopicscale (if one could be found) mould be 

of benefit to a structural engineer. Because of the more funda-

mental nature of the internal structure approach, it is thought 

this would give a closer approximation to the true criterion, and 

it can then.be easily used to predict macroscopic behaviour. 
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CEITTERJ. 

SCOPE OF MPERIAEWAL WORK. 

a0. 	T rod 7etiono 

The tests have boon designed in an attempt to gain information 

on the effect of inclusions in a softer matrix and to study the effect 

of varying some parameters on the Young's Modulus and. Poisson's Ratio 

of cement pastes, mortars, and concretes. From these tests it is 

hoped to be able to deduce something of the internal deformations 

of concrete with a view to testing the reasonableness of the lattice 

assumptions and to see if it is possible to satisfactorily deduce 

lattice member stiffnesses from a knowledge of the mix proportions. 

This chapter consists of an outline of the specimens andemodels 

used and the tests performed on them. The serial numbers of the 

tests are identical with those used in the following chapters when 

discussing or referring to them. 

5.1. Test I. 

These are deformation tests on models consisting of white iron 

balls oast in cement paste o± water cement ratio 0.3. 

a) The overall lateral deformations of 12" x 4" z 4" prisms were 

measured in a vertical plane along the length of the specimens tested 

in uniaxial compression, hence obtaining the overall lateral deforma—

tion of a vertical section. 

A cement paste prism was compared with fto prisms containing 1:L." 

diameter balls aTrangsd at ak" centres in the vertical and. horizontal 

c4reetione. The models are such that there are fonir spheres et ffie 
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mid height of ono prisimand one sphere at the mid height of the other. 

Fig. 10 shows the arrangement for the first prism. 

b) Identical specimens to the above were made and the lateral 

deformations of the horizontal mid. height planes were examined at 

several positions across the planes. 

c) A single prisms  identical with that shown in Fig. 10 was made 

and the vertical deformations of the central vertical section of the 

prism were examined. 

d.) The lateral deformations of mid height planes of some 4" ()Jibes 

containing white iron balls were compared with those of a cement paste 

cube. 

.2. 	Test II. 

These are tests on cement pa toss mortarsp and concretess  to 

examine the effect of min proportions on Young's Modulus and Poisson's 

Ratio. 

a) A mortazr• prism was made in order to find out what effect the 

position of the vertical gauge had on the measured Young's Modulus. 

In subsequent tests it was known it would be impossible to place this 

gauge symmetrically about the mid height plane, hence necessitating 

this pilot investigation. • 

b) The tests in this section were all performed. on 12" high 

cylinders of 4" diameter. 

(i) Cement paste cylinders with various water cement ratios. 

vn.04rpr Elqnet Golq-11."6 1—x.or  

relion urolc: tva;Uonle GruleA Tbrmn MIATRivnr natIC 
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(iii) Ooncretes using a fixed mortar of sand cement ratio, 2.5, 

and water oement ratio, 0.5, with VaTiOUS amounts of Thames Valley 

River gravel as coarse aggregate of ii";" maximum sloe and 3/16u minimum 

size. 

i.3. 	Teat  

These are "two-dimensional" tests on two-phase materials 

consisting of 2" diameter rubber disos sot in a matrix of softer 

rubber and usually bonded with a rigid glue. All the models are 

im thick. The tests are designed to give an indication of the 

distribution of stresses within the soft matrix. between the discs. 

a) A 30" x 30" model was made of a natural black solid rubber 

containing the 2" diameter discs -inserted at 4.5" centres in the 

vertical and horizontal directions. 	(See Plate 8). The deformation 

of the soft material was examined between the discs at the centre of 

the model. The discs were unhanded. 

b) With the discs bonded in the same model the deformation was 

examined at the same place and also at a corner of the model close to 

the loading edge. 

c) The soft matrix this time was a synthetic silicoile rubber and 

the model, 30" m 10", represented a prism. Deformations were measured 

in the central space between discs at 309" centres in the vertical and 

horizontal directions and bonded to the silieone rubber. The discs 

were the same ones as those used in previous tests. 

d) The fourth model was similar to that in c) eioopt for a 

ETaoinfs of 3.5" between disoc and aefomationo were measure in the 



same place. 

5.4. Appendix. 

The following miscellaneous tests were performed which tend to 

be isolated and therefore unsubstantiated, but as they give informa—

tion concerning the deformation of concrete, they are thought worth 

recording, and are given in appendix E. 

(i) A comparison between the measured Young's Modulus and Poisson's 

Ratio was performed for mortar and cement paste prisms and cyflnders. 

(ii) Several concrete prisms were tested to failure with vertical 

and lateral strains recorded praotioally until complete breakdown of 

the specimens with the mirror extensometers. 

(iii) Speoimens with one size sands or using Bridport gravel as 

coarse aggregate were tested for their Young's Moduli and Poisson's 

Ratios. 

(iv) Crushing tests of some 4" oubes containing various types and 

quantities of both idealized and normal aggregates were performed. 

(v) The Young's Modulus and Poisson's Ratio were determined for 

each of two mixes of*" dia. iron shot set in cement paste of 

W/C — 0.3. In one mix there was a moderate quantity of shot and 

in the other as muoh as could be packed in under continuous vibrating 

and tamping. 

Appendix D. consists of the tests to find Young's Modulus and 

Poissons Ratio of the natural and silicone rubbers of Test III; 

Appendix C. sets out the results of the tests on a steel cylinder of 

the same size as those of Test II for different settings of the gauges 
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and also the results of -tests on a concrete cylinder with plain ground 

ends and plaster of paris oapped ends. 

Appendix A. gives all the measured results of Test II and 

Appendix B. is the computer programme used to process those results. 
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CEAFT.ER 6. 

DESCRIPTION 0 
	

FACTURE OF MOnELS AND SPEOLIENS, Alp 

DETAILS OF APPARATUS, 

6.0. 	Introduction, 
•Muftvelua2t....-scetAx-al vnpra.sirten .c* 

Tests I and TI involve the manufacture of cement -pastes, mortars 

anel cone:To:6es ana the manufacture of these is a000ribsd first. This 

is followed by the techniques of placing iron balls in the models of 

Test I  and of making the rubber models of Test III, and finally the 

testing apparatus and measuring equipment is described, 

6.1. Manufacture of  Cement Pastes, Mortars and Concretes. 

6.1.0. Materials. 

Ordinary Portland Cement was used throughout, and the majority 

of mortars were made using a continuously graded Thames Valley River 

Sand (Fig, 1), with 100% passing the 3/16" sieve. Most of the con—

cretes used Thames Valley River Gravel as the coarse aggregate with a 

maximum sire of -Rof whicRIA 	retained by the ti sieve, and a 

few mixes were made with Brid.port Gravel of 4" maximum size and of 

t maximum size. 

Idealized aggregates used, consisted of variolas sizes of white 

iron balls, which were castings of a rough texture and only approxf-

imately spherical, and some *" diameter smooth iron shot. 

6.1.1._ Batqhing. 

This was always done by weighing, care being taken to ensure 

when weighing out a. quantity of eater the empty container had 

boon wetted on the inside when obtaining its tare. 
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It was assumed that the Thames Valley River Gravel would absorb 

1.5% of its own weight of water, the sand, 1.0%, and Bridport Gravel, 

0.5%. These are twenty—four hour absorption figures and are baped 

on the results of previous work at Imperial College by Newman(45) 

Sand and aggregates were always weighed out the day before oasting 

and left fully immersed in water to absorb their maximum amount until 

shortly before mixing, and then sufficient water was poured away so 

as to leave the required quantity to give the desired water cement 

ratio. 

6.1.2.  Nixing.  

The mixing of cement pastes and mortars was carried out in a 

2/3 tuft. mixer which was dampened before use, to avoid losing some 

of the mix water, which would otherwise have been lost in wetting the 

dry bowl. The ingredients of a mix were fed into the bowl a little 

at a time with the paddle rotating at its slowest speed, and when all 

the materials had been fed in, the whole was mixed for five minutes, 

with the paddle rotating at its maximum speed for stiff mixes, and 

at the intermediate speed for wetter ones in order to avoid splashing. 

As thorough mixing is not likely to be as diffioult to.obtain with a 

wet mix, it is considered that mixing for the same time but at a 

slower rate is justifiable. It was also found inadvisable to mix 

more than 1/3 ou.ft. at a time because the high speed of rotation of 

the paddle forces material up the sides of the bowl and there is 

CT w, 	of ovempilling if EMT than this zimount is nlilroft. DLtri 

subsocimmt fill3.11L- of tho moulds tho matoy2ial was contnnally boinc 
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first 24 hours. After this they were removed from the moulds and 

immersed in a water tank with a controlled temperature of 68°F+ 2°F 

until required for testing. Blue crayon was used to mark tho 

opocimens after removal from the moulds so as to avoid. possible 

confusion as to which mi was which when they oath° to bo tested. 

6.2. Tjanufacture of Test T Specimens. 

These arc the specimens of iron balls cast into cement paste. 

The paste3 used in these idealized models of concrete was of water 

cement ratio 0.:1, and had a thick; gluey consistency. The moulds 

were fills& with the paste up to about 	from the to and this uas 

vibrated to romoVo as much air as possible., The white -iron_ spheres 

were then individually placed on the exposed cement paste surface 

and pushed down to the required depths with a thin rod. A simple 

depth gauge was used to position them correctly. 

Ii; was hoped that the cement paste would flow sufficiently to 

fill the void left by the passage of the sphere through it, although 

some help Vas given by hand. Vibration was out of the question as 

the spheres would have sunk iimediately to the bottom.:  The first 

trial model vas broken up and as no evidence rue found of any voids. 

adjacent to a. sphere, it was assumed that the method was satisfactory. 

slight inaccuracies' in the positioning of a sphere and its possible 

slight movement under the notion Of its ow! weight before the cement 

paste. had stiffenedsuffioionflyi accounts for the fact that the 

6;comieal ttona 711en the m-edels 

WOrD breksria .2:04 
	yt 15 )2!t1.matoa that the centre of a sphere .‹;01.10_ 
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be up to am out of position but this is not of great importance in 

the tests performed where overall strains aoross a whole cross section 

were measured. 

The spheres were arranged as in Fig. 10 at each corner of a 

series of "diamond shapes" for the prisms and the arrangement in a 

cube was identical with that of the middle third of the depicted prism. 

6.3. Manufacture of  Rubber Models. 

6.3.0. Two Phase Ustural Rubber Models, 

Tests ,ilia and IIIb were performed with models consisting of 

2" diameter, *" thick discs of a rubber of Younggs Modulus 580 psi 

and 70°  Shore Hardness, set at 4-fr" centres in the vertical and 

horizontal directions in a matrix of a softer rubber of Youngs 

Modulus 90 psi, and 35°  Shore Hardness. The materials were supplied 

by "Vulcasoot Ltd." who had bored, out the 2" diameter holes in the 

soft rubber. These figures are only approximate as they varied 

according to the stress on the rubber. 

For Test lila, the aisles were plaoed in the holes and left 

unbonded while the model was put into tSnsionl . but in Test Ilib, an 

adhesivellS 2704 was first tried as a bonding agent. As this proved 

to be of a very elastic nature and quite unlike the brittle bond to 

be expeoted between aggregate and cement paste, it was discarded. 

An attempt was then Made with MB 2705 4% of catalyst N 27 as 

a bonding agent and this was found to have no visible expansion of 

ito own and 20 was thought satisfaetony. This adhesive is supxaid_ 

by "LAdiand Silicones Ltd." and was painted, on to the outsides of the 
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discs and the insides of the holes after those surfaces had been 

treated with a degreasing agent and rubbed with emery cloth, The 

adhosive•was then given roughly 45 minutes to dry, before the discs 

were placod in the holes and. the soft rubber pressed hard against 

them. all around their perilasters in an effort to give all round 

uniform bonding. 

This ideal proved to be impossible at the first attempt and a 

day later it was possible to detect numerous places at which there 

was little or no adhesion. A fresh solutiOn of MS 2705 i- 4% N27 

was accordingly made and drops of it were liberally applied to all 

the weak spots by opening up these spots with some thin instrument 

and pouring the adhesive into the gap. A day after thisp-the 

model was turned over and the process of filling in weak spots 

repeated. 

Maximum bond strength with this adhesive is obtained after 

four days and so. after commencement of bonding about a week was 

required before the model could be tested. It should be mentioned 

that even after carrying out the above bonding processes, there are 

likely to be weak spots', because although there might appear to be 

.complete bonding all round the perimeter of a disc and on both of 

its.  sides, it is impossible to know whether it is complete at some 

point between its sides. Nevertheless, the discs were only i3,  

thick and so it is thought that such weak areas were bound to be 

sumll. 

Hardened adhesive left on the lurfac.2. of the ,..;,1,2del was easily 
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removed by scraping. and peeling, and•bride Were drawn, in selected 

parts of the model for the nuxposes of measuring deformations under 

load, with white ink, a pen, and a straight edge. 

The method of applying load to the model was by four 112 lbs. 

.Spring balances and is depicted in Fig. 12. Pilot tests on bond 

strength of the adhesive had indicated that stresses of 80 lb/sq.in. 

might be withstoodby the model but these tests Wore on small 

specimens and in the event bond failures began to occur at stresses 

of the order of 10 lbisq.in., probably because of weak links in the 

bonding, and although better bond strengths wore obtained with the 

later silicone rubber models, the silicone, rubber itself failed at 

about 20 lb/sq.in. This means that such strong balances wore 

unnecessary and weaker, more sensitive, ones would have given more 

accurate readings of load. The bonding plates-A, of Fig. 129  were 

attached to the model using MB 27054- 4% H27, which was applied to 

all degreased bonding surfaces. ..After being allowed to dry for 45 
minutes the bonding surfaces were pressed together and loft over-

night With weights on the uppermost plate, in .order to apply . 

continuous pressure-between the bonding surfaces. 

6.3.1. Two Phase Models using Silicone Rubber. 

Tests III° and Ind wore on specimens 34" x 10" m 	and the 

soft matrix was of silicone rubber. The discs were the same natural 

rubber once of the previous tests and the teohniqueo of bOnding 

s 

idth those nr,viouely deocribed inoluding tho Use of 
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the same adheave. 

The silicone rubber (Ii o. 9161), supplied by"Midland Siliconea. 

Ltd.," is in a liquid form, which begins to harden after the addition 

of catalyst N9162. -  • A mould of i=" depth was made, using hardboard 

with its smooth surfaces forming the inside surfaces of the mould 

and the required positions of the discs were then marked off in 

oencil. The mould surfaces were next very thinly coated with a 

liquid soap and the discs placed in position in the mould and lightly.. 

held by a little grease placed on their undersurfaces._ It was 

important to ensure that the mould was level, in order that the 

liquid rubber would not run and result in a model of vneventhick—

nese. The mixture of MS 9161 .1- 1% of catalyst N9162 was well 

stirred and then immediately distributed in the mould' via a glass 

funnel in the second case and directly from a small scoop in the 

first, at many positions, in an attempt to secure an even distribution, 

although the material itself, in spite of its highly viscous nature, 

flows sufficiently to give a finally even surface. The second model 

was completely successful but there were irre6ularities in the first 

caused by the quick setting of the silicone rubber before it had had 

time to flow to an even level all over the model. It is thought that 

this must be attributed to a weighing error resulting in too high a 

percentage of N9I62 in the mix. 

During the first two days the silicone rubber, although set, is 

quite scft and vary easily torn, and. it is 91:71,-1.sRble when rcmoving 

caro-Zul during this 



83. 

period. The wooden strip which formed the edge of the mould was 

worked loose and gently pulled away from the silicone rubber adhering 

to it. Working from one corner, loosened by hand, a large knife 

was put under the model and carefully used as a lever until the 

whole model had. been gently peeled off the base of the mould. 

6.3.2. 	Rubber Properties. 

Test specimens of the two silicone rubbers were made at the same 

time as the models and metal grips bonded to their ends with MS 2705 + 

N27. From samples of the natural rabers supplied with the model, 

test specimens were also made. The four specimens were tested in 

tension and their Young's Moduli for all specimens and Poisson's 

Ratios for the silicone rubbers found, by measuring the distance 

between marks on the specimens with a cathetameter, at increasing 

loads. See Appendix D. 

One advantage of casting the soft rubber matrix is that it will 

take up the exact shape of the discs and be without the slight lack 

of fit evident in the previous model. Nevertheless, the silicone 

rubber will not bond with the natural rubber discs by itself, and 

so these were numbered and marked so that they could be .:=returned to 

their appropriate places, during bonding, in order to utilise this 

advantage as much as possible. 

6.4. Iamb's Mirror Roller  Extensometers. 

Throughout Tests I and II, Lamb's Mirror Roller Extensomoters 

were us0, for measuring stY:ainm and the following desorbos their 

ino.de o. o T)-mtion. 
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During Test II both lateral and longitudinal strains were 

measured simultaneously, mainly on cylinders of 4" diameter and 12" 

high under uniaxial load, and so a lateral and longitudinal gauge 

were fitted on to the specimens each time. Plate 2 shows a plan 

view of the adjustable gauge length lateral extensometer; the two 

points of contact with the specimen are labelled A and B. B is 

fixed, and as A is pushed ou.t with the expansion of the specimen, - 

the mirrors are seen to bemused to rotate in opposite senses by the 

turning of the rollers sandwiched between the moving and fixed parts 

of the gauge. In the torts, two perspex scales of length 120 cms. and 

graduated in centimetres and millimetres were illuminated from behind 

by two four—foot strip lights and were placed at distances of 30 ft. 

and 30 ft. 6 in., respectively, from the mirrors and viewed through 

fixed telescopes via the mirrors. As the mirrors rotate, due to the 

deformation of the specimen, different readings of the scale will be 

seen in the telescope cross wires and the change in scale reading can 

be related to the movement of the rollers and hence the movement of 

the specimen. In Plate 3, can be seen the 8" gauge length vertical 

extensometer set up on one of the standard cylindrical specimens. 

There are four sharp and hardened grips, which dig just into the 

surface of the concrete as the horizontal tie bars are tightened, 

and as the concrete contracts or expands longitudinally, the two 

gripe on any one'side are caused to move relative to one another, 

f.:!a%.sing a rotation of the rolloro and hence of the two min?w:,  

the) opposite sense to one another. The reading of a scale siefnxeu 
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through thocross wires of a telescope via the two mirrors will 

change as the mirrors retts. 	See Fig. L3. Tile vertical szteneom-

eter records the average movement of the twr) sides of the specimen 

and, therefore, any eccentricity of loading. causing differential 

strains is unimportant as long as no paemature internal breakdown 

occurs e a result of it, 

kmovemont of the concrete is given by the product of one quarter 

of the average roller diameter and the corresponding change in scale 

reading, divided by half the distance between the mirrors added to 

the distance between scale and mirrors. For scale distances of 

approximately 30 ft. it is found that a change in reading of 1 mm. 

on the scale coiresponds to a strain of 0.85 x 10-6 for the 8" gauge 

len -b. vertical extonsometer, and of 0.42 x 10-6  for the lateral 

extonsometor. The four inch vertical gauge length extensomotor 

used in Test Ie has a sensitivity of 1.03.11: 10-6 for a 1 mm. scale 

deflection. An a change in reading of 1 mm. is vary easily detectable, 

it is f'ir to say that strains of the order of 1.0 -lc 10-6  are easily 

detected with any gauge. The sensitivity can be further improved 

by increasing the scale distance but this is only of any gain if it 

is still eau-  to read the scale to 1 mm, aocuraoy and with the scales 

and telescopes used in these tests the increase in scale distance would 

have been hardly justified. 

The temperatuto of the laboratory .variel within a few deg cos from 

(77 to e.T.y Imvtc. thi-  effect of this 1st ht wollor 0.5.::,Y.te'po and. the 

Gauge lonGth of 'tai, oxtonoometera makes only an infinitesimai 
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difference to the calculated strains. A charge in temperature 

during the test itself is, however, of greater importance as changes 

in length of the moving parts of the vertical extensometers and the 

horizontal bars of the lateral extensometer are directly reproducible 

as rotations of the rollers and hence will directly measure an 

apparent strain in the concrete. The error will be slightly offset 

by the change in length of the concrete itself, and so the difference 

in coefficient of linear expansion between the metal of the gauges 

and that of the concrete will almost exactly be the strain error 

recorded for a temperature change of 1°.' The 8" vertical ex-

tensometery made of steel, has a difference of coefficient of linear 

expansion to that of concrete of the order of .000004 per e,,and so 

this will be the size of the error should the temperature change by 

this amount during-a test. The strains recorded:  with this gauge 

are of a total amount of the order of :000300 and so the error is 

approximately 1i103. The error for the lateral gauge is of the order 

of .000004 in a: total strain of .000060, which is approximately, 6% 

and so this gauge is the most seriously affected. 

The total tiro that readings were being taken was of not more 

than five minutes' duration for (moh test and although the air 

temperature could change by one degree in this , time, it is doubtful 

whether it would under normal circumstances. 

It was thought advisable to take the gauges out of their boxes 

some time, 1..ofore use 	that they coulrl taInf) up the room tempe:rpt,=-1. 
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Setting up of Lambs Mirror Roller Exteneometers. 

For Test Tl, both the 8" vertical and the lateral extensomoter 

were mounted on the specimens and the appearance of the complete set-

up is shown in Plate 4. A preliminary test had shown that the position 

of the vertical gauge was not critical (See Table 8) unless one end 

of it came fairly close to the end of the specimen, and as it was 

impossible to place it symmetrically without interfering with the 

lateral gauge, which had to be at the mid height of the specimen, 

it was always situated 	below the symmetric position. 

Before mounting, it was thought advisable to check that the 

movement of the rollers for both extensometers was smooth and effort-.  

less and if necessary this was corrected by removing dust from the 

rollers and their bearing surfaces and by adjustment of the springs 

in the case of the vertical extensometer. 

Before a specimen, was placed in the testing machine, the 

positions of the grips for the vertical extensometer and the mid 

height of the specimen were marked with pencil on the surface of the 

concrete, and the vertical extensometer mounted in position with the 

pins in so as to keep the distanoe between the grips oonstant, and 

the mirrors removed to avoid possible damage in the subsequent 

moving of the specimen. 

It was not thought advisable to tighten the tie bars to their 

maximum as this induces a large pressure between rolling and bearing 

surfaces, but :Lt was neceary to ensure that they wore tight snouGh 

so that any tendency of the grips to slip on the conorete as it was 
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ARRANGEMENT OF VERTICAL AND LATERAL EXTENSOMETERS 

FOR US,: SlULUNEOUSLY. 
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deformed was avoided. This will not happen 	the gauge remains in 

its place when a gentle but firm attempt is mado to move it on the 

specimen by hand. 

The speoimen;  with the vertical gauge now mounted, was next 

placed in position in the machine such that when the mirrors were put 

back on to the vertical e:Atc,nzometor rollers;  their planes ware per-

pendicular to the line connecting their centres and the scale, and 

the head of the machine was brought down and clamped in contact with 

the top of the specimen. 

The lateral extensometer was next separated into two parts 

which wore arranged around the specimen, re-assembled9  and clamped 

by moans of the locking nuts, 09  (Plate 2), so that the distance 

between the bearing points, A' and. B9  lass slightly greater than the 

diameter of the cylinder. As oan be seen in Plate 4, the mirrors 

are arranged to be beneath the gauge and their positions were adjusted 

so as not to touch the tie bar of the vertical extensometer. 

At this point, its supports, consisting of rubber bands attached 

by a metal hook to an adjustable length loop of cord were put on all 

four corners and the loops placed over hooks specially mounted on the 

head of the testing machine. Plate 5 shows the method of supporting 

the lateral extensometer. The loops of cord wore then adjusted so 

that the gauge was horif,ontall  at mid height, and not touching any part 

of the vertical extensometor. The knurled screw D (Plate 2) was then 

tv.Tno. to brino both A and B in contact with the r3proimen ana 	a 

mol'e to put some compression in the sprint; E 
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METHOD OF SUPPORTING 121it, LATFARATi EXTMOLIASTER. 

PLATE 5. 
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Tt was now nenesnna7 	arrange tho mirrors ana telosoepos 

theA; the scalr:s wore vji3ible iAlrough them. 	It was :Founa easier to 

place the eye on a level with the mirrors ara adjust the two hijrors. 

for each gauge until the image is -seen after reflection through 

both9  and. then to mount the telescope at the samo level as the mirror 

being sie:htea canon. 	Tt was now founa an easy matter to train the 

tolescoloe with tho various controls .on its mounting until the imago 

is se nn through it and brought into focus;  and it was found ad-

visable to focus. = the brightest part of the scale. If it seemed 

likely that as the concrete was stressed the end of the scale would 

come into view before the maximum load was reached, the mirrors were 

carefully.rotated by hand while watching the scale through the tele-. 

scope until a .more Suitable zero load, reading was obtained, and so 

long ay. they brightest part of the scale was originally focussed upon 

the telescope would:still'be found to 'co focussed on the brightest, 

part after -this process. 

The pins restraining any movement of the vertical extensometer 

were now removed and the apparatus was ready to record the deformations 

of the specimen. 

6.6. Advantages and DisadvantaPes of Ltmbis Mirror Roller. 
Extensomqers. 

iambi mirror roller oxtensometers axe robust instruments 

requiring little maintenance, and are relatively inexpensive since 

once they are bought they will last indefinitely at no extra cost. 

77 . 	72.177. 
	Wo 	has be-'f%.... 	(2,t -.."..en 6 
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any one setting of the gauge, they will reproduce the same strain 

increments for different loading cycles once the concrete has settled 

down after being loaded and unloaded a few times. After a little 

practice, they are quickly assembled on specimens and do not require 

any of the complex preparation necessary in other strain measuring 

devices of comparable sensitivity. 

They do, howover, suffer from the defect that changes in temp—

erature during the course of a test will noticeably affect strain 

readings (see section 6.4) and it is reasonable to suppose that in 

a mechanical gauge of this type, the different settings of tie bars 

and springs each time the gauge is mounted might result in different 

characteristics of the gauge, although the very good reproducibility 

exhibited in Test hia for different settings on the same specimen 

suggests that this is not serious, As they are of large size they 

are only useful for measuring average strains over large gauge lengths 

and only two gauges can be mounted on a specimen at any one time,. 

thus limiting the amount of information which can .be obtained. 

6.7. The Testing Machine. 

This is a hundred ton, hydraulically operated compression 

maohine. The load.is provided by two 50-ton jaoks acting on the 

specimen via a 2*!' plate and there is a ball seating allowing the 

top platen to adjust its angle to that of the top of the specimen. 

The'small eleotrio motor induces no vibration in the machine and 

this is important when using mix:cor extonsomoters9  as any vibration 

is transmitted 'to the mirro7Ismaking it imposSible to read the ooalcis. 



950 

The controls consist of two valves, one of which. is a by-pass 

from the jacks and was left at a constant setting. The other was 

operated to adjust the load and was found to be sensitive to any 

movement, and it was not difficult to use it to hold the load steady 

while the readings were being taken. The same pressure gauge was 

not always used, but each one was calibrated with the same 25-ton 

proving ring as this was as much load as was ever needed, and this 

itself had been calibrated against a particularly accurate modern 

Denison compression machine. 

The machine.Was designed by Lachanoe at Imperial College and 

constructed in the workshop there. 

680 Laboratory Conditions. 

The temperature of the testing laboratory was within the range 

75°P. to 65°F., and the 24-hour maxima and minima were usually less 

than 5°F. different. 

The testing machine was some distance away from any door but it 

was found necessary to have two doors giving access to the open air 

closed during testing as the colder temperature distorted the mirrors 

making it impossible to read the scales. 
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CHAPTER 

DETAILS OF TESTIHG AND RESULTS OF TEST I. 
tuaraw.sac,e% 

7.0 Introduction. 

This chapter e.mmines the deformation patterns of certain 

idealised models oonsieting of 	diameter spheres :e.t in Dement 

paste of water cement ratio, 0.3. There are four tests a), b), 

o),. and d). Reference is constantly made to "mid height planes" 

and "central vertical planes" and what is meant by these is depicted 

in Pig. 10. 

The unit "psi" means pounds per square inch. 

7.1. 	Test Ia. 
nOWOlaWV 

The lateral expansions of 12" high nrisms were mciasured for a 

stress interval of 530 psi to 1780 psi., The maximum stress of 

1780 psi is below one quarter of the ultimate crushing strength of 

cOlbes of the same 4" square cross "section. 

A plain cement paste prism was first tested at 33 days, a few 

hours after removal from the curing tank. The lateral extensometer 

only,vas used. in this test and was first set up at the mid height plane 

of the specimen in a imanner identieal to that shown in Plate 5 and the 

image of the scale viewed through a telescope via the mirrors as 

described in section 6.5. 	It was found neoessary to wait a few 

hours before commencing the test because the esecimen was Been to be 

contracting considerably because of drying shrinkago. Eventually, 

tho shrinkage :ate ias very low and was not considered 	affce' 

the tout xeualto. and no the specimen was loaded and unloaded fairly 
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quickly several times until the scale reading repeated 'itself at the 

lowest end of the load range within ±. 1 rrn 	Scale readings at 

530 psi. 1140 psi and 1780 DE;j_ were then recorded as the load, was 

increased at an approximateiate of 150 psi per second and held steady 

for a few seconds while the readings were taken. This process was 

repeated with.  the gauge placed, on planes at different heights of the 

prism at 74.,  intervals up and down the whole specimen. 	In this way 

the lateral deformations of the central vertical piano were obtained 

from top to bottom of the prism. 

Identical tests were then carried out with two similarly shaped 

prisms containing iron spheres situated as shown in Fig. 10 for 

specimen A. A similar distribution was used for specimen B except 

that there was only one sphere at the mid height plane instead of the 

four of specimen A. The tests were at 34 days and Fig. 14 shows a 

section of each of the 'two models and the results of the lateral 

deflootions at the levels indicated. The lateral deflections of 

the central vertical plane of the cement paste prism are also shown 

in Pig. 14, and Table I sets out all the observed scale readings. 

In addition to those tests, readings weretaken of the lateral 

deformations of the central vertical plane at -V intervals up and 

down the central ai inches of specimen B. The results of this test 

and the depicted deformation pattern are given in Pig. 15. . 

7.2._ Test lb. 

Three rpocimono 10,entioal with those of Test Ia wore teStrA 

in unia:lial oompressien and the leformed nhe 	the mid heirrht 
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LATERAL EXPANSION OF CENTRAL VERTICAL PLANE 
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Later Scale Readings of Central Vertical Plane of  a Cement 
Paste Prism containing Iron Spheres. 

1 cm. scale deflection corresponds to a strain of 4.2 x 10 6. 

Level 
Plain Prism. 	Specimen A. Specimen. B 

Stresses 
530 	1 1140 	1780 	530 1140 	1780 1 530 I 1140 1780 

1 93.9 	84.0 74.1 45.9 	37.9 	29.6 

2 87.6 76.8 66.2 87.3 81.1 1  75.44  48.9 	41.0 32.8 
48.6 40.7 32.5 

3 52.7 41.9 31.0 46.0 36.5 	27.4 43.6 38.4 33.1 
43.6 38.2 32.9 

4 55.0 44.9 34.3 48.7 43.5 38.3 44.5 36.4 28.o 
44.4 36.2 27.8 

5 60.4 50.1 39.6 50.5 41.4 32.2 41.4 36.0 30.5 
41.2 35.8 30.4 

6 104.9 94.5 84.2 43.2 38.5 33.8 48.2 39.0 29.8 
48.0 38.9 29.5 

7 68.0 57.9 47.3 47.4 39.0 30.4 45.0 40.5 35.6 
44.9 40.3 35.5 

8 74.9 64.2 53.3 51.3 46.0 40.7 36.3 27.3 18.3 
36.2 27.2 18.3 

9 73.5 61.7 50.0 54.6 45.3 36.1 85.0 78.3 72.0 
84.8 78.2 71.7 

10 60.2 48.3 36.5 94.0 88.9 84.0 56.9 46.4 36.3 
i 59.7 47.9 36.4 56.6 46.2 36.13 

1 	11 ___..........----...... 
07.2 105.2 100.7 

"Levels" are indicated on Fig. 14. 
All readings are in centimetres. 
Stresses are in poi. 



LATERAL EXPANSION 

OF CENTRAL VERTICAL PLANE 

scale readings at 

530 psi 	 1780 psi  

49.4 	 I  38.3 

55. 

77.5 	 0 1 61.0 

86.5 	 I 	I 	
I 	

694 

59.4   L 	--I- , _413 
I 

45.7 	 I 	I) 	276 

49.9 	 I 33.6 

51.3 	 I 37'8 

53.5 

33.9 

47.5 
10 	15 	20 cms. 
SCALE DEFLECTION 

100. 

	1/ 

I 42.7 

43.2 

24.7 

38.3 

FIG.15  



101. 

plane ezamino5. under the-Eams stress intezval of 530 psi te 1780 pai, 

using the lateral extensometer. As in Ia, the specimens v:ere tested 

a few hours after removal from water and uterwent thD same system of 

loading cycles before any readings' were tekon. The apocimens were 

either 30 or 31 days ola. 

For each specimen, overall deflections were measured between 

several pairs of points on o7)posito sides of the plane and similarly 

for a plane t above and one, & below that plane. The positions 

where the lateral deflections were measured are shown in Tables 

2 3 and 4, which also give the scale readings •for the three specimens. 

For any position of measured deflection, it.will be seen in those 

tables that the average of the deflections of the three panes 

examined for each specimen has been worked out, and these average 

deflections are shown pictorially in Figs. 16a, 16b and 16c. Those 

figures,. then.represent the mean deformed shape of a " thick 

horizontal section of the prism. The deduced approximate strains. . 

at different places in those sections have been arrived at assuming 

that the iron spheres remained undeformed with the increase in applied 

stress on the specimen. 

In these tests diagonal strains had been measured with an 

extensometer not previously mentioned. The reason for this was 

because this particular instrument was the only one which 'could be 

fitted across the diagonal without fouling the pillars of the testing 

meohine. A 10 cm. male defleotion with this adage represents a 
- - 	- diagonal strain of 12.7. 	!O '6  p ?::112i1 e.cf...eotions obtainoa 1.7:1..th it 

have been converted, into those which would have boon °stained witt, 
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Results of Lateral Deflection of  the Mid Height Plane  of a 

Cement Paste Prism. 

Stresses in psi. 	 T 	Total As if with 
"usual" 
gauge) 530 1140 1780 

deflection 

1 

T1 

.i 

Eg 83.4 

!''C  

76.3 

79.3 

78.4 

94.8 

88.6 

74c4 

94.8 

. 

: 

' 

43.9 

48.5 

50.9 

46.0 

72.1 

65.2 

51.9 

84.7 ' 

10 9 . 

15.9 

18.1 

12.9 

49.3 

42.0 

 28.8 

74.4 

65.9 

63.4 

65.3 

65.5 

45.5 

46.6 

45.6 

20.4 

28.0  

26.9 

27.8 

27.8 

19.3 

19.8 

19.4 

20.4 
p 

0 

Ili 

110 

All readings are in centimetres. 

10 cs. scale deflection with thg "usual" gauge represents 
transverse strains of 42 x 10 and diagonal strains of 
29.7 x 10-6. 

2212Y-3 2. 
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103. 

R2sults of:Lateral Def1ec ions of the Mid die 	Plans 9„La qe%ent 
Paste PTiSM Containing the Centres of Pour i diametar Iron Spheres 

at its Mid Height. 

--I

-... . _ ..... _ _ _ 
530 	1780 1  530 1780 
+A.,m•xsrumf•m.mw!ema..k,-+•:+wy......,•ormuLassInarnalernrame• 

tion 
530 --171001 

45.5 10.8 
45.3 ,10.8 

63.8 24.2 
64.3 25.0 

92.0 80.8 
91.5 80.1 

109.0 101.7 
10942 101.4 

60,1 46.8 
59.5 46.3 

610 3 47.5 

61.0 47.2 

99.3 85.7 
9903 85.8 

91.2 77.4 
91.1 7704 

45.0 30.8 
44.3 30.4 

68.2 55.3 
68.1 55.2 

93.6 82.6 
93.3 82.3 

48.9 3503 
48.7 34.8 

80.2 66.4 
80.2 66.4 

42.2 28.3 
42.1 28.3  

75.9 65.9 
75.4 65.4 

89.4 77.3 
89.1 77.1 

54.8 54.1 
41.8 41.3 

105.1 90.7 
104.7 90.5 

68.1 54.4 
68.1 54.5 

101.0 87.2 
100.6 87.1 

L4.6 

3905 

11.6 

1008 

1204 

14.0 

13.7 

1308 

with 
usuP1 
gauge. 

14.7 

1608 

11.6 

1008 

1204 

1400 

13.7 

3.7 

10 cm. scale deflection 
represents a strain of.  
42 x 10-6 in the transverss 
direotion and of 29.7x10-6  
the diagonal direction. 
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Results of Lateral Deflections of the Mid. &ARIA Plane of a Cement 
Paste Prism containinP one l?'" diameter S here at its Mid  Relight  

Mid Roicht 
11e 

P " above 1 	2m below 
Average 

1780 
Stresses Deflection 

1 
	530  r" 530 1780 1 	530 17801 

1 	90.4 
90.1 

71.1 
7102 

83.7 
83.5 

69.9 
70.7 

99.2 
99.5 

51.1 
50.8 

70.1 
70.0 

52.0 
52.3 

6500 
64.8 

50.0 
5004 

84.7 
84.7 

33.2 
32.7 

82.1 
8200 

100.0 
100.5 

95.1 
95.1 

. 8507 
85.6 

44.7 
44.7 

86.5 
86.3 

67.9 
6708 

85.9 
8604 

78.5 
78.6 

69.9 
6908 

3100 
31.2 

70.3 
70.0 

88.0 
87.9 

94.8 
94.6 

77.6 
77.8 

53.9 
53.7 

10300 
103.1 

94.9 
95.1 

66.9 
66.9 

74.0 
7401 

60.7 
6007 

3901 
38.9 

85.6 
85.6 

80.3 
80.6 

18°5  

8 0 - 	° 

17°4  

16.9 

15.6 

16.2 

5  

1 
 

01 

3.0 crns. scale deflectionm 	
6

presents a strain of 42 x 10 . 

Stresses in psi. 
All readings in ems.. 

TABLE 40 
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I
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0 	 a) 
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I 

I 
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(a) 
MID-HT. PLANE DEFLECTION 

10 cm. Oaf I. = strain of 42 x10-4 

FIG.16  
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106. 
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1 
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deflection 
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A = .00017 	0 
B = •00045 

C = -00009 

0 psi 	1256psi 

9 

- -0 - - 0 - - 
(b) 

DEFORMED SHAPES OF MID HEIGHT PLANES  

O 

1 
strains  

A = .00012 

B= •00007 
6 

O 

- -0 
(C) 

FIG.16 (cont.)  
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the usual lateral gauge, before the diagrams of Fig. 16 were drawn. 

The last columns of Tables 2 and 3 show these converted coals 

deflections. 

7.3. 	Test Ie. 

One specimen of white iron balls set in cement paste in the 

pattern of Fig. 10 was tested in unia%ial compression at 30 days. 

After the usual initial treatment of loading and unloading, readings 

were taken of the vertical contractions of the two central vertical 

planes mutually at right angles for three different positions el' the 4" 

vertical ertonsometer for each plane. Table 5 includes a diagram 

showing the positionsof the gauge and gives the measured scale 

readings. 

The lateral deformations obtained in Test Ib were used, together 

with the vertical deformations obtained from this test to draw the 

approximate deflected shape of a central vertical plane. On the 

left of Pig. 17 is a diagram of the cross section of the model at 

full scale under no load and positions A to D, B to E and C to F on 

that diagram correspond to the positions of the vertical gauge, and 

it is clear from symmetry that the horizontal lines 1, 2, 3, 4,5 

must still be horizontal and straight in the deflected figure. The 

average vertical strain between the above lettered points'iS 

0.000255 (dedueedlrom Table 7) and it was decided to adopt a scale 

of "/1" to represent this strains . Accordingly, the above points, 

initially 4" apart, will only be 3" apart on the deflected figure 

and the points 1, 2, 3, 4, 5 ware moved 'outward on the ammo strain 



0:4••••.}...I.AM•11,.. 

Average 
Deflection 
in ems. 

530 psi. Gauge 
Position. 

miemp.=.11.•• 

A-A 

B-B 

070 

B-B 

0-0 

1080 

Results of Longitudinal Deflections of the Central Vortical Plane 

of a Como-nt Peste Pr4 om containin,,  TI-or Spheres 

43.6 	. 
43.8 

69.2 
69.5 

45.3 
21.9 	45.0 

62.5 87.8 
61..7 87.4 

62.4 86.4 
62.6 86.7 

64.5 88,4 
64.6 88.5 

$••••••••.....,ssoa 

6809 
69.1 

44.0 
44,1 
21.8 

25,3 

2503 

23.3 

2600 

24.0 

23.9 

Specimen now turned through 90 

10 ems. scale deflection 
represents a strain of 
103 x 10-6. 
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DEFLECTIONS OF CENTRAL VERTICAL PLANE 

1250psI)LOADED SHAPE  UNLOADED SHAPE , (0 psi 

strains of )(per inch 

represent strains of 

250x10
-6  

FIG.17, 
3. 
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scale to represent the horizontal strains and positioned vertically 

so that they divided the distance between their adjacent lettered 

points in the same ratio as they did in the undeflectea model. 

An effort was made to see if the mode of failure was indicated 

with the prisms containing iron balls and they had. all. showed a tendency 

for vertical cracking to be first apparent near the mid height section. 

The prism from this test, however, shows that this cracking can.give 

rise to spalling shortly before complete breakdown of the speciMen 

(see plate 6) and it is' believed that this might have occurred with 

other specimens, immediately before their sudden and explosive break- 

downs into a very large number of fragments. 

LAL......Tore 

The lateral deformations of two oubes containing six lir diam. 

white iron spheres sot in the usual cement paste of W/O - 0.39  were 

measured across the cubes at positions well away from the platens. 

The spheres were situated in the same "diamond" formation of the 

previous prism tests and so the oubes corresponded exactly in 

structure to the middle third of the prism depicted in Fig. 10. 

The oubes vere'tested at 30 days after the usual cycles of 

.loading and unloading for a stress interval of 530 psi. to 1780 psi. 

The results are set out in Table 6 for the two specimens A and B in 

the two directions X and Y, shown in the diagram attached to the T able. 

The positions 1, 2 and 3 mentioned in the Table correspond to the 

centre of the cure faces, 	radially from the centre of the cube 

.Paoesv  and 1*" along the horizontal centre line of the mho faecs9  

respectively. 



FAILED APPEARANCE OF IDEALIZED MODEL O. 

IRON SPHERES SET IN CEDENT PASTE. 

PLATE 6. 
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LATER:IL DE1,8JR-glid IONS' i? 	PAS -PE CU iES A & B CONTAINItiG 
14" DIAMETER IRONSPITORES. 

 

OLOVArtartf• 

 

   

Specimen. Position. Direction. 530 psi. 1780 psi. 
Iltg°-  D.  Average 	I 

D. 
1 X 36.9 24.1 12.9 12.7 43.2 30.7 12.5 

2 X 43.9 29.0 14.9 
50.2 35.9 14.3 
31.7 17.4 14.3 

A 29.8 15.3 14.5 
63.4 48.6 14.8 14.2 
65.6 50.9 14.7 
71.2 58.6 12.6 
53.4 39.8 13.6 
74.7 
76.3 

60.2 
63.7 

I 	74°5  12.6 13.6 

1 n 80.7 69.6 11.1 
Y 41.2 29.6 11.6 11.35  
"-- '277i '1.4 '̂ -7.31773-- 

71.8 
67.3 

58.5 
49.7 

13.3 
17.6 14.5 

B.--..........5......- 52.1 39.2 12.9 
3 83.4 70.2 13.2 

80.1 68.6 11.5 12.1  
Y 62.4 51.7 10.7 

66.7 53.5 13.2 
••••••••*....1 	 IMO 

All readings aro in centimetres. 

0. 



Two more cubes, C and D, wore next tested° Cube 0 had six 

diam spheres arranged in. the usual diamond formation and Cube 

had an identical arrangement of Ik" spheres with a single 	die 

sphere placed in the space between them, Both of these cubes had 

their lateral deformations measured for the very first loading stage, 

unlike all previous specimens;  because it waS felt that even though 

no speoimens had been stressed beyond 25% of their ultimate' strengths 

in uniaxial compression, some sort of internal bond breakdown might 

have already occurred° It seems possible that early bond failures 

are partly responsible for the non-repeatability of stress-strain 

curves for concrete for the first few load cycles, and the fact 

that they do eventually repeat themselves, as long as the loads 

never go beyond a certain stress, would be expected after these 

initial ruptures have occurred. It was thought that some evidence 

of bond. breakdown in these cubes might be exhibited from an examina-

tion of lateral strains on the first loading vole. The results 

wore compared with those of a cement paste cube. 

After this first cycle, the specimens were each given the usual 

treatment until the readings repeated themselves at the lowest end 

of the load range and the lateral strains measured for several 

settings of the gauge over the central square inch of the cube faces. 

The results of these tests are shown in Table 7, and Pig. 18 shows, 

graphically, the results of the "first loading" deflections. 
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Lateral Deformations of Cement Paste Cubes C D 
c°ntqnlagIlealleleren° 
First LoadiuResults. 

 

Stress 0 70 225 390 530 680 830 990 1150 1300 1460 
8205C  82.5 81.5 80.4 7903 78.2 76.9 7507 7404 73.0 71.6 

D 54.8 545 53.7 5208 51.8 50.7 49.3 48.0 4605 4501 43.4 
Cement 
paste 73.3 72,6 70.8 68.6 66.5 64.3.  61.7 59.2 56.7 54.2 51.4 

Results after usual Preliminary Loading Cyoles for different 
Settings  in the central square inch of the cube face. 

Stresses 
1460.  

Average 
deflectionc. 225 830 

74.9 69.6 63.9 
57.1 510 44.3 

105.0 10000 95.0 6.2 12.6 
75.2 67.9 60.7 

115.9 108.8 101.0 
53.3 

--------- 
48.3 42.8 

80.6 740 7 69.1 
67.0 60„9 1)4.7 
77.5 71.4 64.6 
76.5 69.7 62.5 
59.8 53.2 46.6 6.3 13.2 
78.2 71.4 69.3 
73.2 65.9 59.7 
60.4 5209 45.6 
53.3 4903 4304 

A11 strosses in DSio 
Al]. rosaings in cms. 
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CHAPTER 8. 

DETAILS OF TESTING, AND RESULTS OF TEST II. 

8.0. 	Introduction. 

This chapter deals with the measurement of Young's Modulus and 

Poisson's Ratio for a wide variety of mortars and some cement pastes 

and concretes. The specimens are generally cylindrical, of 4" diem. 

and are 12" high. 

8.1. Method of Test for findin Youn 's Modulus and Poisson's 
Ratio of Test Speolmens. 

The bulk of the tests were at 30 days, some exceptions being 

recorded in the appendix, and on any testing day the specimens were 

removed from the curing tank in the middle of the morning. The first 

specimen was tested about two hours later and the last specimen 

approximately after a further five hours. There is, therefore, a 

source of error due to the fact that the specimens had been out of 

water for differing lengths of time and this must contribute to the 

scatter of the results. No trend between results and drying time was 

evident. 

Au soon as the oylindrioal specimens had become surface dry, they 

were oapped with plaster of parts, three at a time. 2004ms. of 
plaster were mixed with 95 .gms. of water and some of the mix placed 

on the top of the three specimens. One of these was then picked up 

and placed on the bottom platen in the testing machine, a piece of 

.005" thickness polythene placed over the plaster and a platen pv.t 

into position on top of that. The head of the machine was now brought 
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down on to the top platen, hence squashing and spreading the plaster 

over the top of the cylinder, and at the same time giving a plaster 

surface as smooth as the top platen. 

The specimen was now removed from the machine, leaving the top 

platen resting on the top, and the process was repeated with the 

other two oneoimeno. This operation had to be carried out in about 

five minutes so that the plaster would not become too hard for easy 

spreading under the weight.of the head of the machine. After about 

half an hour, the platens and polythene can be removed from the capped 

specimens and the first one was usually tested about l2 hours after 

capping, when it was found that shrinkage was negligible in the five 

minute period required for reading strains during the test. 

It should be stressed that this procedure is not necessarily 

satisfactory if specimens are sUbjected to high loads and failure 

tests performed on a few cylinders showed such scatter that it was 

decided not to use these specimens for subsequent failure tests. 

The effect of the capping on the values of Young's Modulus and 

Poisson's Ratio is unknown, but it was considered unlikely that with 

a height to diameter ratio of three, its effect would be important as 

far as lateral strains at the mid height section were concerned, and 

recent work done by Laohance(46)  reinforces this view. Vertical 

strains are in an case not likely to be eatoted to anything but k 

negligible extent by the end conditions, except very aloes to the ends. 

Au isolated test was nerfomoa to sce if oniTnine affeoto the 

elastic constants as determined in thib study, and a cement piste 
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cylinder was tested both uncapped andcapped at 90 days. Its W/0 

was 0.3 and the value of E was 3057 x 106 for the uncapped case and 

3.58 for the other. Poissoros Ratio was .261 and .2629  respectively. 

The test is reported in the Appendix C. This remarkable agreement, 

however, must be coincidence in view of the scatter obtained with the 

measured results for three settings of the gauges on a steel cylinder. 

These tests, too, are reported in Appendix C. 

The next stage is the actual testing of the specimens and the 

mounting of the 8" vertical and the lateral extensometers as described 

in Seotion 6.4 and the complete arrangement for testing is as shown 

in Plate 4. The two sheets of polythene between the specimen ends 

and the platens will help to reduce friction, although in the light 

of Lachance9 s work, this precaution is not now considered necessary 

for sufficiently long specimens such as these. 'Polythene was, 

however, used in all the tests so that the conditions of testing 

would be as consistent as possible. 

Readings of the scale were started at some point of the machine 

oil pressure gauge above zero, because it was necessary to apply 

several load cycles to any one specimen and the rate of reduction 

'of load below about two tons was slow and in addition, it was not 

easy to steady the needle. Usually three or four tons was the 

approximate "zero" load for starting readings of deflection. 

The scale reading at this "zero" load was noted mentally and the. 

loan incawad 24,Dialy to the meaimum intended (ahoy 	lceti oz 

the 4" onhe crushing strength.) and 	 th 
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"sere." It was then inoreasedg  and the reading at zero was seen 

to be shoving some residual strain, and so the loading and unloading 

DTOOOSS was repeated until tho zero readings repeated themselves to 

within ± 1 mm. on successive loadings (strain discrepancies of less 

than 1 x 10-6). This usually occurred after five or six cycles. 

After this, the load was increased in steps, holding it steady 

for fifteen seconds at each load stage and increasing it quickly 

between them, and finally reducing it rapidly from the maximum to 

below the zero reading. On the next loading the full sot of 

reddings was taken at load intervals of approximately one ton depend—

ing on the pressure gauge used. The needle was steadied at each 

point on the pressure gauge dial and the readings of the vertical 

and horizontal scales noted. When the maximum load was reached 

this time, the test was completed and the load, the mirrors of the 

vertical extensometer and the lateral extenoometer itself, were 

removed, and then the specimen itself wastaken away. 

8.2. Details and. Results of Test IIa. 

A mortar prism of sand/cement/water, ratios 1/1/0.3, was made 

with a 4" square cross section and a height of 12". This is an 

easily workable mix without a great tendency to segregate and hence 

was considered likely to result in a fairly uniform material. The 

position of the vertical gauge was varied and readings of the scale 

deflection obtained for the etress interval 530 poi. to 1780 psi. 

Tho gauge was .always in t contral vertical plane or the prism but 

,t,E$ position was Eatewo:1 from . est to thst so as to ()over the thole 
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- range possible in this plane. Table 8 gives the results of the test, 

and includes a diagram indioating the positions of the gauge. Before 

taking readings, the prism had been subjected to the usual cycles of 

loading and unloading and the polythene sheets were used as in all 

tests. 	The reason for undertaking this test 1.-..ras to ascertain the 

offeot of placing the vertical gauge unsymmetrically about the mid 

height plane because in the subsequent tests (lib) it was known this 

,would be necessary since, as the horizontal gauge was being used 

simultaneously, it was necessary to avoid interference between them. 

All the specimens in Test IIb are cylindrical but, even so, it was 

felt advisable to do this pilot test on a prism because prisms are 

vibrated on their sides and any segregation will not apparently cause 

the values of vertical strain to differ at any part of the specimen 

since this method of test automatically averages the strains on 

opposite sides. 

Table 8 shows that it would seem safe to conclude that .unless 

one end of the gauge is close to the end of the specimen the vertical. 

deflection readings will be the same wherever it is placed. 

8.3. Details and. Results of Test Ilb. 

8.3.0. . Mixes tested. 

This test covers the measurement of Poisson's Ratio and Young's 

Modulus of cement pastes, mortars and concretes tested at 30 days. 

The specimens are cylindrical, 12" high, and of 4" diameter and were 

tested in unia:cial compression up to about1- or less of the 4" cube 

crushing strength. The aggregates were Thames Valley River 0raval 
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D 	tionr:3 

T 

u2c_o7.. 	LoaeL",„ 

follwrimg ovoTall delcotiono wwo obtainr.,x1 Ivith tho ige 

sit.0.0,toa on tho Core lino in the pmDition indioe3ca by the lotto72s 

 

A:- 22.55 	Be-- 23.35 	0,1- 23.55 	D:- 22.75 	B:- 23',4 
23.0 _1_13 23.5 	C 	23.30 D 	23.4 
----- -- 22.6 	2304 	23.1 	23.A 

• 
A.verasc 

All clofieotions sTe in omi. fo:1: a otr,-:•,3s intovvd of 1250 poi. 

10 ou, oal aofloction oo 	DOfl.r o 85 	10-6  rotTain, 
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(-Z" max.) and continuously graded Thathes Valley river sand. Results 

are given for three oomen'c paste2r  EILT:been mortarr3 and si= eoncrotse 

the latter comprising varying quantities of coarse_ aggregate within 

the same mortar matrix. (S/C/W - 2.5/140.5). The cement -eastes 

were of water cement, ratios 0.3, 0.4 and 0.5, although bleeding will 

have reduced these values. Pastes of U/C 0.6 and 0.7 were also made 

but it was found that bleeding occurred through self-made large size 

channels within the paste and so the specimens, being far from 

"homogeneous" were discarded. The mortars had water cement ratios 

varying between 0.3 and 0.6 and sand cement ratios varying between 

1.0 and 3.0, although it was not possible to cover all combinations 

of these parameters because several of them would have been unworkable. 

These•teste were undertaken in an effort to learn something of 

the effects of varying the quantities of aggregates on the "elastic" 

oroperties of a combined cement paste and aggregate material. 

Poisson's Ratio directly determines the relative stiffnesses of 

lattice members and Young's Modulus helps towards finding the actual 

values of those stiffnesses. It was thought that measurement of • 

these two quantities was the easiest way of determining lattice 

stiffnesses .empirically and to see if these then Seemed reasonable 

in the light of the actual mix proportions. 

The method. of test has been described in .8.1 and the description. 

of the.gaUges.is  in 6.4 as well as the teohniques for setting -*era up 

for tofltiDz. 
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8.3.1 	Calculation  of Youn  ,s Modulus and Poisson,s Ratio. 

For each set of results the best straight line was calculated, 

Using the method of least squares and the gradients multiplied by 

factors depending on the extensometer involved/to obtain Young 

Modulus (E) and Poissonls Ratio (P.R.). 	This tedious calculating 

was greatly simplified by using the London University Mercury 

Electronic Digital Computer and a programme was devised to print 

out the values of E and P.R. and the coefficients of correlation 

between load and strain for the straight lines calculated. It was 

necessary to provide values of applied load and the scale readings, 

as data to the machine. 

The values of the gauge factors are incorporated in the programme 

but it is a simple modification to use the same programme with 

different gauges. An advantage of calculating the best straight 

lines is that they are more likely to be accurate than those drawn 

by eye through plotted points. On the other hand, an error in one 

reading can be ignored when calculating E and P.R. graphioally, but 

this erroneous reading will be included in the calculation done by 

the computer if it is unnoticed when punChing out the dat,-. tape. 

The pressure gauges Used were oalibrated with a 25-ton proving 

ring and the loads obtained from the dial were corrected before being 

supplied as data to the computer. 

8.302. 	Correlation Coefficients. 

M110 OalelliatCa comae,t:).on ooefftcients;  Oxen to six -olacos 

of deoimals:  gonePaily inGin with tho figuas 0999 and so it 
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appear that the results normally form very linear 6tress strain 

eurves in the range of the tests. A perfect Straight lino would. 

havb' a correlation coefficient of 1.000000. An obvious.  'arbitrary 

curve, however, was deliberately drawn on Fig. 26a9  and the cal—

culated correlation coefficient for the best straight lino through 

the plotted points starts off 0.9829  which Would appear to indicate 

a-good straight line also. This illustration shows that it is 

difficult to attach meaning to the correlation coefficients although

it is fair to say. that the stress strain curves of all tests are 

considerably straighter than that arbitrary curve. 

8.3.3. 	Setting out of Results. 

The results are tabulated, in Tables 9 and 10. Table 10 

contains all the values of E and P.R. and all the correlation

coefficients9  and Table 9 contains the average values of E and P.R. 

for each mil and. gives the standard deviation each time. Some 

o.-xtreme values were discarded, when taking the averages for Table 99  

and these are marked with an asterisk in Table 10. 

It was decided that if any individual deviation "z" e=seded 

where s is the standard deviation9  as sot out in the following 

table, then the observation should be rejected 
• 

n 

5 	1.68 
6 	1.73 

where n is the number of specimens being averaged. This procedure 

i2 	S260e& by Ohauvonet. 	If a result was roject. the valu—D 

standard deviation shown in Table 9 is that calculated aft6r thi 
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rejection. 

The measured scale readings for all tests are set out in 

Appendix A, and Appendix B consists of the computer programme for 

calculating E and P.R. and an indication of how to arrange the data. 

It is thought pointless to draw stress-strain curves for all 

tests as well as providing all the measured results in tabular form 

(Appendix A) and so it is decided to illustrate them with examples 

as follows:- 

The abbreviations used in the following list represent:- 

L V.S.R.C. - Load - vertical scale reading curves, 

L - L.S.R.C. 	ta - lateral 
	

It 	 tt 

Fig. 19a. The L V.S.R.G. of cement paste of W/C - 0.4 
Fig. 19b. 	" L 	L.S.R.C. " 	" 

	
it 	rt 	H 

These illustrate the variation in gradient of the curves for 

different specimens of the same mix of oement paste. 

Fig. 20a. The L V.S.R.C. of the third specimens of cement 
pastes of W/C - 0.3, 0.4, 0.5 

Fig. 20b. The L L.S.R.C. of the third specimens of those mixes. 

These illustrate the variation ,in gradient between different 

mixes of cement paste. 

Fig. 21a. The L V.S.R.C. of mortar of S/C/W - 2.5/1.0/0.5 
Fig. 21b. 	The L L.S.R.C. of those mortar specimens. 

This serves the same purpose as Fig. 19, for mortar. 

Fig. 22a. 	The L V.S.R.C. of the third specimens 
with W/C - 0.5 and S/C varying from 1.0 

Fig. 22b. 	The L - L.S.R.C.' of therio opecimeno, 
Pi 	23a, 	The L - V S R J a of 

1 	
the thi:t2a epocimons 

with SA1 - ,5 ,ma 	ftom 

of those mortars 
to 3.0. 

o-J-7 tho,zo movtr 
to 0.6. 
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Fig. 23b. 	The L L.S.R.O. of those. 

These last four illustrate the offeot on the gradients of 
varying some parameters within mortars. 

Fig. 24a. 	The L V.S.R.C. of concrete C.A./S/C/W - 2.5/2.5/1.0/0.5. 
Fig. 24b. 	The L V.S.R.C. of those specimens. 

This serves the same purpose as Fig. 19, for concrete. 

Fig. 25a. 	The L V.S.R.C. of this third specimen of all the 
concretes. These have . C.A./C ratios varying between 
3.0 and 1.0 set in a constant mortar matrix of 
S/C/W 205/1.0/0.5. 

Fig. 25b. 	The L L.S.R.C. of those mixes. 

These illustrate the effeot on tho gradients of varying the 
coarse aggregate quantity. 

Fig. 26a. The L V.S.R.C. of the third specimens of 

Cement Paste:- 1.0/005 
Mortars- 	2.5/1.0/005 
Concrete:- 	2.5/2.5/1.0/0.5 

Fig. 26b. 	The L L.S.R.00 of those specimens. 

Fig. 26a also includes the arbitrary curve discussed in section 8,3.2. 

The average results set out in Table 9 have also been displayed 

graphically in Figs. 27, 28 and 29, and 	is noticeable that the 

effects of water cement ratio and aggregate cement ratio on Poissonts 

Ratio are fairly definite. The well-known effects of these 

parameters on Young's Modulus are also obvious. 

Plate 7 shows full scale photographs of part of the cross sections 

of three mixes. The two mortar photographs are of sawn-off faces 

and show the agpearanoes of low aggregate quantity and high aggregate 

quantity mortars of W/C - 0.5. The concrete face is that of a 

specimen broken in flexure with a ).arylore 	The mix p707 a.tionr,1 

phoq;1); 	'fonw;'a 

POicaou,  a gatios, 
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Ibung,s Modulus and Poisson,s Ratio of Different Mimes. 

oung , s 
Miz Modulus Proportions 	-6 

0.A/s/0/w 	z 10. 
D$1. 

- 	G1)01_, 

% 
Standard 
Deviati Deviation. 

. 
Poisson,e 

Ratio 
(Ave. 

e /0 
Standard 
Deviation 

Serial num--1 
bor and num- 
ber of spec- 

imens 
tested. 

Cement Pastes. 

0.9 
2.0 
3.5 

- 

0.249 
.250 
.249 

1.2% 
4.0 
400 

S.18 - 3 
3.22 - 6 
D.14 - 5 

0/0/1.0/.3 
0/0/1.0/04 
0/0/1.0/.5 

3.36 
2.47 
1.74 

Mortars 
4.81 
5.69 
4.60 
4.04 
4.53 
4.96 
3.18 
3.77 
4.06 
4.10 
4.41 
3.21 
3.11 
3.36 
3.56 
3.71 

2.3 
2.3 
3.0 
3.0 
2.2 
2.2 
1.1 
2.1 
2.6 
1.6 
0.9 
3.3 
6.0 
3.1 
2.7 
2.5. 

0.193 
.185 
.194 
.219 
.188 
.178 
.222 
.210 
.186 
.171 
.168 
.227 
..209 
.196 
.181 
.169. 

5.7 
5.4 
4.1 
3.0 
3.7 
2.5 
2.1 
2.0 
3.6 
4.4 
4.2 
4.7 
2.6 
5.1 
1.8 
3.0 

5.25 - 3 . 
A.63.- 4 
M.20.4 - 4 
3.23.A - 3 
3.23.B - 3 
M.31.4 - 4 
3.18 - 6 
A.6.5 - 4 
M.17.5 - 4 
D.19 	- 6 
M.20.5 - 4 
A.6.6 	- 4 
M.31.6A-4 
117.6 - 3 
m. 31.6B- 4 
m.20.6 - 4 

5717773  
0/1.5/1/.3 
0/1.5/1/.4 
0/1/1/04 
0/2/1/.4 
0/2.5/1/.4 
0/1/1/.5 
0/1.5/1/.5 
0/2/1/.5 
0/2.5/1/.5 
0/3/1/.5 
0/1/1/.6 
0/1.5/1/.6 
0/2/1/.6 
0/2.5/1/.6 
0/3/1/.6 

Concretes. 
5.06 
4.96 
5.14 
5.25 
5.59 
5.74 

1.0 
1.4 
2.1 
2.4 
2.9 
1.8 

0.172 
.152 
.164 
.156 
.147 
.153 

5.4 
3.7 
3.5 
8.8 
4.7 
5.6 

3.17 	- 6 
A.11.1 5 -6 
J.10.B 	- 6 
A.8.2 0 - 6 
1..8.2 5 - 6 
A.11.3 0 -6 

170/2.5/1/.5 
1.5/2.5/1/.5 
1.8/2.5/1/.5 
2.0/2.5/1/.5 
2.5/2.5/1/.5 
3.0/2.5/1/.5 

Avcrap Standard Deviations. 

Yognu,s Modulus 	Poisson,s Ratio. 

Cement Pastels. 2.13% 3.67% 

Mortars. 2.56% 3.621, 

Clocratcr. 3 93% 5.3% 

TABLE 
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YounGls iyodulus and_Poiason's Ratio of all Specimens. 
MAYMMIWCIO.40.1.CVVANI 11.1111.1174,..i.R0p../.117111,7,•1111.11112.•: .-Vieetst.ea 

   

    

Serial 
No. of 

(See 
Table 9) 

Commit Pastes 

J.22 

Do14 

Mortars. 
5.25 

A.63 

M.20.4 

J.23.A 

3.23.8  

Young,s 
Modulus 
x 10-6  
psi. 

3.39 
3.35 
3.34 
2.51 
2.41 
2.40 
2.41 
2.44 
2.52 

1.72 
1.81 
1.78 
1.69 
1.68 

4.83 
4.90 
4.69 

5.74 
5.50 
5.79 
5.72 

4.45 
4.52 
4.74 
4.71 
4.02 
4.17 
3.94 

4.59 
4.58 
41  

Correlation 
Coefficient 
of Vortical 
Load-Do-Flee-
tion line. 

0.999999 
.999931 
.999871 
.999662 
.999846 
.999960 
.999738 
.999863 
.999803 

.999100 

.999062 

.999403 

.999790 

.999768 

.999972 

.999984 

.999976 

.999876 

.999932 

.999964 

.999918 

.999950 

.999942 

.999914 

.999801 

.999547 

.999513 

.999612 

.999676 

.999727 
-999452 

Poisson2s 
Ratio. 

0.249 
.246 
0253 

.257 

.244 
0245 
,258 
247 
.275n 
.247 
.263 
.247 
.247 
.241 

.184 

.205 

.191 

.174 

.181 

.190 

.196 

.194 

.186 

.201 

.202 

.212 

.223 

.223 

.188 

.195 
,182 

Pc-A. 

Correlation 
Coefficient 
O f Lateral 
Load-Deflec- 
tion Lino. 

0.999936 
.999959 
.999849 

.999767 

.999818 

.999784 

.999814 

.999924 

.999745 

.999677 

.999628 

.999904 

.999923 

.999794 

.999928 

.999885 

.999853 

.999499 

.999765 

.999862 

.999892 

.999921 

.999817 

.999923 

.999846 

.999895 

.999888 

.999954 

.999909 

.9998AF 
009(y 

(00ntinuca on nem..i; 

TAME .11% 
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1 	0._1_71'.4 (CC,1:,'C,,) 

E.31.4 5008 0.999928 0.172 0.999838 
4.96 .999974 .182 .999921 
4.81 .999926 .178 .999926 
4.98 .999926 .181 .999832 

J.18 3.18 .999366 .217 .999856 
3.24 .999587 .2e2 .999631 
3.3.5 .999540 .220 .999791 
3.18 .999458 0226 .999657 
3.37 a: .999629 .229 .999776 
3.16 .999644 .218 7999774 

A.6.5 3.79 .999885 -215 .999833 
3.80 .999786 .208 0999953 
3.66 .999708 .205 .999937 
3.84 .999826 .211 .999897 

m017.5 3097 .999836 .188 .999981 
4.21 .999914 .195 .999882 
4.01 .999883 .182 .999952 
4.06 .959856 .180 .999942 

D.19 4.09 .999 .172 .999694 
4.10 .999 .174 .999784 
4.08 .999 .169 .999695 
4.02 .999 .168 .999261 
4.22 .999 .184 .999830 
4.10 .999 .161 .999330 

m.20.5 4.39 .999936 .170 .999926 
4.46 .999895 .L59 .999759 
4.40 .999978 .168 .999910 
4.78 .999745 ..1,76 .999837 

A.6.6. 3.05 .999969 .213 .999877 
3.24 .9998)7 .229 .999870 
3.2A .999023 .239 .999671 
3.29 .999882 .226 .999720 

_ . 31,06A 3.2L .999795 .206 .999779 
3.0a .999855 .217 .999658 
2.91 ,999e29 .205 .999844. 
5.32 .999794 .207 .999310 

19.17.6 3.40 .999857 .187 .999970 
3.7.8 .999648 .207 .999710 
3.28 .999326 .196 .999893 

.t.31.6. 3.42 .999915 -Li/ .999700 
3.50 .999832 .:11„,  .994799 
3.57 .999173 ..85 .999834 
'i.64  .99984-3 .L81 .999890 

Ooniinucd or next paso), 
Tat 	10. 
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mABLE lx) (Ooncd.) 

Mori ars (0ont 2 a.) 
U.20.6 

Concrobos. 

3.64 
3.75 
3.82 
3.62 

0.999937 
.999820 
.999896 
.999956 

0.170 
.168 
.175 
.163 

0.999872 
.999811 
.999899 
.999912 

J.17 4.79 	..::: .999552 .166 .999945 5.10 .999230 .180 .999775 
5.05 .999917 .184 .999745 
5.o8  .999720 .168 .999702 
4.98 .999649 .175 .999931 
5.09 .999686 .159 .999755 

J.10.B 5.10 .999622 .139 .999526 
4.86 .999658 .172 .999467 
5.17 .999765 .168 .9998/6 
5.22 .999694 .159 .999578 
5.11 .999787 .159 .999493 
5.26 .999617 .165 .999794 

A.11. 	1.5 4.88 .999935 .143 .999819 
4.93 .999960 .149 .999951 
4.89 .999906 .157 .999913 
5.00 .999924 .150 .999936 
4.95 .999950 .158 .999935 
5.06 .999951 .154 .999833 

A.8, 	2.0 5.09 .999905 .146 .999807 
5.41 .999919 .157 .999908 
5.23 .999976 .168 .999914 
5-40  .999907 .175 .999890 
5.25 .999969 .154 .999739 
5.14 .999962 .138 .999750 

A.11. 	3.0 5.60 .999948 
5.65 .999872 .144 .999908 
5.85 .999977 .157 .999892 
5.73 .999925 .166 .999866 
5.79 .999945 .150 .999852 
5.84 .999953 .149 .999788 

A.8. 	2.5 5.41 .999902 .341 .999892 
5.78 .999208 .155 .999686 
5.47 .999964 .147 .999977 
5.74 .999909 .142 .999786 
5.44 
5.69 

.999943 

.999955 
.151 
.137 

.999934 

.999812 
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SOME MIX CROSS 
SECTIONS. 

MIX J.18. 	(W/C - 0.5) 

E - 3v18 x 30
6 
psi. 

pa. - .222 

1Z2112. 
- 4.10 x /06 psi. 

P.R. - .171 

MIX A.8.2_5.  

E - 5.59 x 100  poi. 

P.R. — .147. 

PLATE 7. 



365 psi 
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CEMENT PASTE ( WIC = 0-4) 

 

30 days 

( VERTICAL STRAINS ) 

 

APPLIED LOAD 
IN TONS E = 2.47 x 10 6 

  

1 

2 

-6 
170x10 

strain 

I VERTICAL SCALE 
READINGS IN CMS 

55 75 95 1 --P 
2 &4 --0  30 50 70 90 

10 30 50 70 3&5 

2 0 4 0 60 80 6 --' 

FIG.19a 



_ 5-0 

2 6 4 5 
1 

-r 

- 4. 

10.0 

8•0 

3 65 1  
psi 

I 4 2 x 1 0 7-6  

I 	strain 

HORIZONTAL SCALE 

IREADING IN CMS. 

1 il.3 ---1,  55 	 45 	35 	 25 
2&6---0 40 	 30 	20 	 10 
4 ---+ 	 35 	25 	 1 5 
5 -, 	 40 	30 	 20 

FIG.19b  

4.0 

133. 

CEMENT PASTE (W/C= 0.4 ) 

( LATERAL STRAINS ) 

APPLIED LOAD 
IN TONS 



100 ^ ^ 
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CEMENT PASTES  

(VERTICAL STRAINS) 

3 
APPLIED LOADS 

IN TONS 

12.0 

2 

365 psi 

8.0-- 	  

6.0 

4.0 

170x10-6  

strain 
	01 

	

I 	VERTICAL 

SCALE 

1—► 30 40 50 60 70 80 90 100 
2-4. 	10 20 30 40 50 60 70 80 90 3—► 40 50 60 70 80 90 100 

FIG. 20a  

READING 
IN CMS. 



4 
1I 

365psi 
I 

I 

I 

4 - 

APPLIED LOADS 
IN TONS 	 1 

W/ C = 0.31  -r 

-1 

L.  42 x 10 -6 1 
	low 

strain 

w/ C= 0.4- 

I 3 

. 

ZW/C=0.5 

135. 

CEMENT PASTES 

(LATERAL STRAINS) 

12.0 

10.0 

8.0 

6 • 0 

4.0 

I 
60 50 40 30 	HORIZONTAL 
50 40 .3p 20 SCALE READINGS 

IN CMS. 

2 0 
18.3470 
2 -460 

F1G.20b  



MORTAR ( 2.5/1.0/0.5) 
(VERTICAL STRAINS ) 

1 APPLIED LOAD 
IN TONS 

136. 

182 psi  

-I -- 

85x10-6 

rolt 	 

I. 	strain 

VERTICAL SCALE 
READING I N CMS. 

10 20 30 40 50 60 
50 60 70 3 --+ 40 
40 50 60 70 4 	30 
55 65 75 85 6 	45 

FIG. 21a  
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MORTAR ( 2-5/1.0/0-5) 
(LATERAL STRAINS ) 

f5 
IN TONS 

45 

40 

40 

35 

APPLIED LOAD 

8.0 I 	— ! 	—/ 
i- 

4 — 

1182 psi 

— 

5.0 

4.0 

3.0 

21 x10-6  
411 

strain 
I HORIZONTAL SCALE 

FIG. 21b  

7.0 

6. 0 

1,2, 3 —.4 75 

4 	50 

	

6,5---A • - 	45 

70s 	65 	60 READING IN CMS. 
2.0 

8 



- — 	-- 

85 x10- 
6 

strain 

— I.  

I VERTICAL SCALE 

'READING IN CMS. 

APPLIED LOAD 
IN TONS 

138- 

8.0 

7.0 

6-0 

5-0 

4.0 

3.0 

MORTARS 	( W/C = 0,5 ) 
( VERTICAL STRAINS ) 

2.0 
A 	25 
B 60 

C& D --' 50 
E 35 

I ► 
35 45 55 65 
70 80 90 100 
60 70 80 90 
45 55 65 

FIG. 22a  



11* 	 
strain 

35 

15 

30 
HORIZONTAL 

SCALE READING 
IN CMS. 

139. 

8-0 

7.0 

MORTAR  ( W/C = 0.5 ) 
( LATERAL STRAINS ) 

APPLIED LOAD 
IN TONS 

	

/ 	, 

	

I 	 I/ 	/ I 

	

4 	 — A—  — i-/-  4 
, 

—I 

2.5 2.0 /1.5 I 1.9
-- 	 / .1,-- S /C 
i 	

I 

6'0 

182 psi 

_ I _ 50 

4-0 

3.0 

2.0 

70 

1 

6 0 
20 

55 

FIG.22b 

35 30 



I  APPLIED LOAD 
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MORTARS  (S/C =1.5) (VERTICAL STRAINS) 
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MORTARS  ( S /C =1-5) 
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CONCRETE ( 2-5 /2.5/1.0 / 	) 

( VERTICALSTRAINS ) 
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APPLIED LOADS 
IN TONS 
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CONCRETES 

( S/C/Vit. 2.5/1.0/0.5 ) 
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CONCRETES (S/C/N r: 2,5/1-0 /0,5 ) 9e0 
APPLIED LOAD 

IN TONS 
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4.0 
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strain 
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F 
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MATERIALS WITH W/C = 0.5  

( VERTICAL STRANS) 
9-0 

APPLIED LOAD 
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MATERIALS WITH WIC = 0.5  
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MORTAR TEST RESULTS ( 30 DAYS) 
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MORTAR TEST RESULTS ( 30 DAYS) 
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MATERIAL OF WIC = 0.5 (30 DAYS) 
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CHAPTER 9. 

DETAILS OF TESTING AND RESULTS OF TEST III. 

9.0 Introduction. 

Those are tests on "two-phase" materials consisting of 2" 

diameter; 	thick, rubber disco of Shore Hardness 650_. 70o Set in 

softer matrio03 of natural *rubber of Shore Hal.dnooc 30°- 350  in 

Tests Ills and •III1);  and of silicone rubber in Tests IIIc and 11Th.. 

The purpose of these experiments is to learn something about 

the distribution of stresses and - Strains.vilthin these structures, 

in the hope of being able to deduce. some useful information about 

the stress and strain distribution between aggregate particles set 

in cement paste. 

The tests to determine the'different rubber properties are 

described in Appendix D, and the results given there. 

9.-. Method of Test. 

The models were made as dedoribed in Section 6.3, and marks and 

lines and grids for measuring purposes were drawn in ink in selected.  

places. Plate 8 shows the nodel of Tests Ilia 'and Ilib with some 

of these grids eto. shown. The Basil 'emote circles which appear 

at the oentae of that model were never used for any purpose. It 

was hoped that they would, give a visual picture of the directions 

of principal strains, but in the event, their distortions were not 

suffioiSntly obtriouis to jumWr using them in this*Ar. 

All th:.: models w1.0 t0sted i12 tsnsion anti. =re set up in the 

testing frame as shown in Fig. 12, and the load was applied through 



152. 

TWO PHASE NATURAL RUBBER MODEL 

WITH DISCS UNBOBDED UNDER LOAD. 

PLATE 8. 
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4 spring balances, each capable of measuring up to 112 lb. This 

load is about three times that ever actually carried by any balance' 

during the tests, and the weight of the model itself plus loading 

bars is a high percentage _of the applied loads reached, which means 

that the mean stress at any level of a model varied considerably from 

a maximum_at the top to a minimum at the bottom. The difference 

between mean stress at the top of the model and that at the bottom 

for any applied load is 1.2 lbs/eq.in. for the model of Tests Ma 

and IIIb. (Model 1.), which is a high proportion of the maximum 

applied stress of the order of 20 lb./sci.in. 

The "zero" for readings was taken as 6 lbs. per balance for 

Model 1, so that all parts would be in vertical tension. Models 

2 and 3 wore much lighter and 4 lbs. per balance was the applied 

zero load. 

At this "zero" position dial gauges wore mounted as shown in 

Plate 87  in contact with the edges of the model. The gauges read 

to one—thousandth of an inch and had had their springs removed so 

that they would exert no force on the model at the points of contact. 

Their readings .at zero load were noted. Lateral dial gauges were 

not used on Models 2 and 3, but the two vertical ones were similarly 

arranged. 

The positions of all intersection points of the grids being 
and examined, ago the positions of any other points in a model, were next 

determined. To do this a hea7y vertical cathetameter of scale length 

one metre was placed about 5 feet in front of the grid, and by means 
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of the babe screws, adjusted until its scale was vertical. The, 

telescope slides up and down this scale and it was focussed with a 

selected intersection on the grid at the intersection of the cross 

wires in the telescope, which was then levelled by means of a built- 

in spirit level and an adjusting screw. 	If this process had 

moved the grid intersection away from the cross wires, as far as 

could be judged, a fine adjustment sore* capable of moving the 

telescope bodily up and down was used to bring it bank again. The 

zero reading of this particular intersection was then noted by 

reading the position of the telescope against the scale and making 

use of the vernier attachment. The vernier gives readings to the 

nearest fiftieth of a millimetre, but it is not likely that that 

accuracy can be utilised, due to the human error in fixing the cross 

wires in exactly the right place on the grid. After this, the tele-

scope was sighted on all intersection points in turn, levelling the 

instrament. each time, if necessary. It can be used in different 

vertical planes by adjusting a sore* at the base of the instrument, 

which rotates the scale and telescope horizontally. When all zero 

readings had been taken with the vertical oathetometor, it was re-

moved, and horizontal one peat arranged in front of the model. 

The scale of this was made horizontal by the manipulation of an 

adjusting screw and, as before, the telescope was sighted upon the 

appropriate intersection points and the readings noted. This 

.instrument can .be used in different horizontal planes by adjusting 

a screw, which rotates the scale and telescope vertically. 
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When all readings had been taken, the load on the model was 

increased by turning the wing nuts above each spring balance. It 

was thought advisable to give each-  oneten revolutions in turn, and 

in this way they would increase their readinge MOTO or.  less together. 

By increasing the load on any one too much at a time, it was felt 

that extra temporary stresses would be induced in the model, perhaps 

giving rise to Premature bond failures. When the ne;zt load stage 

was reached, the dial gauges and the positions of all marked points 

and grid intersection points were read as before. 

If any single point on a grid is chosen as an arbitrary origin 

of co-ordinates, then each point can be expressed in t=o-ordinates 

based on that origin simply by subtrac*ing the vertical and horizontal 

origin readings from those of the point. In this way grid inter-

section positions can be plotted at all loads, thus giving an 

indication of strain distribution. 

9.2. Details  of Individual Tests. 

9.2.0. 	Test Illa. (Model 1). 

This test made use of Model 2, with the discs unbonded to the' 

surrounding rubber matrix. The disc spacing was 4.5" in the'vertical 

and horizontal directions, and Plate 8 is a photograph of this model 

under load. The gaps between the discs and matrix are easily visible 

on this photograph and so also is the deformed shape of the central 

grid. All other ink lines on this model had been straight at first, 

IitA 	via linesp and it is interesting to obs2vo 	vvrtioal 

and diagonal lines drawn, remain straight afto the ap-p.,ioazfLn o -Cad. 
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and the horizontal'enes shown2  take up a new shape. These facts 

are of interest in themselves, although the deformed grid shape is 

of greater importance. 

Readings were taken at the central soft rubber "pocket" between 

discs:  on the grid of Plate 82  but because of symmetry2  it was decided 

to measure the top half of that grid only. Readings Were taken at 

6 lb. per balunce.and at 12 lb. per balance, and the results and 

calculations of co-ordinates based on the centre of the pocket as the 

origin, are given in Tables 11 and 12;  and Fig. 30 shows the plotted 

grids at these two loads:  which are effectively 1.1 psi and 4.25 psi 

at the mid height of the model. The co-ordinates of Table 12 are 

expressed in units of one-tenth of a millimetre, and it is considerod 

that readings to this accuracy are reliable. 

Table 13 shows the readings of the dial gauges and a value of 

for'the model is worked out as 80.5 psi. The lateral gauge 

readings indicate a Poisson2e Ratio of 0.20, using the lateral strain 

at the mid height of the specimen in reaching that value. Table 14 

shown' the vertical and lateral readings of several points on the 

model, indicate& on the attached diagram, and this teetis designed 

to examine the relative strains in disc and matrix. (The readings 

show that the disc contracts very slightly in the vertical. direction, 

but as this is most unlikely to'oocur in fact, it poems that it is 

the result of the human orxor in setting the marked points exactly 

thr,_ r.3aTim,) 	U. 6oloc.mpc3 OTP, 	wfaor, 	/A my rata, ft iE f02%) 

to conclude that disc strains - are'very small oompared with the Strains 
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MODEL 
	

TEST Ilia. GRID Raumos. 

DISCS UVD0NDP1). 

Position of Readings. 

Load on gaecimen - 6 lb.(balanoe. 

Vert. 1 2 3 4 5 6 i 	7 

A 60.800A60.818 60.830 60.856 60.862 60.870 
3 1 60.45260.452 60.458 60.453 60.458 
0 60r036,60.026i60.032 60.026 60.024 60.012 60.028 60.034 
B i 59.572 59.572 59.572 59.572 59.572 59.654 
B 58.67258.620 56.668 58.674 58.676 58.674 56.674 
F 57.636 57.636 57.620 57.618 57.624 57.624 
z 61.20 

8

6 61.208 61.208 
x 61.771 

1 ....._ _1 
Tofu. 

1 

A 21.672122.586 23.529 23.872 24.264 24.473 
B 23.526 23.877 24,282 24.655 24.894 
0 21.67222.583 23.520 23.667 24.264 24.630 24.960 25.289 
D 23.522 23.868 24.272 24.644 24.972 25.583 
B 21.672,22.570123.502123.850 24.250 24.617 24.949 
F 21660122.570 23.507 23.844 24.242 24.615 
z 23.538123.887 24.150 
x  123.5771 

All readings in ams4 

TUIE 11. 
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TABLE 11 (Cont 9 d.) 

Load (212§,peo3mon - 12 lbs. balance. 

Vert. 1
1 
	2 3  4 5 6 7 	1 8 	1 

A 62.196 62.212 62.282 62.330 j 62.346 62.366  
B 61.844 61.888 61.904 61.924 61.932 61.932 
0 61.412 61.416 61.450 61.472 61.486 61.486 61.500'.61.518 
D 60.958 60.986 60.996 61.012 61.030 61.042 61.136 
E 60.040 60.042 60.058 60.070 60.078 60.092 60.096 
P 58.992 58.992 58.980 58.980 58.986 58.986 
z 62.658 62.686 62.704 
X 63.258 

Horis. 

A 21.675 22.585 23.516 23.857 24.246 24.442 
B 23.527 23.871 24.256 24.627 24.862 
0 21.674 220590 23.514 23.866 24.258 24.625 24.940 25.279 
D 23.521 23.870 24.266 24.630 24.951 25.692 
E 21.673 22.589 23.518 23.853 24.253 24.614 29.940 
P 21.663 22.579 23.504 23.844 24.216 24.559 
Z 23.522 25.861 24.117 
, 23.541 

All readings in cms. 

TABLE) 11. 
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yozkin DISCS UTIBOITDED. 

TEST ilia. GRID C0-ORDINATES. 

All co-ordinates axe in tenths of a millimetre. 

1 2 3 4 . 5 6 7 

b 1 93 186 221 260 280 
D 186 222 262 298 323 
C 1 92 185 221 260 296 330 362 
D 135 221 261 295 331 406 

H E 1 91 183 219 259 293 329 
F 0 91 184 218 258 293 
Z 187 223 249 
X 191 

6 lb./ ft, -------- 
319 320 323 baianoo A 317 323 324 

B 281 281 282 282 282 
C 	, 240 240 240 240 239 238 240 240 

AT D 
E 104 104 

193 
104 

193 
104 

193 
105 

193 
104 

193 
104 

202 

F 0 0 -1 -1 -1 -1 
Z 357 357 357 

. x_ 414 

A 1 91 185 219 258 277 
B 186 220 259 296 319 
0 1 91 184 220 259 295 327 •360 
D 185 220 260 296 326 402 
E 1 92 185 218 258 294 327 
F 0 91 183 217 255 289 
z 185 219 245 

12 lb./ A 187  
balance :, 1  321 323 

285 
330 
240 

335 
291 

337 
293 

339  
294 294 

C 242 243 246 248 250 250 252 254 
D 197 200 201 202 204 205 214 
E 105 105 107 108 109 110 111 • 
F 0 0 -1 -1 0 0 
Z 367 370 371 
X 437 

These co-ordinates are used in the plotting of Fig. 30. 

TABLE 12. -------- 



MODEL 1  DISCS UNBONDED 	TEST II:EA 

CENTRAL GRID 

- 	lips' 

	 4.25 psi 

scales in 9.2-5 

0 

S 

/ 0 

disc edge 

FIG.30 
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MODEL 1.. TEST lila. DISCS UNBONDED. 

      

Dial Gauges. 

 

See Plate 8. 

  

3 

4 

6 
---- 

6 lbs./ 
Balance 

1 t 	2 a 4 5 6 7 8 9 

342 

852 
(054) 

-156 

584 
(-005) 

880 003 010 054 583 539 664 

12 lbs./ 
Balance 657 409 765 828 855 867 527 445 546 

Deflections. 1.113 1.264 .115 .135 .155 .187 .056 .094 .118 

Average vertical deflection =1.193 ins..  

6 lbs. per balance to 12 lbs. per balance is a stress interval of 

3.2 lb./sq. ins. 

Therefore Young's Modulus of this unbonded model = 	x 30 

= 80.5 psi. 

Lateral Deflection readings at central portion. 

Average of 4 and 5 	.145 ins. 
Gauge 8 	.094 ins. 

Therefore Total Lateral Contraction r_ .239 ins. 

Therefore Poissonts Ratio is of the order of 	.20 
1.193 
.239 

irrativrer 

TABLE 13. 
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DISCS TRIMMED. 

TEST "IIa. 

"Positiors of readings. 

Centre of Bedol. 

MODEL 1. 

Load 
per 
bal- 
ance. --- 

1 2 35 6 7 

6 65.302 62.892 62.864 60.390 57.028 53.480 57.044 
Vert. 

12 66.970 64.566 64.556 62.074 58.442 54.660  58.456 

6 23.105 25.348 20.424 22.920 26.113 22.920 19.739 
0 piz. 

12 20.903 23.136 18.222 20.710 23.873 20.730 17.585 

All roadings in oms. 

The followi 	can be deduced;- 

Vertical strAns:- Hard Disc (1-4) = •-, .0002 
Soft Matrix(4-6) = -I- .073 

Lateral strajnsg- Hard Disc (2-3) zn --.002 
Sot 17;1121:(5-7) 	u - .013 

Bateazic:LaI sta'ailas a2e positive° 

TABla 14. 
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in the soft surround in this case of no bond. 

2.2.1. 	TestjIib. (Model 1). 	• 

This is on the same model as that used in the ?Previous test, but 

this time the discs are bonded, as described in Section 6.3.0. 

Measurements of the points of intersection of the central grid were 

made with the vertical and horizontal cathetometers, 0.6 before, for .  

loads per balance of 7 lbs., 12 lbs., and 16 lbs. At this load a 

bond failure occurred at the disc immediately above this pocket, 

and readings were discontinued for higher loads. The measured 

results are given in Table 15, and Table 16 shows the co-ordinates 

deduced from them for the first two loads, and these are plotted in 

Fig. 31. 

Bond failures, either started directly above, or directly 

below, a disc or sometimes at the edge of a disc at about 300  round 

its perimeter from the vertical. Fig. 32 shows the points in the 

model at which bond breakdowns occurred as the load was increased up 

to 34 lbs. per balance. • At the top right-hand corner, i.e. close 

to the loading bars and the edge of the model, another grid was drawn 

at a soft rubber pocket, and the usual measurements of its points of 

intersection made with the cathetometers for loads per balance of 

7 lbs, 16 lbe, 20 lbs and 28 lbs. At 28 lbs. per balance a break-

down occurred here. The results of all measurements and the deduced 

co-ordinates of the points of intersection for loads per balance dr 

7 lbr.;, (Ina 20 lbs.. are g'ive'n in Tablori 17 and 18 and Pig. 33 shows 

the plotted grid shapes at these two loads. 



1IODEL I. BONDED DISCS. 

TEST IIIb. 

CENTRAL GRID. 

Positions 
On. grid. 

Scale Readin s in ems. at 7 lbs. balance. (1.5 psi.) 
OD- A E C D E F 0 B I J K 

1 21.63 22.32 22.74 23.09 23.47 23.83 24.22 24.58 
2 21.63 22.32 22.73 23.09 23.47 23.83 24.22 24.58 
3 21.63 22.31 22.73 23.09 23.47 23.83 24.21 24.57 
4 21.63 22.31 22.72 23.09 23.47 23.82 24.21 24.57 24.91 
5 21.62 22.31 22.72 23.09 23.47 23.82 24.21 24.57 29.91 25.24 
6 21.62 22.30 22.72 23.09 23.47 23.82 24.21 24.57 24.91 25.24 
7 21.62 22.30 22.72 23.09 23.46 23.83 24.21 24.57 24.91 25.24 25.63 
8 21.62 22.30 22.71 23.08 23.46 23.83 24.21 24.57 24.91 25.23 
9 21.62 22.30 22.70 23.08 23.45 23.83 24.21 24.57 24.91 
10 27.70 23.08 23.45 23.83 24.20 24.57 
11 23.44 23.83 24.20 
Vert . 
1 07.10 57.10 57.10 57.09 57.09 57.09 57.09 57.09 
2 .7.50 57.50 57.50 57.50 57.49 57.49 57.49 57.49 
3 -7.88 57.88 57.88 57.88 57.88 57.88 57.87 57.87.  
4 8.27 58.27 58.27 58.26 58.26 58.26 58.26 58.26 58.25 
5 8.66 58.66 58.65 58.65 58.65 58.65 58.64 58.64 58.63 58.70 
6 59.01 59.01 59.01 59.01 59.01 59.01 59.00 58.99 58.99 58.99 
7 9.38 59.37 59.37 59.37 59.37 59.37 59.37 59.36 59.36 59.36 59.36 
8 9.75 59.74 59.74 59.74 59.74 59.74 59.74 59.74 59.74 59.56 
9 '0.15 60.15 60.14 60.14 60.14 60.14 60.13 60.12 59.90 
10 60.55 60.55 60.55 60054 60.54 60.26 
11 60.94 60.94 60.64 
32 61.26 

••••••••11. 

TABL11.19. 



165. 

12ltEL,taLkLaaa2. (4.25psi.) 

Tert.ABCDBFGH Z 5 K 
1 57.37 57037 57037 57.37 57037 57.36 57.36 57.36 
2  37.79 57.79 57.79 57.79 57.79 57.78 57.78 57078 
3 58.18 58.18 58.18 58.18 58.18 58.17 58.17 58.17 
4 58.57 58.57 58.56 58.57 58.57 58.56 58.56 58.55 58.55 
5 58.97  58.97  58097  58.97 58.96 59.96 58095  58.95 58.93 58.97 
6 59.34 5933 59.33 59.33 59.33 59.32 59.32 59.31 59.30 59.29 
7 59.71 59.71 59071  59.70 59.70.59069 59.69 59.68 59.67 59.67 59.66 
8 60.09 60.08 60.08 60.08 60.07 60.07 60.06 60.06 60.06 59.87 
9 60.49 60.49 60.49 60.48 60.48 60.47 60.46 60045 60.22 
10 60.89 60.89 60.89 60.88 60.87 60.57 
11 61.29 60.28 60.97 
12 61.60 

•
 

r-I 	
re )

 d'  LCN
 \
O

 00
 O

N
 0

  
o 	

H
 r-i  

20.72 21.42 21.82 22.17 22.55 22.90 23.28 23.66 
20.72 21.43 21.81 22.17 22.55 22.90 23.28 23.65 
20.72 21.43 21080 22.17 22.55 22.90 23.28 23.64 
20.72 21.42 21.80 22.17 22.54 22.90 23.28 23.64 23.97 
20.72 21.42 21.80 22.17 22.54 22.89 23.27 23.64 23.97 24.30 
20.73 21.42 21.80 22.17 22054.22.89 23.27 23.64 23.98 24.31 
20.72 21042.21.79 22.17 22.54 22.90 23.27 23.64 23.97 24.30 24.67 
20.72 21.42 21.79 22.16 22.53 22.90 23.27 23.64 23.97 24.30 
20.72 21.41 21.79 22.16 22.53 22.90 23.27 23.64 23.97 

21078 22016 22.52 22.90 23.27 23.64 
22.52 22.90 23.27 

22.65 
Readings in oms. at 16 lbs/balanoe. (6.4 psi). 

fert. 
1 57.71 57070 57070 57.70 57.70 57.69 57.69 57.69 
2 58.12 58.12 58.12 58.12 58.12 58.11 58.11 58.11 
3 58.51 58051 58.51 58.51 58.51 58.51 58.50 58.50 
4 58.91 58.91 58.91 58.91 58.91 58.90 58.90 58.89 58.89 
5 59.32 59.32 59031 59031 59.30 59.30 59.29 59.28 59.27 59.34 
6 59.69 59.69 59.69 59.68 59.67 59.67 59.66 59.65 65.64 59.63 
7 60.06 60.06 60.06 60.06 60.06 60.04 60.04 60.03 60.02 60.01 
8 60.45 60.45 60.45 60.44 60.44 60.43 60.42 60.42 60.41 
9 60.86 60.86 60.86 60.86 60.85 60.84 60.83 60.81 

10 61.28 62.27 61.26 61.26 
11 61.67 62-66 
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,TABLE  16 (contqd.) 

Vertical Co-ordinates of Points  of Intersection of Grid 

in tenths of a millimetre° 

1.5 psi.ABCDEFGHIJK 

1 0 0 0 -1 -1 -1 -1 -2 
2 40 40 40 40 39 39 39 38 
3 J 78 78 78 78 78 78 77 77 
4 117 116 116 116 116 11 115 115 115 
5 156 155 155 155 154 154 154 153 153 160 
6 191 191 191 191 191 190 190 189 189 189 
7 227 227 227 227 227 226 226 226 226 226 226 
8 265 264 264 264 264 264 264 264 264 246 
9 305 305 304 304 304 303 303 302 280 
10 345 345 344 344 344 315 
11 384 384 353 

4025 psi. 
1 0 0 0 -1 -1 -1 -1 -1 
2 42 42 42 42 41 41 41 41 
3 81 81 81 81 81 80 80 79 
4 120 120 119 119 119 119 119 118 118 
5 160 160 160 160 159 159 158 158 156 160 
6 196 196 196 196 195 195 194 194 193  192 
7 234 234 233 233 233 232 231 230 230 229 229 
8 272 271 271 271 270 270 269 269 269 250 
9 312 312 311 311 310 310 309 308 282 
10 352 352 352 351 350 320 
11 391 391 360 

The co-ordinates in this Table are used in the plotting of Fig°310 



MODEL 1. BONDED DISCS. 

CORNER GRID. 

positions and Form 

of Grid. 

Seale Readings in ems. at 7 lbs./balanee. (2.1 psi. 

nor-1 

LI
9

18  .35 

3 18.35 

1 
2 18.35 

4 18.35 
5 1&.35 
6 18.35 
7 18.35 
8 

kerb 

ABODBFG 

18.93 19.55 20.13 20.48 20.85 21020 
18.93 19.55 20.13 20.48 20.85 21020 
18.93 19.55 	20.14 20.50 20.85 21.20 21.48 
18.93 19.54 19.86 20.14 20.50 20.85 21.20 21.48 21.89 
18.93 19.54 19.85 20.14 20.50 20.85 21.19 21.48 21.89 
18.93 19.54 19.85 20.14 20.50 20.85 21.19 21.48 
18.92 19.53 19.85 20.14 20.50 20.85 21.19 

19.53 19.84 20.14 20.49 20.85 
19.84 20.14 20.49 

1 	86.33 86.34 86.34 	86.34 86.34 86.34 86.34 
2 	86.92 86.92 86.92 	86.93 86.93 86.93 86.93 
3 	87.47 87.47 87.47 	87.48 87.48 87.48 87.48 87.48 
4 	88.02 88.02 88.02 88.03 88.02 88.02 88.02 88.03 88.02 88.02 
5 	88.31 88.31 88.31 88.32 88.33 88.33 88.33 88.33 88.33 88.33 
6 	88.64 88.64 88.65 88.65 88.66 88.66 88.66 88.67 88.67 
7 	♦88.98 88.99 88.99 89.00 89.00 89.01 89.01 89.01 
8 	89.33 89.33 89.34 89.34 89.35 
9 	89.72 89.74 89.74 
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241B  -1,7.feent'd.) 

Scale Reaaings in rnsc at 28 lbs.loalance (13.2 Asia j. 

Vert. L B C EFGHIJ 

1 90.59 90.59 90.91 90.92 90,91 90.91 90.91 
2 91.47 91.48 91.48 9:1,54 91.54 91.53 91.52 
3 92.07 92.07 92.07 92.13 92..32 92.21 9209 9206 
4 92.66 92.66 92.67 92.70 92.71 92.70 92.69 92.67 92.65 92.61 
5 92.97 92.98 92,99 93.02 93.03 93.02 93.02 92.99 92.98 92.9A 
6 93.33 93.34 93.35 93.38 93.39 93.38 93.37 93..25 93.33 
7 93.70 93.71 93.74 93.75 93.76 93.75 93.73 93.-t2 
8 94.09 94.11 94.11 94./0 94.09 
9 94.52 94.54 94.54 

Hor- 
iz. 

, 

1 , 15.42 15.99 16.58 17.16 17.51 17.85 18.20 
2 15.41 15.97 16.57 17.14 17.49 17.84 18.18 
3 15.38 15.94 16.54 17.12 17.48 17.83 18.17 18.45 
4. 15.34 15.91 16.51 /6.82 17.10 17.46 17.82 18.15 18.45 18.84 
5 15.32 15.89 16.50 16.80 17.10 17.44 17.80 18.15 18.43 18.84 
6 15.30 15.87 16.48 16.79 17.07 17.43 17.79 18.12 18.41 
7 15.28 15.85 16.46 16.77 17.06 17.41 17.77 18.12 
8 16.44 16.74 17.05 17.40 17.77 
9 16.72 17.03 17.38 

rPABLE 17. 
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MODEL 1. TEST IlIb. 	BONDED DISCS. 

      

CO-ORDINATES OF POINTS OP INTERSECTION OF CORNER GRID 

at 7  lbs4balance (2.1 psi). 

Vert. A B C D E F G H I 3 

1 0 1 1 1 1 1 1 
2 59 59 59 60 6o 60 60 
3 114 114 114 115 115 115 115 115 
4 171 171 171 172 171 171 171 172 171 171 
5 198 198 198 199 200 200 200 200 200 200 
6 231 231 232 232 233 233 233 234 234 
7 265 266 266 267 267 268 268 268 
8 300 300 301 301 302 
9 339 341 341 

Lateral 
1 0 58 120 178 213 250 285 
2 0 58 120 178 213 250 285 
3 0 58 120 179 215 250 285 313 
4 0 58 119 151 179 215 250 285 313 354 
5 0 58 119 150 179 215 250 284 313 354 
6 0 58 119 15o 179 215 25o 284 313 
7 0 57 118 150 179 215 250 284 
8 118 149 179 214 250 
9 149 179 214 

All co-ordinates are in tenths of a millimetre. 

These co-ordinates are plotted in Pig. 3.3 along with those 
recorded for the 20 lb./balance load given in the rest of 
this table. 

TAME 18. 
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TABLE 18 (Cont7d.) 

CO-ORDINATES OF CORNER GRID AT 20 lbs./BALANCE (9.0 psi). 

Vert. A B CD EF - GH I J 

1 . 	0 1 1 2 2 2 . 	1 
2 61 62 . 	63 63 63 62 62 
3 119 120 121 . 120 120 119 118 117 
4 176 177 177 177 177 176 175 174 174 172 
5 206 208 208 208 208 208 207 206 205 204 
6 242 242 243 243 243 242 ' 242 241 240 . 
7 277 278 279 279 278 278 277 277 
8 313 313 314 313 312 
9 354 355 355 

oriz. 

1 0 57 118.  175 209 246 280 
2 -1 56 117 174 209. 245 279 
3 -3  54 116 174 209 244 279 307 
4 -4 53 113 145 173 208 243 278 307 347 
5 -6 52 112 143 172 207 243 277 306 347 
6 -8 51 111 142 171 206 242 276 305 
7 -',8 50 110 141 170 205 242 275 
8 112 139 170 204 241 
9 139 169 203 . . 

j 

The co-ordinates are deduced from the measured results 
liven in Table 17 and are plottedin Fig. 33. 

TABLE 18. 
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MODEL 1. IODED DISCS. TEST IIIb. 

DEFORMATIONS OVER UPER RIGHT HAND QUARTER OF MODEL. 

emenae=aaa=19 
	 Diagram of the positions 

of soft pockets invest-
igated. 

B 
Crosses show the positions 
of the four points sighted 
upon in each pocket. 

7 lbs./balance 12 lbs./balance 16 lbs./balance 

Lateral Vertical Lateral Vertical Lateral Vertical 
1 29.21 34.81 54.15 59.93 25.88 31.44 53.78 59.65 37.67 3/.16 60.63 54.65 
2 17.35 23.51 54.29 59.93 34.51 20.18 53.92 59.63 26.47 20.39 60.57 .54.

.'8:  
3 5.14 11.71 53.94 59.98 1089 8.43 53.56 59.65 14.79 8.29 60058 54.45 
4 40.46 46.33 65.81 71.86 37.07 42.91 65.59 71.73 47.96 42.15 72076.66.66 
5 28.81 34.87 65.75 71.84 25.46 31.48 65.49 71.67 37.72 31.74 72.77 66.49 
617.46 23.28 65.95 71.82 14.15 19.94 65.69 71.62 26.23 20.50 72.67 66.65 
7 11.57 5.27 65.69 71.42 2.01 8.26 65.38 71.18 14.63 8.41 72.68 66.31 
8 5.29 11.82 77.04 83.23 1.99 8.50 76.83 83.10 14.83 8.37 84.20 77.85 
9 17.41 23.50 77047 83.43 14.06 20.12 77.29 83.35 26.41 20.39 84.50 78.35 
10 29.02 34.86 77.37 83.41 25.65 31.48 77.22 83.34 37.72 31.92 78.32 84.53 
11 40.44 46.18 77.49 83.32  37.04 42.76 77.37 83.27 47.83 42.16 84.48 78.53 
12 28.96 34.86 89.31 93.76 25.52 31.46 89.26 93.75 37.70 31.78 94.98 90.47 
13 23.49 17.28 89.40 93.56 13.88 20.07 89.32 93.53 26.33 20.13 94.74 90.50 
14 5.63 11.81 89.12 93.53 2.23 8.39 89.01 93.48 14.66 8.56 94.65 90.14 
15 40.56 46.20 54.35 60.15 37.18 42.78 54.01 59.91 47.80 42.24 60.76 54.90 
16 40.41 46.32 89.10 93.70 37.01 42.88 89.08 93.71 47.98 42.13 94.97 90.30 

All readings are in cans. 

TABLE 19. 
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TABLE 19 (0ontla.) 

20 lbs./balance. 

) 
Laterca Vertical Lateral 

-----, 
Vertical 

1 30.55 25.07 61.04 54.97 9 19.27 13.28 85.11 78.89 
2 19.40 13.37 60.97 55.08 10 .  30.57 24.79 85.16 78.88 
3 7.75 1.26 61.00 54.86 11 41.82 36.13 85.13 79.09 
4 41.96 36.15 73.24 67.12 12 30.50 24.57 95.66 91.10 
5 30.59 24.66 73.23 66.92 13 19.15 /2.92 95.39. 91.13 
6 13.45 39016 73.19 67.08 14 7046 1.37 95.30 90.73 
7 7.59 1.38 72.68 66.75 15 41.84 36.28 61.11 55.23 
8 7.73 1.30 84.76 78.37 16 41.92 36.06 95.66 90.96 

TABLE 19  

Stress-Strain Results deduced from Table 19. 

.
1.•  tr.N.o

 t"--  CO
  C

A
 	
H

'<.̀"  UW
3  

1
 

H
 H

 r-1
 r-f
 H

 

Stress Strains 
Stresc,  Strains  Stress  Strains Stress 

V. R. V. H. V. 	E. 

1.5 1.55 -0.96 4.25 1.90 -1.25 6035 1.56 	.18 8.15 
1.5 1.24 -6.04 4.25 1.42 - .65 6.35 /073 	- .81 8.15 
1.5 0.83 -0.38 4.25 .66E - .631 6.35 .16E - .15f- 8.15 
1.7 1.40 - .51 4.4 -.66E - 	.5].  6.5 .33fi 	0E' 8.35 
1.7 1.47 - .66 4.4 1.64 - .66 6.5 .497 	- .82-  8.35.  
1.7 1.02 - .51 4.4 1.52 -1.02 6.5 1.52 	- .34 8.35 
1.7 1.22 - .80 4.4 - .48 6.5 - .16 8.35 
1.9 1.29 - 031 4.6 1.29 - .77 6.7 .65 	- .46 8.6 
1.9 1.67 - .49 4.6 1.50 - .67 6.7 1.17 /  - .49 8.6 
1.9 1.32 - .17 4.6 1.49 - .51 6.7 1.167; - .3 8.6 
1.9 1020 - 035 4.6 2.55 - .90 6.7 .171 - .35 8.6 
2.1 0.90 - .68 4.8 .45 - .34 6.9 1.12 	- .17 8.75 
2.1 1,20 4.8 .72 - .16 6.9 .48 8.75 
2.1 1035 .32 4.8 .91 - 096 6.9 ,035 	.48 8.75 
1.5 1.72 - .71 4.25 -.69 - .71 6.35 .35 	0 8.15 
2.1 0065 .68 4.8 .87 - .34 6.9 .65 	- .17 8.75 

a Denotes a breakdown in that pocket. 
71  Donates a braakaonn in an aajacent un-numbered Docket 

StTOGSGE in poi. 	Strains 3,02, 

''LT1  War, 
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DTOUCTIOpFROU TABLE 20t4 

Z. For stress interva:, of 2,7 psi. (i.e. first load inorement) 

there are no bond breakdowns and we have the following 

average strains at the different levels. 	(See Table 19). 

Lovol A ;-

Level B a-

Level C ;-

Level D a- 

Vertical. 

1,02 z 10-2 

1.37 

1.30 

1.33 

Lateral. 	E. psi. 	P.R. 

	

0.56 	264 	o55 

	

0.33 	197 	.24 

	

0.62 	204 	.48 

	

0.68 	203 	.51 

These values of IlEii for the soft rubber pockets compare to 

the unrestrained value of the soft rubber of 96 psi. (See 

Appendix D). 

The unrestrained value of P.R. = 0.5 

2. For the first strens interval we have the following vertical 

strains as we move from pockets on the vertical centre line 

of the model to its edge. 

Lovel A s- 	0.65; 0.90; 1.20; 1.35 x 10-2. 

Level. B 	1.20; 1.32; 1.67; 1.29 

Level C 	1.49; 1.47; 1.02; 1.22 

Level D :- 	1.72; 1.55; 1.24; 0.83 

This seems to indicate that the model is more highly stressed 

towards its outside at the top of the modelp and towards its 

centre at the mid. height of the model. 
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MODEL 1. TEST IIIb. DIAL GAUGE READINGS. 

Discs Bonded. 

3 
4 
> 
6 -> 

7. 

All readings in thousandths of an inch. 

Loads per balance in rbs. 

7 	
l 

12 161 	20 191 	24 1 21 	1 241 28 25 27 

148 380 683 974 575 635 790 998 610 663 967 
(202) 222 (182) 

22 139 36a 640 906 275 350 587 600 313 361 495 
-87) -73 (-76) 

3 816 792 720 673 642 648 612 530 
4 744 695 600 534 472 448 484 418 
5 912 859 744 687 570 532 472 404 
6 -3o 966 869 802 717 680 654 594 
7 875 840 845 808 777 735 677 690 
8 940 895 878 838 782 730 643 631 
9 943 887 860 819 813 751 783 751 693 675 

Deduced from these readings we have:- 

Average 
stress in 
Model 

....._2.n..221.x 

Average 
vertical 
strain 
10-2 

Lateral 
strain 
Level D. 

Lateral 
strain 
Level C. 

Lateral 
strain 
Level B. 

P.R. using 
lateral 
strain at D. 

1.5 0 0 0 0 
4.25 .78 .41 .33 .28 .53 
6.35 1.79 .82 .71 .58 .46 

8.3o to 7.90 2.75 to 2.82 1.17 1.09 .92 .41 
10.15 to 8.55 2.02 to 4.26 1.58 1.73 1.23 637 

9.95 4.91 to 4.95 1.81 2.03 1.45 .37 
13.20 to 11.60 6636 to 6.54 2.08 2.52 1.52 .32 

12.60 7.27 2.10 2.78 1.70 .29 

The vertical stress-strain curve is plotted in Fig. • 37 a1on7 175,t4A, 
1F,a1 

TABLE 21. 
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MODEL 1 	DISCS BONDED 	TEST MB 

CENTRAL GRID 

1.5ptsi 

4.25 psi 

/ 
/- —0 	— 

scales in 9-2.5 

• 

_ 
1.•••••• 4/.0. 

Ct- X=0...- ..c............4,..,- -vm,.. 

	1-4( 	 

21— —aN,  

disc edge 	\ -0= 

	 c•--r3c--- 1  X 

. 	I 

FIG. 31 
1. 
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RUBBER MODEL 1 TESTB 	PATTERN  OF BOND 
FAILURES  

 

   

12 —161b. per balance 

  

16-20 • 
20-24 • 
24-28 • 
28-32 
32 —340 

these nos. are 
bond breakdown 

loads 
11111 III  

FIG. 32  
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MODEL 1 TEST  LiB 

CORNER GRID 

• 
— — 	2.1 psi 

	

 	9 •Ops i 

scales in 9.2 • 5 

• 

• 

• 

disc edge 	\ 

t 

1'25" 
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= 352 psi 

= 206psi 

63_4= 95psi — 
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TEST 111—B 

MEAN APPLIED 
STRESS 
IN psi 

DIAL GAUGE STRAINS 

• • • 

lateral gauge 
positions 

O 	vertical 
x D 
A 	C 	lat ara I 

B 

4.. Poisson's Ratio 

FIG .34  

VERT. 1 

LAT. 

P.R. 	0.3 

2 	3 	4 	5 	ti 	71 STRAINS 
x 102 

1.0 	1.5 	2.0 

0.5 

0 0.5 

0.4 
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Dial gauge readings were also taken, both vertically and 

horizontally at different levels. Table 21 shows the positions 

of the gauges and gives their readings at all loads, and the stresses 

and strains deduced from them. The deduced vertical strains 

represent the average from top to bottom of the model and the 

ol;reozos given.  r..ria those at the mid height. Vertical and lateral 

strain curves are shown in Pig. 34, and the "saw-toothed" effect of 

the vertical curve is a result of "creep" within the model, due to 

bond failures. At the higher loads, it was noticed that the vertical 

dial gauges, showed slowly altering readings and the spring balance 

readings dropped gradually, as new bond failures occurred. It vas 

decided, therefore, to read the gauges and balances immediately upon 

the application of load, and again when creeping appeared to have 

ceased, and in this way vas caused the descending Portions of the 

stress-strain curve. Lateral readings appeared to be affected to 

a negligible extent. 

It should be mentioned that the lateral gauges were fixed, and. 

so9  as the model stretched, they were measuring deflections at 

different sections of the model at each load stage. The levels 

quoted in Table 21, as being the lateral gauge positions, are those 

between the positions at zero and maximum loads. 

The vertical and lateral overall deformations of each soft rubber 

pooket were examined for the top right-hand quarter of the model. 

Table 19 shows all the cathetometer readings, and the points sighted. 

upon in each pocket are in the positions indioated in the dia,vm 
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attached to that table. Loads applied per balance were 7 lbs., 

12 lbs., 16 lbs. and 20 lbs and Table 20a show-a the mean stress 

at each level of the model for these different loads and gives the 

vertical and lateral overall strain increments in the soft pockets 

for each stress increment, calculated relative to the distances 

across these pockets at zero load. Table 20b shows the average 

vertical and lateral overall pocket strains for each of the four 

levels considered, for the first load increment, and also the 

strain increments for each individual pocket for the first load 

increment. These results indicate how the stresses vary from the 

centre to the edge of the model at different levels, and only the 

results of the first load increment are given in this way because 

they are the only ones unaffected by bond breakdowns. 

9.22.  Test III..  (Model 2). 

This test was on a model of dimensions 30" x 10" xiles and the 

discs of the previous tests were this time bonded into silicone 

rubber at 3.9" spacing in the vertical and lateral directions. The 

model represents a prismatic cross section and measurements were 

taken of the deformations of a central grid, of the vertical and 

lateral expansion of one disc and of the overall lateral contraction 

of the prism at 1.95" intervals from top to bottom of the model. 

The positions of measurements and a diagram of the grid are shown in 

Fig. 35. Two dial gauges wore also used to measure the vertical 

olfsrall ey.tension of t',Ie model, the positions of which can be seen 

in Plato 9. Thir.1 7Jhetc8a71)12_ is cl:t' tho moaa mod in mosi; 1-77(17  



182 · 

MODEL lli TESTING Fru..ME. 

PLATE 9. 
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but the only difference betieen that and the model of this test is 

in the disc spacing, and the dial gauge placing is the same in both. 

Load stages were 4 lbs., 7 lbs., 10 lbs. and 14 lbs. per balance, and 

an increment of 3 lbs. per balance corresponds to a stress increment 

of 4.8 psi. At this highest load, two bond failures only were 

evident and the model failed suddenly with the rupture of the silicone 

rubber. Thus, much higher stresses were obtained without there being 

any bond breakdown than was the case with the models made of two 

natural rubbers. 

As previously, readings of the positions of all points wore taken 

with the horizontal and vertical oathetameters to the nearest tenth 

of a millimetre at the different load stages. 

Table 22 shows the readings of the grid intersection points at 

the four load stages, and Table 23 shows the calculated co-ordinates 

of the points at the first and last load stages, taking G7 as the 

origin, and the units as tenths of a millimetre. Fig. 36 shows 

these co-ordinates plotted and henoe gives a pioture of the grid at 

the lowest and highest load stages. Table 24 shows the readings 

taken of the four points on a single disc and compares its deformations 

with those of the adjacent central soft pocket. The dial gauge 

readings are also given in this table and the overall vertical strains 

deduced from them. Fig. 37 shows the stress strain curve for the 

whole model and also shows the lateral strains at the mid height of 

the mot/olo Table, 25 gives the readings of points at each edge up 

alT1 .eval the alarzil toj.r.on vith the horimybel oathotamaiyx? nnE 
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the deducted lateral strains at all levels for the complete applied 

stress interval.of 16 psi. These results are shown graphically in 

Fig. 38. 

.9.2.3. 	Test IIId. (Model 3). 

This model differed from Model 2 in that -the disc spacing was 

3.3" from centre to. centre in the vertical and horizontal direotions. 

In addition, the proportion of the silicone rubber appear to be 

different in this case, being less stiff, as Appendix D shows. 

Plate 9 is a photograph of this model in the testing frame and a 

grid can be seen at the central soft, pocket. Plate 10 shows photo—

graphs of the shapes of this grid under average stresses of 0.9 psi 

and 13.7 psi, and itshoUld by realised, when examining these, that 

all grid lines had. been Straight at no load. They can be seen to 

be practically straight at the stress of 0.9 psi. 

The tests perforthed examined the deformations of the central 

grid, one half of which only was measured, the vertical defleotions 

of the whole model, the vertical and lateral deflections of a disc 

adjacent to the central pocket, and the lateral deflections across . 

the model at' various heights in the places shown in adiagram in 

Pig. 39. The examined grid is also shown in this figure and the 

positions of points on the disc. The grid actually used for taking 

measurements.  is not precisely the same as ,that showninthe photo— 

graphs of Plates 9 and 10, as it was found neoesear7 to have printed 

dots, only, on the white silicone rubber, since the black ex,onv 

T-.L?of 	tho 	^•n-or czlmnot 	CCA)12 against black lino2 o-Z 	!)::70. 



58.44 
58.82 58.85 580E5 58.84 

9.21 59.24 59.22 59.22 59.24 
9.71 59.72 59.72 59.72 5972 

60.19 60.20 60.19 60.19 
60.80 60.80 60.81 
6149 61.47 61.48 
62.08 62.08 62.09 

62.73 62.74 62.75 62.75 
3.26 63.25 63.24 63.24 63.25 

63.69 63.70 63.71 63.71 
64.11 64.12 64.13 64.15 

64.67 64.62 

185. 

MODEL 2. TEST III°, 

CERTRAL GRID IMISUREIMITS. 

Load - A...12aLualanoe. 

58.46  
58.89 58.90 58.90 

59.24 59.25 59.26 59.27 59.27 59.29 
59o74 59.74 59.75 5976 5978 5978 
60.20 60.24 60.24 60.24 60.24 60.27 
60.81 60.81 60.83 60.83 60.84 60.87 
6147 61.49 6151 61.50 61.53 61.52 
62.10 62.13 62.14 62.15 62.16 62.17 
62.76 62.79 62.79 62.79 62.79 62.80 
63.26 63.27 63.29 63.30 63.30 63.29 
63.72 63.73 63.75 63.72 63.76 63.77 

64.18 64.19 64.22 
64.65 

58.92 
59.31 
59.78 
60.21* 

62.82'f' 
63.29 
63.7 
64.21 

1 
2,  
3 11.99 
4 11.94 
5 
6 
7 
8 
9 

10 11.78 
11 
12 
13  

13.16 
12.38 12.78 13.25 13.72 
12.38 12.78 13.27 13.72 
12.36 12.78 13.26 13.72 
12.36 12.78 13.25 13.71 

12.77 13.25 /3.71 
12.76 13.23 13.71 
12.76 13.24 13.70 

12 30 12.74 13.22 13.69 
12.29 12.74 13.22 13.66 
12629 12.73 13.20 13.65 
12.29 12.73 /3.20 13.66 

12.72 13.13 

16.78 
16.28 16.75 17.22 17.59 

14.37 14.99 15.61 16.24 16.73 17.23 17.63 
14.36 14.98 15.61 16.22 16.73 17.22 17.60 
14.35 14.97 15.59 16.22 16.72 /7.19 17.59 
1434 1496 15059 16.22 16.70 17.17 
14.3 14.96 15.57 16.20 16.69 17.17 
14.30 14.96 15.55 16.19 16.70 17.16 
14.30 1494 15.55 16.19 16.70 17.16 17.57 
14.29 14.95 15.56 26.18 16.66 17.13 /7.56 
14.29 14.95 15.53 16.20 16.66 17.14 17.54 

16.17 16.65 17.12 17.54 
16.84 

V H 

	

M.10 	63729 17.91 

	

M.11 	63.77 17.92 

All readings in oentimotres. 

92..4.1iLq 22, - 	• 
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TABLE 22 (Contfd.) 

Load - 14 lbst 2er balance. 

2 60.40 60043 60.4.1 60.39 	60.45 60.46 60.49 60.52 
3 60.82 60.84 60.81 60.80 60.81 60.80 60.80 60.82 60.85 60.86 60.90 60.94 

61.31 61.33 61.33 61.32 61.33 61.31 61.34 61.36 61.39 61.40 61.42 
5 61084 61083 61.82 61.82 61082 61.85 61.86 61087 61.88 61.92 61.93 
6 62.45 62.46 62.47 62.46 62.47 62049 62.50 62.51 62054 
7 63.17.63016 63.18 63.17 63.18 63.21 63.21 63.24 63.22 
8 63.79 63082 63.82 63.84 63.87 63.88 63.90 63.90 63090 
9 64.45 64.47 64.51 64.52 64.54 64.57 64.58 64.57 64.59 64.56 64.57 
10 64.97 64.99 65.00 65.03 65.05 65.07 65.10 65011 65.11 65.09 65.07 65.06 
11 64.45 65.48 65.52 65.53 65.56 65058 65059 65.56 65.58 65.57 65.53 
12 65.90 65.92 65.96 65.99 66.03 66.02 66.04 66.01 
13 66.50 66.49 66050 

16.70 20.30 
2 15095 16.34 16.82 17.29 19.80 20.25 20071 21.09 
3 15.58 15.95 16.36 16084 17029 17091 18.52 19.14 19.75 20.23 20.72 21.09 
15.54 15.95 16.37 16.83 17.29 17091 18.51 19.13 19072 20021 20069 21007 .

4 15.94 16037 16083 17.28 17.90 18.51 19.09 19.72 20.19 20.66 21004 
6 16.36 16.83 17.29 17.88 18049 19.08 19.71 20016 20.63 
7 16036 16.81 17.29 17.85 18.49 19004 19.69 20015 20.62 
8 16035 16082 17.27 17083 18049 19004 19.67 20.16 20.62 
9 15.87 16032 16.78 17.24 17.82 18046 19004 19.67 20016 20062 21001 

1.0 15.37 15085 16.30 16.77 17021 17.82 18046 19005 19.66 20013 20060 21.00 
21 15084 16029 16074 17.19 17.80 18.46 19.02 19.69 20.14 20.61 21000 

15.84 16.28 16.72 17.17 19.67 20.14 20.6o 21.01 
13 16.24 16.64 20.33 

M.10 
M.11 

V .H 
65.05 21.35 
65.55 21.36 

  

Table 22. 
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121 169 216 25 
188 

.J17. 

310DEL 2  

 

TEST  Mo. 

     

CMTBAL GRID CO-ORDINATES. 

Load - 4 lbs. per balance. 

G 	I3 IC 	L 

1 
2 
3 
4 
5 
6 

8 
9 
10 
11 
12 

-304 
-266 -263 -263 -264 

-227 -224 -226 -226 -224 -224 
-176 -175 -175 -175 -175 -173 

-7.30 -129 -130 -130 -12 
-69-69-68-68 

0 - 2 - 1 - 2 
59 59 60 61 

124 125 126 126 127 
177 176 175 175 176 177 

-302 
-259 -258 -258 -258 

-223 -222 -221 -221 -219 -217 
-173 -172 -171 -169 -169 -169 
-125 -125 -125 -125 -122 -122 
-68-66-66 -66-62 

0 2 / 4 3 
64 65 66 67 68 
130 130 130 130 131 133 
178 180 181 181 180 180 
224 226 223 227 

316 
228 225 

182 
132 179 226 263 

3 65 128 177 227 267 
2 65 126 177 226 264 
1 63 126 176 223 263 
0 63 126 174 221 
0 61 124 173 221 
0 59 123 174 220 
-2 59 123 174 220 261 
-1 60 122 170 217 260 
-1 57 124 170 218 258 

1 
2 
3 -297 
4 -302 
5 
6 
7 
8 
9 
10-218 
11 
12 
131 

220 221 222 222 223 
318 313 

-180 
-258 -218 -171 -124 
-258 -218 -169 -124 - 59 
-260 -218 -170 -124 - 60 
-260 -218 -171 -125 - 61 

-219 -171 -125 - 62 
-220 -173 -125 - 63 
-220 -172 -126 - 66 

-266 -2227174 -127 - 66 
-267 -222 -174 -130 -  67 
-267 -223 -176 -131 - 67 
-267 -223 -176 -130 

-224 -183 

All co-ordinates are in tenths of a millimetre and are plotted 
in Fig. 36 after averaging the four quarters because of 

r. 
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TABLE 23 (Cont'd.) 

Load - 14 lbs. per. balance. 

IT DEF G H I J K L• 

         

6 
7 
8 
9 
10 
11 
12 
13 

2 	-281 
3 -232 -234 
4 -183 -187 

-134 

127 
179 181 

227 
272 

-282 -276 -275 -272 
-237 -238 -238 -238 -236 -233 •229 
-186  7-185 -187 -184 -182 -179 --178 
-136 -136 -133 -132 -131 -132 -136 
-71 -72 -71 -69 -68 -67 -64 

Ci -1. 0 3 3 6 4 
64 66 59 70 72 72 72 
134 136 139 140 141 143 140 
187 189 192 193 193 191 189 
235 238 240 241 238 240 239 
281 285 84 286 

322 
arclameormeimm...alars*.• 

-.278 -280 
--237 -238 
-185 -185 
-135 -136 
-73 -72 
-1 -2 
61 64 
129 133 
182 185 
230 234 
274 278 
322 321 

-269 
-225 
-176 
-137 

141 
188 
235 
283 

a. 
-179 

-254 -215 -167 -120 
-254 -213 -165 -120 
-254 -212 -166 -120 
-255 -212 -166 -121 

--213 -166 -120 
-213 -168 -120 
-214 -167 -122 

-262 -217 -r1 -125 
-264 -219 -?172 -128 
-265 -220 -175 -130 
-265 -221 -177 -132 

-225 -185 

181 
131 176 222 

-58 3 65 126 174 223 
-58 2 64 123 172 220 
-59 2 60 123 120 217 
-61 0 59 122 167 214 
-64 0 55 120 166 213 
-66 0 55 118 167 213 
-67 -3 55 118 167 213 
-67 -3 56 117 164 211 
-69 -3 53 120 165 212 

118 165 211 
184 

1 
2 
-291 

4 -295 
5 
6 
7 
8 
9 

10 1-312 
11 
12 
13 

260 
260 
258 
255 

252 
251 
251 
252 

.110.3111MROWNIrsuarolaiv, 

All co-ordinates are in tenths of a millimetre and are plotted 
in Pig. 36. 

TIJIL3 23. 
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MODEL 2 	TEST IIIo. 

DISC STRAINS AlliD DIAL READIFGS. 

Positions of observed points 
-.narked on disc on centre; line 
of specimen, immediately above 
the central soft rubbex. pocket. 

4 lbs. 7 lbs. 10 lbs. 14 lbs. 

V. H. 	n'. 	H. V. H. 1 	v. H. 

58.71 13.50 59.15 	15.41 59.54 13.88 60.23 18.55 
Q 54.65 13.66 56.97 	15.57 55.44 14.04 56.11 18.75 
R 56.54 15.64 57 03 	17.55 57.34 16.02 58.03 20.69 

56.59 11.28 55.09 	13./7 57.40 11.63 58.07 16.32 

Left Right Left Right Left Right Left Right 

Dials' 000000 002 321 281 653 628 708 614 
LE) i2321..,SPne 	 

Deductions from these results. 

For stress interval of 16 ibs./sq.in. (4lbs to 14abs ner balance) 

Vertical disc strain • .015 extension. 

Lateral disc strain 	• .002 extension. 

From Table 23, we oan deduce these values for the central soft I.c.Icket:- 

Vertical pocket strata=. .069 extension. 

Lateral pooket strain 	.034 contraction. 

Overall vertical strains in the model for the four load stages, as 

deduced from the dial gauge results are:- 

0, .010, !022, .040 

TABLE 24. 



2 
3 
4 
5 

7 
3 
9 
10 

!,1.1 

tl• 

014 
v15  

190. 

MODE Y/ 2. 
VILVoce.ra_nrrt 

017E.3.ALL LATERAL STRA:MS. 

See Pig. 35 ©r a I.::.agram of observed point.a. 

4 lb. 7 	.1:1)., / 	10 lb. 14 M. 

.?otal LeE-, Right 
13 t rain 

, 	Total Lof c,wg-11.i;  
strain 

r...oal i:_20:N aipht 	. strala 
r‘loi-,e 41Jeft RJEht - s, Gra). . 

27.79 2.11 0 28.e7 2.45 .002 R6053 1,00 .006 30.89 5.43 .010 
27.84 2.22 0 28072 2.57 .003 r.6.53 1012 .008 30.92 5.64 .013 
27.82 2035 0 283:1 2.52 .003 126.53 1.06 .008 30.92 5.60 .014 
27.82 2032 0 '28.31 2.72 .004 p6.52 1.27 .010 30.92 5.87 .018 
27.82 2.38 0 t28.G9 2.80 .006 6.49 1.36 .012 30.89 5.97 .020 
27.77 2038 0 c,28.C7 2.80 3005 P.6.47 1.36 .Oil 30.89 5.97 .018 
27.78 2.35 0 128.31 2.77 .004 26.52 1.30 .008 30.97 5.94 .016 
27.70 2.37 0 28.C2 2380 .004 p6.41 1.35 .0I1 30.82 6.02 .021 
27.63 2.38 0 27.55 2.82 .005 86.33 1.36 .011 30.81 6.06 .020 
27.73 2.38 0 	i28.c5 2.83 .005 J26.45 1.36 .010 30.95 6.06 .018 
27.82 2.44 0 	'28.16 2.78 0 86.56 1.30 .005 31.10 6.01 .012 
27.77 2.43 0 28.09 2.80 .002 R6.48 1.33 .008 31.01 6.05 .015 
27.76 2.43 0 28.C8 2.88 .005 126.46 1.42 .012 31.01 6.18 .020 
27.75 2.32 0 28.06 2.77 .006 126.46 1.29 .010 31.03 6.07 .018 
27.78 2.30 0 28.32 2.72 .003 26.53 1.24 .007 31.13 6.00 .014 

MagaYe,ae. 

Readings are in centimvtres. 
Strains are exactly as listed. 

Averaging about the axie:. of symmetry we have for the maximum ztrainsg- 

	

15 	.0012 

	

2 14 	.00155 

	

3 13 	.0017 

	

4 12 	.00165 

	

5r 11 	.0016 

	

6p.10 	.0018 

7r 9 	.0018 

	

8 . 	.002/ 

See Fig, 37 
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191. 

TEST tac  RUBBER MODEL 2 
POSITIONS OF POINTS 

SIGHTED UPON  

"disc readings (table 24) 

3.9 

central grid readings (table 22) 

trililliihetilittii /i 

1 — 

2—  • + 

+ 

I 

• 

3—  •+ + 
4 — . ! 
5 —  •4- 

6 — • + I 
7— •+ + 
8 — • 1-  I 
9 —•+ 
10— • + 
11 
12 — • + 
13 — •-i- + 
14—  • • 

16—  •i-• 4- 

29
// LATERAL STRAINS ( table 25 ) 

I. MI I I 	r. I 

FIG. 35 

. points sighted upon 

+ disc centres 



MODEL 2 	 TEST UIC 

CENTRAL GRID 

0 . 9 psi 
16- 9psi 

scales in 9-2.5 

FIG. 36 

0.  95- 



RUBBER MODEL 2 TEST Di C 	OVERALL STRAIN CURVES 

193. 

STRESS INTERVAL 
IN psi 

15 

lateral strains 
at mid height 

10 

E1_2 = 480 psi 

E1-3 = 436 psi 

E
1-4 

= 400psI 

vertical 
strains 

STRESS 
INTERVAL 

15 
	IN psi 

10 

E = 448 psi 

lateral 	 Vertical 

 

01 	 02 

 

03 	 04 	 STRAIN 

C . 

 

FIG. 37 

 

     

•01 	 • 02 	 -03 
	 •04 
	

STRAIN 

MODEL 3 	TEST III D 
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RUBBER MODEL 2 	TEST MC LATERAL STRAINS 

ACROSS MODEL 

•005 	•015 	 STRAIN 

a 

last curve modified 
to taka account 

of symmetry 
about mid height 

14 -0-- loads per balance in lbs. 

0 010 020 

FIG. FIG. 38 



LOW LOAD. 

HIGH LOAD. 

PLATE 10. 

195. 

CENTRU ORM OP MODEL 3 r  AT LOT AND HIGH LOADS . 
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of the sort shown in the photographs. The measured grid was first 

drawn with solid continuous lines, which were then scratched away 

with a razor blade at the intersection points for about 1/16" from 

the points. Tiny black dots were then marked where the original 

intersection had been, and it was found easy to adjust the cross 

wires on to these dote. 

Table 26 shows the measuredreadings of the intersection points 

of the grid, and. Table 27 shows the calcUlated co-ordinates relative 

to the origin 0.6 in tenths of a millimetre for the two applied loads 

of 4 lb./balance and 12 lb./balance. In Fig. 402  the ca-ordinates. 

are plotted for the two load stages, hence showing the change in 

grid shape due to the increase in load, and in Table 262  the obser-

vations of points on a disc adjacent to the central Peeked are set 

out as well as the dial gauge readings at the two loads. Table 28 

shows some deductions from these. 

In Table 29 the results of the lateral deflection readings at 

different' levels up and down the model are given and the strains 

calculated across the two sets of parallel vertical lines A, B and 

C9 D, shown in Fig. 39. Fig. 41 show these results in graphical 

form. 

N.B. Throughout this chapter, constant reference is made to a. 

"stress" at some level in a model. It must be emphasised that the 

stress at any level is only the average Stress across the whole model 

do auceri p'o.r1y.fylm 	lot.6. and. 0:7.or,:7-E!nnttoilal arsa, 	Tt in 

i:i;2:acT,t-,:2 	ciL:Ifont 	:.et of 	3r modol at 
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any level will be different from the average stress. 

9.2.4. 	S°n1c's of  

These are figures showing grid shapes at two different applied 

loads in each case. 

At the lower loads, the grids and olHe edges aro shown dotted 

and a 1 	f one inch :coproson-be a real lonth op? 0.5 cm. on the 

models. 

This scale, however, is not sufficiently large for the shapes 

of the grids at higher loads to be very obfieue, and so the inter-

section points at, the higher.loads ems plotted relative to their 

ponitiorle at the lower loads to a scale of•*, inch represent's 1 mm. 

(00g. In  III d, the average.  ec-ordinates at 4 lbs. tier balance, of 

symmetrical points K3 and. K9, measured relative to the central point 

of the pocket G.6 are 153 vertically and 184.5 horizontally, where 

the units are in tenths of a millimetre. At 12 lbs. per balance, 

these co--ordinates become 157.5 and 181.5, respectively. Thus 

the vertical co-ordinate haS been increased by .45 mm., and the. 

horizontal co-ordinate reduced by .3 mm., and the intersection point 

is plotted by measuring - .15" and it .23" from its original plotted 

position). 

This means that the shape of the grids at higher loads in the 

diagrams. are not exactly as they were in fact, but they are never-

theless similar. This method .of plotting was'employed.as the curves 

be UPCi. 1s5.th 	acetAracy for 	purposes 0-j! e7Pmininri: 

striar. for 
	':1' lc, of the rubber without the necobeit 
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of drawing the very large diagrams which would have been reauired 

for this purpose after conventional plotting. 

The areas actually examined are marked in red penal/ and the 

numbers within those areas are those used in the Tables of Chapter 

11, giving the etresa distributions in the rubber pockets of the 

above tests. 



vrooaaaa 

1 
2 01.44 
3 151.79 
4 32.29 
5 	 2.80  
6 	3.32 
7 	3.85 
8 4039 
9 	n 4.87 
10 X5.26 
11 
12 

2 
3 
4 
5 
6 

9 
10 
11 

1  12 

.3.62 
23.61 
3.60 

kL3.60 
83.61 
0'23.60 
;23.58 
j3.60 

V 
6o,o8 23.54 
55e55 23.61 
57.66 25.69 
57.81 21.27 

Dials 
T eft  Aght 
275 
	

255 

. "Ig.e0.1.M.411.24-...=..411101; 

199. 

IJDE!,3 	TEST 1170 

CLUTAAL GRID MEASURENWTS 

Lead. 

• .1.• 	mi.r..maUre 

I 

- 4  lbs. balartce. 

L 	H 3 	IC 
ata.anaataaa-saa algatadlaa*Ma 

51004 51.03 51.13 
51.43 51.44 51045 51-44 51-4 
51.79 51.79 51.82 51.80 51.8:: 
52.28 52.23 52.29 52.29 
52.80 52.8i 52.82 52.83 
52.33 52.33 53034 
53.85 53.85 53.85 5386 
54.38 54.39 54.40 54.36 p 
54.85 5483 54.87 54.86 Q 
55.27 55.23 55.30 55.27 55.29 55.29 R 

55.75 55.73 55.76 59.76 
56.11 56.15 

kinaleda.14.20,S1 aas 

25.07 25.47 25.86 
24,11 24.53 25.07 25.47 
24.10 24.55 25.06 25.47 25.81 
24.08 24.54 25.05 25.46 
24.07 24.53 25.03 25.43 
24.07 24.5-?. 25.05 
24,06 24.52 25.03 25.43 
2405 24.52 25.03 25.44 
2404 24.5( 25.04 25.44 
24.04 24.46 25.01 25.42 25.79 26.17 

25.01 25.41 25.80 26.20 
25.45 25.80 

se...........0..easrsavsatmesAmmocamaraer 

All cathetometer :naaings in ems. 

Dial gauge readings in thousandths of an inch, 

TABLE, 26. 



)52.62 
52.99 
53.51 
54.04 
54.60 
55,16 
55074 
56,23 
56.67 

52,60 
52.98 
53.50 
54.05 
54.61 
55.16 
55.72 
56.22 
56.66 

1 
2 	23.94 
3 	23.93 
4 23.93 
5 23.93 
6 	23.94 
7 	23.94 
8 23.92 
9 23.95 
10 23.93 
II 
12 

24.43 24.87 
24.42 24086 
24.40 24.85 
24.39 24.84 
24039 24084 
24.39 24.83 
24.38 24.84 
24.38 24.84 
24.39 24.63 

,TABLIfi 26 (Oont,d.) 

Loe,1 - 12 lbs. noel- balanse. 

Iroa7-"e, . it 	C J Ti 

Disc 
•ffillmeL7uT 

V 

P 61.71 23.92 
Q 57.13 23.96 
R 59.0 26,03 
S 59028 21,64 

rwenestade Far 

1 
2 

4 
5 
6 
7 
8 
9 
10 
11 
12 

52..62 
52.93 
53.50  
5406 
54.61 

52.21 52.22 5).29 
52.64 5265 52066 
53003 53.03 53.05 
53.52 53.54 
54.08 54.11 
54.61 

55.72 55.67 
55.21 56018 
56066 56.62 56.60 56059 
57.14  57.12 57.10 57.08 

57.50 57.49 

25038 25077  26.15 
25037 25076 26.14 
25036 25.76 26.09 
25.34 25074 
25.33 25.72 
25.34 
25.32 25072 
25.34 25.74 
25.35 25.75 
25035 25.75 26.11 26.48 
25.36 25.75 26.14 26.53 

25.81 26.15 

55.17 55.15 55.16 
5572  
56.21 
56.66 

Dials 
4.W.NVIIM42-Xtra. 

Left 	:Rig)* 

840 	803 
(121) 	(62) 

456 	355 

U....1•1.1pwas 1113."1.4-},*(0.11.•11.001Mrast. lelarfte*IVC. 
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MODEL 3. 	TES" 

4 no. p©r 

34 	I 	(71 

IJId. CENTala GUI) CO-ORDMITES, 

balance. 

1( 	1! IT - a - 
• 
12 lb s. nor balE,nc-se. 

1 -228 -229 -237 -239 -28 -231 
2 -188 -169 -188 -187 -186 -184 -198 -200 -198 -196 -155 -192 
, -153 -153 -153 -150 -152 -149 -161 -162 -162 -157 -157 -155 

' 	4 -103 -104 -104 -103 -103- -109 -110 -110 -108 -106 
5 -52 -52 -51 -50 -49 -56 -55 -54 -52 -49 
6 0 1 1 2 0 1 1 1 
7 53 53 54 53 54 56 56  57 55 56 
8 107 106 107 108 104 114 112 112 112 107 
9 155 153 154 155 154 163 162 161 167 158  
10 
'11 
12 

194 195 196 198 
243 

195 
241 
279 

197 
244 
283 

197 
244 

207 206-  206 206 
254 

202 
252 
290 

200 
250 
289 

199 
248! 

146 186' 225 144 183 221 
50 94 146 186 224 0 49 93 143 182 220 

3 0 49 94 145 186 220 -1 48 92 142 182 215 
4 -1 47 93 144 185 -1 46 91 140 180 
5 -1 46 92 142 182 -1 45 90 139 178 
6 0 46 91 144 0 45 90 140 

45 91 142 182 0 45 89 p38 178 
3 
a 

44 
43 

91 
89 

142 
143 

183 
183 

-2 
1 

44 
44 

90 

9c 
.4.0 

141 
180 
181 

i6  

11 
12 

3 	43 

ararmenolomr.........e.....n.rertrzeztaxmgeu. 	 

87 

afa. 

140 
140 

181 
180 
184.21,9 

218 
219 

256 
259 

-1 45 89 14.1  
142 

181 
181 
187 

217 
220 
221 

254 
254 

&11 co-ordinates iniEnths of a millimetre. 
The co-ordinates are plotted in Fig. 40, after averaging the 

two halves because of symmetry. 

TABLE 27. 
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PrOD:P.) 	TliST IIId. 

Strains in Hard.  Disc  adjacent to Central Pocket 

as deducea from tho results set out in Table 26. 

Stress interval 	f177. 13,2 lboisq.in. 

Vertical strain in Disc 	0011 

Lateral strain 	.007 contraction. 

Vertical strain in soft pocket 	.060 

Lateral strain 	m. 	,(-27 contraction. 

Dial GauPe 

Total movement of left hand gauge =1, .90 ins. 

right 	H 	zs .84 ins. 

Therefore overall vertical strain = .87 — :To .030 29 

(The effective length of the model is reduced to 29 inches 
by the placing of the loading bars over the end half inch 
at top ana bottom of -die model). 

TABLE 28 



34.64 10.82 32.1s) 17,.61 35.10 

34.84 10.92 32.05 14.03 35.22 

34.84 11,16 32.28 14.16 35.12 

35.07 11.11 32.3; 14.19 35.38 

35.14 11.15 32.4r 14.28 35.36 

35.34 11.22 32.45 14.32 35.59 

35.40 11.33 32.56 14.4235.57 

35.40 11.39 32.63 14.45 135.59 

35.49 11.57 32.85 14.39 35.61 

35.60 11.54 32.81 14.65 35.75 

35.70 11.60 33.06 14.66 35.76 

35.85 13.65 32.90 14.73 

35.86 12.01 33.12 14.81 

35.95 11.95 33.01 15.00 

35.90 12.01 33.17 14.86 

36.03 12.95 33.05 14.99 

35.93 

35.90 

36.04 

350 96 

36.23 
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MODEL 3. 	!.1111Sy. 	plEp   sy..RAINs, 

soc, Fie. "19 	T:ositions of measurements. 
Va•3••••••MMIt......er e•COME AFI,J.,,,TDV 	-pm.aerve.,e•:- .teaage 

4 lbs./balenue. 
,asve...v. 	 ma•loy...sosiN vnyo. re.sxmosaw,s•••• 

A 	BL 0 	B 
7--- 

12 lbs./bala-ice. 

Strain 	0 
	sceasal. 

D 

Cerla 

Etrain 
vra. g.rxmaattgptritil....{2L. 

11.43 .0006 32.69 14.18 .0003 

11.57 .0010 32.46 14.66 .00/2 

11.87 .0018 32.63 14.80 .0016 

11.76 .0014 32.65 14.83 .0018 

11.83 .0019 32077 14.88 .0016 

11.81 .0014 32.71 14.91 .0018 

11.95 .0019 32.81 14.95 .0015 

11.92 .0014 32.83 14.98 .0017 

12.14 . 00019 35.04 14.87 .0016 

12.01 .0013 33.03 15.11 .0016 

12.11 .0019 33.17 15.08 .001,7 

32.09 .0015 33.00 15.15 .0018 

12.48 .0018 33.20 15.21 .0017 

12.35 .00013 33.11 15.38 .0015 

/2.43 .0015 33.30 15.20 .0011 

12.23 .0003 33.26 15.26 .0003 

These results are plotted in Fig. 41. 

All readings aro in ems., and the "strain" columns give the strains 

for the load interval 4 lbs. to 12 lbs./balance between the parallel 

lines A and B for the first strain column and the parallel line 

C and D for the second strain column, 

TABLE 29. 



3•5" 

disc points observed 
(table 26) 

I 

7 

cantral grid examined 
(table 26) 

204. 

RUBBER MODEL 3 	TESTEED 
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MODEL '3 	TEST .W.0 

CENTRAL GRID 

------ 0.9 

	 13.7 psi 
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RUBBER MODEL 3• TEST nED 	LATERAL STRAINS 

ACROSS MODEL 

p e 
0 •010  •010 

1 

N411101%44.,.  

strains A•B 
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110'.  
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INTERVAL = 13.4psi 
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Y 

level 
X 

•010 • 010 STRAIN 

MEASURED STRAINS AFTER AVERAGING 

FOR SYMMETRY 

FIG.41 
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CHAPTER 10. 

THE LUTILUa2PALAIEIER21,1aalOA- 

10.0. 	Introduction 

The lattice approach;  as sugested by Baker, and outlined in the 

historical review (Chap. 4), is a simplified way of representing 

concrete and it was used to indicate the method of distribution of 

load and to-represent the overall deformation bohavious between the 

centres of pieces of aggregate. 

The model was -Imo-dimensional, and pin-jointed, and the member. 

stiffnesses can be chosen to conform to any ratio of lateral to vertical 

strain. For the purpose of representing a typical concrete the members 

Were chosen so as to make that ratio equal to CL 15 under a single 

vertical load. This means that the model was chosen to represent 

overall strains between pieces of aggregate and although the stress 

in each lattice link is proportional to its strain it does not follow 

that the lattice stresses so obtained represent average internal concrete 

stresses. This is because a real material can have air extensional 

strain due to the Poisson effect and yet still be in compression in 

the direction of that strain so long as the compressive forces are 

fairly small. 

Fig. 7 shows a diagram of the two dimensional lattice unit and for 

a Poisson's Ratio of 0015 the diagOnal member stiffnessos are one 

quarter of the vertical and horizontal member stiffnessos. 

Many of thane Unite put together to form square and rectangular 

sections, demonstrated experimental t the liailUi4e ipitteina of cubes and 
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prisms as ,Liscua,ed in Saction 4.1. 	The assumption used, .sass 'that 

when the stress in a horizontal member reached a limiting tensile 

value, that member failed, hence precipitating the failure of the 

vertical member of the unit in compression, due to a sudden increase 

of load upon it. -  From considerations of a real concrete, however, 

the tensile failure of a horizontal member is also a splitting failure 

of the vortical member and so the tensile breakdown is effectively the 

failure of the whole unity although a little extraload might be carried 

by the split vertical member before final collapse. 

The criterion of failure of a lattice unit was limiting tensile 

stress, which for a discrete framework also occurs at a limiting' 

tensile strain. TIOls, on an interparticle level, these two theories 

both gave satisfactory explanations of cube and prism failure patterns. 

10.1. The Three—Dimensioaal Lattice. 

To test the usefUlness of the lattice theory further, it is. 

necessary. to think of concrete in three dimensJ.ons and to deduce a 

suitable thres-,dimensional lattice unit, because it is impossible to 

examine biaxial and triaxial loading systems on a two-dimensional 

model. 

Assuming limiting member stress or strain to be the criterion of 

breakdown of lattice members, satisfactory explanations of all concrete 

behaviour can only be obtained if either of these approximates closely .  

the criterion of breakdown' within concrete, in directions and positirin4 

clom.3:orzponaillgi o those of the lattice m6mbers. 	It will in ohovrn. 

1atory howevc3ry that parts of the cement paste cmponent vithit 
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concrete can be extended and yet the cement paste can still be under 

compression parallel to its extension. Thus, unless the detailed 

structure of cement paste is taken into consideration, it seems .that 

the lattice systems connecting aggregate particles oan only represent 

internal str,,ins on an "inter-aggregate particle" scale. By this, is 

meant a scale such that send particles are the most fundamental 

particles considered and cement paste is considered as homogeneous. 

Since the structure of cement paste is imperfectly understood, it is 

thought best to confine lattice theory to the inter-aggregate particle 

at present, although it should be borne in mind. that some such theory 

might eventually be able to explain the behaviour of cement paste, 

also. 

If it is found that by assuming some form of limiting internal 

tensile strain between aggregate particles as the criterion of failure, 

all concrete phenoMena can be qualitatively .explained, then -bhi 

oriterion will be a useful one in the study of fracture of concrete. 

The fact that a maximum extensional strain theory is not at variance 

with the results of teats on many brittle materials, except those under 

high triaxial stresses, makes it seem that a similar criterion can wall 

hold for the cement-paste component Within oonorete, since its scale. 

of non-homogeneity might be of a similar order to that of other brittle 

materials. 

The three-dimensional lattice unit is derived in the same way as 

the two—climonzional one. 	Pig. 42(a) shows the a;in *tones or and 

-particles which make Up the whole lAnit on which the "e0tiv'eleiv, •sft.som 
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THE THREE- DIMENSIONAL LATTICE UNIT 

B 

ELEVATION 41 	 ELEVATION  

(d) Y  -13:Q‘  (c 

coarse agg. 
or sand 

X 

COMPLETE LATTICE 

UNIT 

   

FIG. 42 
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representing lattice" is based.. It is' assumed that this formation 

of stones is.the one which they would naturally take up in a matrix 

of low Viscosity. It is noticeable that coarse aggregate particles 

can move quite easily in the surrounding mortar under vibration, and 

probably the larger sand particles, too. Nevertheless, aggregates 

are not spherical or even similarly shaped and. this fact, together 

with the restrictions to movement offered by the cement paste, make • 

the assumption purely an approximate one. Figs. 42(b), (c) and 

(d) show three different sections through the centre of the concrete 

or mortar unit with the lattice systems superimposed, and Fig.' 42(e) 

shows these three systems, which are mutually at right angles, put 

together to form the complete unit. 

The three-dimensional lattice has been introduced now, because 

it will be found useful to be able to refer to different directions 

within concrete, in later. dhapterss  which correspond to the directions 

of the lattioo members in the following ways- 

The horizontal directieno are parallel to the horizontal members  

(AC, BD.) 

The horizontal diagonal. 	are parallel to the horizontal 

diagonal, members (AB, AD, DC, CB). 

The vertical direotion is parallel to the vertical member (XY). 

The diazonal directions are parallel to the limpnal  members  

(AZ, OX;  CYp 	BX, DX, DY BY). 
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10.2. The  Properties of the Lattice Unit under Unia=ial Load. 

0  C?  vl P  <3  
For certain lattice stiffness proportions 

m T2, i m 3, T4  corresponding to the vertical;  

    

c3 	(a 	horizontal, diagonal, and horizontal diagonal 

members, it is possible to calculate the loads 

in each member in terms of the applied load P. 

The average width of a lattice unit is a/2 and hence the average 

area is 44. Therefore, considering the whole piece of concrete 

enclosed by the lattice diagonals, the average stress acting upon it 

is 4P/a2 and if this is divided by the strain of the vertical member 

we have the effective E value of the concrete. The strain of the 

vertical member is the load acting upon it divided by its stiffness, 

(area x E value), Tl. 

Therefore E concrete = (4P.T1)/(a2K10), whore K is the fraction 

of the applied load carried by the vertical member and is a non-

dimensional constant. The above expression can be written 
, f, I/K = kEa2  )/k4T1) :A& (concrete stiffness)/(vertical member stiffness) 

and in Fig. 43, 1/K is plotted as the vertical axis, and Poissonos Ratio 

is the horizontal axis for various values of T2, and T3 T4. for 
-  

constant value of T1 10. Fig. 43, therefore, can be used for 

selecting lattice proportion to represent concretes. Poissongs Ratio 

and concrete stiffness are measurable quantities but vertical member 

stiffness is not, and so it is not .easy to make use of both c...11z;. • 

ioe. before many internal disruption 	000ey4., 

it 1.:(1MD roasonable to use T- 	and T
3 

a. 	sinoo tho ar4,74-6114.-,Le 
• 
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SOME THEORETICAL LATTICE UNIT CURVES 
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spacings are the same for each of these directions 	This means 

the results of Test II can be used to deduce suitable lattice 

proportions for the elastic range by using the curve T2  10 and 

seeing which value of T3  r& T4  gives the measured Poissongs Ratio. 

In Chapter 12, these results are listed, and since some use is 

made of these curves in the next chapter, they have been introduced 

here. 



Test I — White Iron Spheres set  O. 3 in Cement Paste of W/C 
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CHAPTER 11. 

EXAMINATION OF EXPERIMENTAL RESULTS. 

11.0. 	Introduction. 

In this chapter, observations and some deductions are. made from 

the results of Tests I,  II and III. Frequent use is made of the 

terms "vertical direction," "horizontal direction," "diagonal 

direction," and "horizontal diagonal direction," as defined in:section 

10,1, in order to facilitate the discussion of the internal stresses 

and strains. 

These directions, which are parallel to the directions of the 

members of a lattice unit, conveniently connect, aggregate particles 

in the assumed average diamond formation. 

Infor.aation about internal strains is obtained from the measure—

ments and also some limited indication of the internal stresses. 

Test Ia. 

Fig. 44, are shown the results of Fig. 14, after averaging, 

into account symmetry about the prism mid heights. Both the 

strains of the cement paste prism and the mean lateral strains 

models containing iron spheres are uniform for the central four 

of the specimens at .000086 and .0000599 respectively. The 

which occur betwoen this central portion and the specimen ends 

are similar in shape for both curves, ana Veno0 thoiv maximum values. 

at about lio and 2", respectively, from the opeolmen ends. The values 

of emir at the peaks of 4;he buqme ere .0000'eal4 ,00000; abort, fbe 

11.1. 

/1.1.0. 

In 

to take 

lateral 

of the 

inches 

bulges 



20 0 	 10 
1 SCALE DEFL. in ems.. 

ave. of 
iron sphere 

models 
plain cement 

4-  paste prism 
stress interval = 12 50 psi 

axis of symmetry 

CEMENT PASTE LATERAL STRAINS 

110 130 150 170 strains 
	lbw 6 x 

- 	_ 1.. _ 
_ 

—  
I 

b" 

FIG. 44  
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OVERALL LATERAL DEFLECTIONS OF CENTRAL  
VERTICAL PLANE 
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.central strains, respectively', which are percentage increases of 

11.5% and 10.2% and therefore very similar. Bulges of this sort 
- have been noticed by Ieohance(  46) for cement pastes, mortars, and 

concretes, on specimens of different shapes and sizes and with 

different conditions of end. loading. As information on bulges has 

not been sought experimentally by the authors  it is decided.to . leave 

a discussion of these until the next chapter. 

Fig. 15 shows the lateral strains recorded in more' detail for the 

central ai" length 'of an iron sphere model, in order to show the 

variation between overall strain at a section Containing foureepheresp. 

to one containing one sphere and it can be seen that'the overall strain 

is greater at the latter neotion. As the spheres'are ten times as 

stiff as the cement panto, it is reasonable to assume as a first 

approximation that they do not deform. Then it can be assumed*that 

all the deflection actually occurs in the cement paste (or in;cement 

paste plus any crack which might occur because of an internal rupture). 

We find that at a four-ball section, the lateral strain of the . 

cement paste and cracks (if any) is. greater than at . a one-ball section. 

The values at these two 'sections are .000153 and .0001211  respectively, 

and in Fig..4.4:the connecting curve is shown. 

For this specimen, it can be concluded that a paste pocket comp1et 

enclosed by a Pattern of six spheres (o3, -diamond - of sphees) has a 

lateral strain noticeably in excess of a pocket not corsoLz3tolyer.c1Osed 

by sphrs. 
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11.101. 	Test Ib. 

Figs 16a, 16b and 16o show the aDpromimate deformed shapes of 

initially square cross sections of prisms lying perpendicular to the 

direction of uniaxial loads. The approximation lies in the drawing 

of the curve between the plotted points. The cement -oast() section 

deformed into a square of larger area with an overall strain of 

0000086, identical to the lateral overall strain of the prism of 

Test Ia. The sections containing four spheres and one sphere, 

respectively, did not remain square and assuming as before, that the 

spheres are undeformed, we arrive at the following results for the 

internal average strains in the cement paste material. 

4-sphere section. 

A = 000018.  

B=000045 

.0 =000009 

All strains are extensional. 

1:2phere  section. 
Ar 

A1.= 000012 

B
1 = .00007. 

All strains are extensional° 

It should be emphasised that the above strains are across the 

actual lines Shown. The strain just to the side of any line, excet 

rould be slightiI 	sr; sinov the cement paste dince will inoreazo 

a little. How6ve12, the rGF;ults are reasonablo for oOmparit4 rho 
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maximum internal strains in different sections and the rate of decrease 

of the 'value of -she. maximum strains is not great until some distance 

away from the linos shown. 

The conclusion of Test Ia is again seen to be valid for this 

specimen from a comparison of A-and Al. 

Strain .B is particularly large and if some form of_ extensional 

strain criterion holds for cement paste, it seems that this is where 

a fracture would first occur. Alternatively, thiS large extensional 

strain probably means that this region of paste is also under the 

action of. e. tensile stress which in turn could. suggest that the bond 

between sphere and paste reaches liMiting value first. It Seems 

unneceseary to state also that the paste could fail at a limiting 

tensile stress as a third possibility, since it has been shown that 

a limiting stress criterion is unsuitable for both brittle and ductile 

materiels considered as homogeneous and. it is unlikely that cement 

paste will be an exception. 

It is difficult to know whether either of these limits have boon 

reached, although it seems that a cement paste strain of .00045 is of 

the order of the maximum extensional strain which uncracked cement 

paste can reach if its W/0 is 003. As is shown. in. Appendix E, cement 

paste of W/0 — 0.3 has a 4" cube crushing stress of 99100 psi, and 

multiplying this by 0.859  we obtain an approximate prism crushing 

stress of 7,600 DSi. Assuming B to be 3.36 m 106  psi and Poiscons.  

Ratj.o 	tip 0,,25 (v.5 obi-,a311.(5d. 	TY) 	to nn; 

an0. 	he 
	jc-i;r11 
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of o00045. 	(Appendix E also shows that the Poisson,s Ratio of 

concrete does not begin to increase noticeably until 60% of ultimate 

and it is believed that with the more violent type of failure obtained 

with cement paste, this increase will be delayed further, hence giving 

rise to the guess of 80%). Any decrease in the E value which might 

have taken place, probably due to the occurrence of cracks caused by 

stress or strain concentration at flaws in the mterial, will tend to 

make the ultimate strain at cracking higher than .00045.. At any rate 

from this very tentative argument it seems possible that the strain.  

in the horizontal diagonal direction is of the same order of failure 

as a cement paste rupture, even though the applied stress on the prism 

was only..about 20% of its ultimate. It is also possible that the • 

bond between the sphere and paste has already failed or is about to 

fail, and Alexander and Wardlaw(47) have shown that bond strength for 

sMooth aggregates at 30 dads is of the order of 70 - 85% of the paste. 

strength. Their test is unsatisfactory in many ways for absolute 

values but it does give a comparison between them. Since the bond 

is only slightly weaker than the paste for their tests on large sizes. 

of aggregate, it is impossible to say which would be the cause of. 

failure in a ooncreto since the bond might depend to a great extent 

on the values of tensile stress or shoarstress at the interface and 

these are unknown also. 

1161.2. 	Test Ica 

Fig,. 17 nhows the deformed ohapo of the central vertical plane 

pIotte1 after representing vertical and latmml r3.-6.17ainE; of czp:;:ooly 
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.00025 as a change in length of 1" for every 4" of length at no load. 

-Measuring the distance apart of circle centres in the vertical direction, 

we find that the vertical strain between them is .00032 and if we assume 

the spheres are relatively undeformed, this means that the vertical 

strain in the cement paste pocket at the centre is .00080. 

This diagram shows the cement paste strains 

in a central vertical plane of an iron 

ball model. 

A=1..00080 

B =. - .00018 ) 
) Test Ib. 

- .00012 ) 

D 	.00082., 

The negative sign denotes an extensional strain. 

Examining the ratio of lateral to vertical strain for the central 

pocket we obtain a value of 0.225. But, as Test II has shown, P.R. 

for this cement paste is 0.25 and this means the pocket on average must' 

be in lateral compression according to the above results, since it has 

been prevented from expanding laterally to a certain extent 	Eveh 

after making allowances for the fact that these deduced internal strains 

are only a first approximation, it is fair to say that the central 

cement paste pocket of this model is under vertical compression/  ow," 

M-Orst-4-ey 	c-inA4/64—edl 	. 
It was then decided to use the internal strain results on the 

central pocket to obtain a rough idea of the average stresses upon it. 

The average strains in areas A and B wore found by assuming, as usual 

ghat all deflection occurs in the cement paste and the moan aistei-I-JzP 
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between the spheres across the whole area, fauna_ by Simpson,s Rule. 

coo 
p
Region A. 

....asemmennen. 

Ave. vert. strain m .00073= py. 

Ave. lateral f I 	M."' .000165 1.11 x. 

agion B. 

Ave. diag. strain .m.00029. 

Assumed stress system on any el went within 

the pocket. 

If all compressive stresses and all contractional strains are 

positive, we have 	4 	-'211.1 
11(d211" eky)I 

f r 

Gwhere‘y and 	ere the vertical and lateral strains andIP is Poissonss 

Ratio, whioh is 0.25 for this cement paste. As we are dealing with 

average stresses and strains, all elements are assumed to deform alike and 

so the above relations also apply for the strains and stresses on the 

whole Pocket. 

SubstitUting the values ly 000073)1x. 	.000165, 

E 	3.36 z 106 psi, V 0025 (Test II) in the above equations, it is 

found that 

gY = 2750J psi; . 	=1  94 psi. 

Only the diagonal strain is known for region B and not the lateral 

mov.e2ent Perpendicular to it5  hie h mmt be partly rc.isti'aincd. Acctimin,•:; 
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no restraint the cement paste stress in the diagonal direction is 

.00030 x 3.36 x 106 :=1202.psi. 

The effect of restraint will be to increase this value slightly. 

The actual overall stress interval on the whole model of 16 sq. ins. 

cross section was 15250 psi and this average must apply to any 

horizontal plane. The internal stress of 2,500 at the central pocket 

acts over a square inch of the area only, but is of interest in that 

it shows how far removed a local stress can be from the average, even 

with these spherical particles. It might be expected that angular 

aggregateS would give rise to local stresses higher still than the 

average stresses. 

The iron spheres.  above and below the central pocket must also be 

subject to a stress of 2,500 psi in the vertical direction, but in 

additions  the diagonal stresses of 1,000 psi act at 4509  increasing 

their total vertical stress. 

It is thought that these approximate calculations show that a load 

on a central iron sphere is not entirely placed on to the soft pocket 

of cement paste. beneath it, but is partly taken round it in an inclined 

direction becauSe the position of other spheres create a stiffer 

combined material in the diagonal than in the vertioal direction. This 

inducement of stresses to be taken through the harder material and around 

the soft pocket is evidence of the occurrenoe of the "thrust ring 

effect" which is the basic assumition in Baker's lattice theory. 

11.1.3.' 	Test ido 

1hiS test wo,E; cn 4" ouboo oonteming iron Emhoroo. 1ll Druv,ixtu% 
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tests, and. cubes A, B of this test, used 3.1' dia. spheres and the 

results of A and B, given in Table 7, show that the central lateral 

overall strain was 0000050, which is only very slightly more than the 

prism mid height overall strains0 The deflected shape of the central 

section can be seen froth the results to be similar'to that of those 

earlier prism sections, and the resultant internal strains will be 

similar. 

Cube C contains le dia. spheres, and cube D has a tdia. sphere 

in the central pocket between the le dia. spheres. 

For cube D the overall strain across the 

dotted regions is .000055 for a 1235 psi 

stress interval which is of the same order .  

as the 0000053. 

overall strain for C, in spite oa its different internal structure. 

Fig. 18 shows the first loading stress-lateral strain curves and it 

is clear that the curvature of that of specimen C is no greater than 

that of the cement paste cube also tested. Specimen D, however, 

appears to be more resistant to deformation at first and at about a 

vertical applied stress of 700 psi, a reasonably sudden change in elope 

is apparent. It could be argued that there is no evidence of internal 

rupture in specimen 0, but that the sudden change of slope of the 

lateral strain curve of specimen D9 might hai.e been due to some internal 

rupture. . At this point the internal cement paste strain at position A 

was 000009 and at B was 0000075  both of which are a long way sho:12t of 
'N! aztomOonal otm:112 of 000045 	waE; eog-aed. 56,Ilij_ey: as Moing 
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the order of strain at which a cement paste rupture occurred. The 

internal strains in specimen C, however, although not as high as these 

values at the applied stress of 700 psi, reached and passed them 

as the load was increased up to 1235 psi without any evidence of 

rupture. 

It seems, therefore, unwise to use quantitative values of Brains 

obtained in this way as those at which rupture occurred since it is 

possible that the central sphere was displaced from the central 

position and was almost in contact with one of the large spheres. 

This would result in a much higher cement paste strain between the 

near touohing spheres than has been predicted above. Rupture strains 

might be more usefully investigated with accurate positioning of the 

spheres, but the technique used here is not suitable and can only be 

used to examine, on average, in which directions the greater internal 

strains are more likely to occur. 

11.1.4. Discussion of Test I. 

It is believed that the technique is useful for obtaining approximat 

values of average internal strains in the sections of cement paste 

between iron spheres. If cement paste extensional strain.is the 

criterion of rupture of the combined material, then an indication is 

given of where rupture is likely to first occur. It has been'obseived 

that this is in the horizontal diagonal direction for the standard 

diamond unit of equal sized spheres; but in not necessarily so it a 

large particle is placed Within these dismantle. (Position A strain 

vcattri) than tosition B strain in id). 
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If bond failure is the cause of breakdown for the combined material 

it is possible that this depends mainly on the tensile stress or the 

shear stress at a paste/sphere interface, and the cement paste extension- 

al strain has only indirect bearing on their values. Nevertheless, 

it seems probable that stresses likely to induce bond failure only 

exist in the horizontal diagonal directions as it has been shown that 

the horizontal directions are in compression. 

From the combined results of Tests Ib and Ic, it was possible to 

deduce that the stress in the central cement paste pocket was 

considerably larger than the section average and that the central 

spheres oarried even higher stresses. The fact that all of these 

sphere stresses were not transmitted to the central pocket between 

them is evidence that they were deflectla around the pockets by the 

"thrust ring effect." 

The technique could be improved to give indication of the 

magnitude of strains at a rupture by positioning the spheres accurately 

and using some device to detect when a crack occurs. 

721 rig. 45 are shown some of the strain results obtained with 

14" spheres. 

11.1.5. Conclusions derived from Test-I. 

(a) The thrust ring effect of distribution of load can 000ur between 

iron spheres set appropriately in cement paste. 

(b) A cement paste pocket between a "diamond" toymation of Biz equal 

iron spheres can be in triaxial compression evon though only a 

vortical load is applied to the unit; This is caused by. nzIra:Ln-:; 
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INTERNAL STRAINS ( TEST 1 ) 

PASTE STRAINS  
vert. section 	 horizontal section 

strains :- A =.00080 
	

strains:- D=--00018 
B =—•0001B 
	

E = —•00048 
C =•00082 

strains :- AB = • 00012 
AC = •00032 

B0=-00007  

strains:- 
EF= EG = HF= •00007 

FIG.45  
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at paste/sphere interfacis. 

(c) For the diamond formatioel of spheres the maximum internal 

extensional strain in the cement paste will occur in the horizontal 

diagonal directions and also the maximum tensile internal stress. 

This, then is a likely region for rupture to first occur, 

11.2. 	Test 11. 

11.2.0. Test In Observations,  

From the average standard deviations, it is clear that more scatter 

exists with Poissonls Ratio values than with Yonng, s Modulus values. 

This is to be expected as the slopes of both the vertical and lateral 

stress-strain curves are needed for the former values, but only the 

vertical curves for the latter. No indication is evident that 

concretes show more scatter than mortars and mortars than cement pastes. 

Figs. 27, 28 and 29 show the following results for mixes at 30 days. 

i) That addition of more sand to a mortar mix causes Young,s Modulus 

to increase and the greater the water cement ratio, the smaller this 

value is for any fixed aggregate cement ratio. 

ii) That Poisson's Ratio drops as more sand is added to a mortar and 

as the va-ue of water cement ratio increases, there is a tendency for 

Poisson, s Ratio lo increase for a fixed sand cement ratio. 

iii) Cement paste has the same PoissongsRatio of 0.25 for water 

cement ratios of 0.3, 0.4 and 0.5. 

iv) The trends of (i) and (ii) are repeated with the addition of a 

coarse aggregate into a mortar of sand/cement/water - 2.5/1.0/0.5 to 

fo5:1a. concretes. 	The changes are less marked than they were in the  

case of mortars. 
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v) Fig. 29 shows that the continued addition of agGregate causm, an 

increase of E and a decrease of P.R. to occur at' a steadily lessening 

rate. For concretes  Poissongs Ratio appeared to be levelling off to 

a value of 0.15 as aggregate cement ratimincreased, for. a wit of 005. 

vi) All the mortars tested had Poissongs Ratios between .l7 and .23. 

Concrete wus between .l7 and. .15 for the 0.5 water cement ratio. 

11.2.1. 	Implications of Test Iib. 

The fact that Poissongs Ratio of the cement pastes tested was 

constant at 0.259  makes it seem that the different Poissongs Ratios 

due to the inclusion of sand particles are related to the aggregate 

quantity. 

In every case, mortars have lower Poissongs Ratios than cement 

paste and if we assume as a first approximation that the aggregate 

particles are undeformed, it follows that the oement paste pockets of 

any mortar, have a ratio of lateral to vertical internal strain equal 

to the mortar Poissongs raticland are therefore under lateral compression. 

This is an agrbomont with one of the conclusions of Test I. On the 

other hand, the assumption of aggregate particles being undeformed is 

not as justified as the assumption that iron balls were undeformed, 

since cast iron is roughly three times as stiff as gravel. Nevertheless, 

if the ratio of lateral to vertical strain within an aggregate particle 

is the seme.as, or greater than, that of the concrete or mortar, that 

ratio for the paste must be the same as, or less than, the Poissonf0 

ps,t7,0 of th,s total lylorial, 	(The above argument only holds as long 

as there is no breakdown in the horizontal directions)L Thus tz‘e 
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conclusion that ce.nent pasto.00ckets are in triaxial compression 

is valid, but it is more dangerous to use the assumption of 

aggregates being undeformed in order to deduce actual internal 

strains between aggregate particles, than was the case with Test 1. 

Taking two morti,irs of W/C - 0.5 and S/0 - 1.5 and 2.5, respect-

ively, as typical examples of the downward trend of Poisson)s Ratio 

with addition of sand, m see that to agree with the respective 

values of 0.210 and 0.1714 suitable lattice proportions from Fig. 43 

are 1:1:0.8:0.8 and 1:1:0.5:0.5 corresponding to the directions:-

vertical: horizontal: diagonal: horizontal diagonal. (Defined 

earlier). 	It appears, then, that for the mix containing more sand, 

the ratio of diagonal stiffnesses to the other stiffnesses is less. 

The leaner mix, however, has its sand particles closer together' than 

does the richer mix and a simple calculation involving the proportions 

dnd E values of aggregate and cement in the different directions, 

shows that the diagonal stiffnesses increase relative. to the vertical 

and horizontal stiffnesses, assuming relative cross section areas in 

the different directions for the two mixes to be the same. There is, 

therefore, an increase in the thrust ring - effect.which would tend to. 

increase Poisson's Ratio. The fact that Poisson's Ratio is decreased 

means that the restraint to lateral motion of the cement paste pockets 

by the bond at aggregate paste interfaces, which stiffens vertical and 

horizontal directions relative to diagonal directions, outweighs the 

t'llrust ring effect. 

It would Beem likely tlIc those, tv:o counte.rEo'Giric;eutc,; are 

always pr000nt and. that for ali. noraai oonoreto sad it it mz*ee iii 
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restraint 'effect is more powerful than the thrust ring effect, meaning 

that closer aggregate spacings result in lower Poisson's Ratios. 

These considerations also partly explain the increase in Poisson's 

Ratio with increasing water cement ratio fora constant sand cement 

ratio by weight.  (Fig. 28). The sand/paste ratio by volume actually 

is slightly decreasing as the water cement ratio increases, which 

means slightly increasing aggregate spacings, and hence a higher 

Poisson's Ratio. This particular case is a little more complicated 

in that the cement paste matrix is changing its properties. If 

aggregate spacing is kept constant, it is seen that the ratio of 

diagonal stiffness to vortical and horizontal:stiffness increases 

with increase of water cement ratio, similar calculations having been 

performed, g:s before, to determine the stiffnesses in those directions. 

The thrust ring effect is added to, therefore, by reduction in E 

value of paste (i.e. increase of W/C), and this, too, leads to an 

increase of Poisson,s Ratio. 

Summarizing the various effects, we haves- 

Increase of restraint effect lowers Poisson's Ratio. 
Increase of restraint occurs with closer aggregate spacings. 
Increase of thrust ring effect increases Poisson's Ratio. 
Increase of thrust ring effect occurs with closer aggregate. spacings. 

Increase of thrust ring effect ocours with drop in water cement ratio. 

From the experimental fact that for a constant water cement. ratio 

and increasing aggregate cement ratio (closer aggregate spacing), 

PoiSson's Ratio decreases;  it seems , that restraint effect is moro 

dominaat thud th:cust ring effect. 
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It is noticeable that the drop of Poisson's Ratio with increase 

of aggregate cement ratio takes place at a gradually lessening rate 

(rig. 29), and appears to be reaching a constant value or approaching 

a - minimum. This is explained if the thrust ring effect becomes more 

important relative to the restraint effect as agg regate cement ratio 

increases. Eventually, the rates of increase of the- two effects are 

equal at aggregate cement ratios of about 7.0, and if the curve is 

approaching a minimum turning point, the thrust ring effect has the 

greater rate of increase above this value. It is not possible to 

say whether a minimum is to be expected from these tests performed 

on cement aggregate combined materials. Some light is thrown by 

tests on cement paste containing*" dia. iron shot and reported in 

Appendix E. One mix contained a moderate quantity of shot and 

another contained a very high. quantity, poured ±ito the cement paste 

under continuous vibration and tamping, until the completed specimens 

were as tightly packed with shot as possible. The results show that 

for the first mix, a Poisson's Ratio of .223 exhibits the expected 

drop from that of the cement paste, but the next very high aggregate 

cement ratio mix had a Poisson's Ratio of .245 which haS shown an 
less 

increase over theAdensely packed mix, meaning that in changing from 

the first mix to the second, the increase in thrust ring effect had 

outweighed the increase of restraint effect. 

Little comment need be made on Young's Modulus values, since it 

is to be expected that stiffening takes place in all directions by 

the aclditonof aggregate snd by the lowering of water ocment ratioo2 
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(the lower the water cement ratio of cement paste the higher its 

E value), and so the overall stiffness of the structure increases. 

For the reasons for the variation of the E value of cement paste 

with change in water content, a knowledge of the structure of cement 

paste is needed. This is beyond the scope of this thesis but some 

of the reason is likely to be that for wetter pastes there is a greater 

internal volume of capillary pores containing only water, and as long 

as this can be squeezed out under load, the whole structure is more 

amenable to deformation. This would give a lower E value for the 

water mixes. The high value of 0o25 for Poisson,s Ratio can be 

tentatively explained on the basis of simplified models of cement 

paste suggested by Powers(49). The gel particles which make up the 

solid constituent of paste\Fan be represented by spheres in close 

contact, or alt ernatively, by,randomly orientated fibrous needles. 

In either case, the ratio of diagonal to vertical and horizontal 

stiffness in the material is likely to be at least unity, which implies 

a Poissonls Ratio of at least 0.23 according to the curves of Fig. 43. 
11.2.2. Conclusions derived from Test II. 

1). Addition of aggregate material into a normal mix lowers 

Poisson,s Ratio and increases its Youngls Modulus. 

2). Increase of water cement ratio for a constant aggregate cement 

ratio, slightly increases Poissonls Ratio and causes a decreeze of 

Young's Modulus. 

3). Poisaonls Ratio of cement pastes of W/C ,2 003, 0.4, 0.5 is 

consimni; a-1 . 0.249 or 0.25 for all practical purposes. 
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4). Cement paste pockets within a material, subjaaated to a 

uniaxial compressive load, are in triaxial compression because of 

restraint at the agg./paste interfaces, causing a restriction to 

lateral expansion. A pocket of paste is that which is completely 

surrounded by a "diamond" formation of six stones. Paste between 

aggregate particles in the diagonal directions are clearly not 

similarly surrounded. 

5). It can be said that there are two opposing influences on 

the ratios of effective stiffnesses in different directions of the 

material. These are a thrust ring effect and a restraint effect, 

which tend to increase and decrease lateral movement, respectively. 

For normal mixes, the restraint-effect is the greater, but the rate 

of increase of thrust ring effect approaches the rate of increase 

of restraint effect at high aggregate cement ratios, and this 

illustration gives a picture of 

what is meant by this. The shapes 

of the curves are pure guesses and 

it is only known that the restraint 

curve must be higher than the other 

- 

	

	
and that the gradient of the thrust 

ring curve must approaoh that of the 

restraint curve at high aggregate 

cement ratios. 
Test III — Rubber Models. 

11t3000 . rilOelt TY:Ka° 
eonn, 

This test on a square mode? of natuata rubber with discs 64 
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bonded to the surrounding matrix, was performed purely for comparison 

with the model with discs bonded, in Test 11Th. Pig. Oa shows the 

directions of prificii3al stresses and strains as deduced from the plotted 

grids of Fig. 30. The strains actually deduced on any grid rectangle 

are vertical strain, lateral strain and shear strain, and from them, 

vertical stress, lateral stress and shear stress on the grid rectangle 

are calculated, using the usual elastic equations. •Mbhx. circles wore 

then drawn to obtain the values and directions of principal strains 

and stresses. The deduction of strains from the curves can only be 

approximate and it is felt that only general conclusions can be drawn 

from the rermits. 

It is evident that many parts of the matrix are in biaxial tension 

and where compression exists, the forces are email. It is unlikely 

that restraint at disc matrix interfaces can be significant because 

there is no bond and it seems that the lateral tension must be a_ 

result of the restriction to lateral movement of'tho whole model, 

due to the complete restraint at the loading bars. Since the grid 

tested was at the centre of the model, this indicates that end 

restraint is having effect over the whole of a square cross section. 

The directions of the largest principal stresses are inclined to the 

vertical in a way which makes it clear that the load is carried wound 

the disoe. The lack of bond makes it impossible for load to go 

through the discs, so this test indicates that the technique is 

satisfactory for deducing approximate directions of load distribution 

8 Olowo 	1oaftcyl moaa and 	earav to see the caps 
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between the disc and the surrounding matrix. The model, however, 

is still capable of behaving in an elastic manner and this illustrates 

that it is possible for concrete to behave in an elastic manner, even 

if some bond failures have taken place. Thus, if bond failures occur 

at low loads, and there is no cement paste rupture, it would be expected 

that the first few loading stress-strain cvxves up to a percentage of 

ultimate, would be non-linear, because of bond failures resulting in 

a decrease in stiffness of the material, but that the curve would 

become more linear on subsequent loadings up to that point. 

11,3.1. 	Test IIIb. 

The discs were now bonded into the model and the principal 

stresses and strains of the grids in the central pocket, and one at 

the top right-hand corner of the model close to the upper loading 

bar, are shown in Figs. 46b and c. At the central grid the major 

internal principal stresses and strains are vertical in the region 

of the vertical centre line of the pocket (A), but in the region 

between the discs in a diagonal 

direction (13), they are inclined,  and 

k„) 	
indicate that the load is not carried 

vertically at this point. The direc-

tions are completely changed from those of the previous model and show 

that the bonding of the discs has induced a partly diagonal distribution 

of stress between them, or set up a thrust ring effect.• Again, in 

most cases, both principal stresses are tensile and the lesser one 

than in -t hepreviol2e maael, 



STRESSES 	in psi 

3.8,1-9 2 	3.5,1.7 
3'21.6 5 2-572 

3'2) -3 8 2.9,•5 
2.9,1.3 11-.15-24 

STRAINS  x 10z 

1 3.0,0 2 2.7, 0 
4 3.0,-14 5 2.7, -1.5 

3.271.3 8 2,81-1-0 
10 2*-1.2 11 1.1,-2.5 

1 
4 

7 
10 

3 .8,*4 
6 .6,-1- 3 
9 2.5,11 

3 .6, 0 
6 1.3,-1.7 
A 2.0,- 

TEST -2D3  
central grid 

(b) 

(11 749 
+2 

+7  +4.  41.  

,e0 41.6 	+3 
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PRINCIPAL STRESSES a. STRAINS IN RUBBER MODELS  

TEST MA  
STRESSES (.major, minor ) 

1. 1.21) .6 2.1.83;4 3. 1-3245 
4. 3.05,.7 5. 5.9,1.6 6 4.2)  -4 
7 8.03 2.4 8. 3.0,.3 9, 4.37-5 

in  i 	psi 

STRAINS 
1 •95,0 2 2-2 ; -1.3 3 1.3p5 
4 2.8;3 5 5.3;1-4 6 4.672.6 
7 71;1-7 8 3.00.3 9 4.7;2-8 

ail x 102 

mean applied stress 
intervals 	 major direction 

minor 	ii 

— sign denotes 
compressive' stresses and contractional strains 

FIG. 46  
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PRINCAPAL STRESSES AND STRAINS IN RUBBER MODELS  

TEST  
(corner grid) 

STRESSES (major, minor ) 
in 	psi 

1 5.4,2-3 2 51,1-7 3 5.1,1.6 

4 3.8,-2 5 5.4,-3 6 3•2,-.8 

7 2.0,--4 8 3.2,-7 9 7.1,2-0 

10 7.3,2-3 11 3.4,•3 12 6.3,2-0 

STRAINS x102  

1 

4 

7 

10 

5-3J-.5 2 5.3,-1-0 3 5.5,-1.1 

4.6;2-1 5 6.9,-3.7 6 4.5,-3-0 

2-7,-1-7 8 4.5,-  9 7-6,-1-9 

7.6 -1- 6 11 40 -1.7 12 6.6,-1.4 

mean applied stress 
intervals  

major direction 

minor 

sign denotes compressive stresses 

STRESSES in psi 

1 7.4,-3-7 2 14.9,-I--4 3 9.1, -7 4 54,-3.1 

7.0,-1-1 	6 4-2).--1 	5 8.6, 2.3 

STRAINS x 102 
• • 

1 5-5r4.0 2 811-34 3 5.5,-1-6 4 4.5,-3-2 

5 4.8,-5 6 2-7,.-F0 7 4-6,-2-2  

STRESSES in psi 

1 7.0,•4 	2 12.0 ,45 
4 9-1,1.3 	5 8.9,1-2 

STRAINS x 102  

1 4-9)-2-3 2 74,-11 3 3.6,-1-4 

4 6.1,-2-3 5 6-0,-2.4 

3 5-2', -7 — , 

FIG.46 (cont.)  
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that the restraint at the disc—matrix interface is adding ftrther 

to that from the loading bars. 

The corner grid;  too;  shows a greater inclination of direction 

of principal stresses. and strains towards the diagonal region (n), 

but in this case all the principal stress directions are at least 

slightly inclined, which means that the average stress on the model 

in this corner was not vertical, but inclined towards the centre of 

the model. The greater inclination of principal stress directions 

towards the diagonal region again indicates the existence of a 

thrust ring effect. 

Table 20b shows that the model is more highly stressed in its 

centre than at its edge at mid height of the model, but more highly 

stressed at the edge than at the centre close to, the loading bars. 

The average principal 
0 , low stresses. 

stresses are obviously 
= high stresses. 

inclined, close to the 

loading bars, and the technique of measuring the grids had led, to 

this same conclusion for the grid in the top right—hand corner of 

the model. 

11.3.2. 	Tests III.  and IIId. 

These testa are on models representing prism cross sections and 

the rubber matrix of the second test is softer than that of the first 

test, and the disc spacing is also closer. Thus, greater thrust ring 

action would be expected for both of these reasons A  but it would also 

be fl:.77)eor1. 	'6hezo.won1a be greater restraint within tho poclmts 
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because of the closer spacing and. we have already seen that this oa-a 

se the dominan factor in three dimensions for mortars and conerctes.. 

Pigs. 46d and o show that the expeetefl deviation of DD cipa1 stress 

direction at the central pocket takes place duo to the thrust ring 
ef-Pcflt and it is also evident that there is more restraint in the 

socend model as the lessor principal stresses hp,70 ahor tensile 

values. The laterc0 tensions in the central grids of these models 

must only be due to restraint at the disc matrix interfaces, since 

it can. be assumed that the end restraint is neglie,ible at tho centre 

of these long specimens. 

Overall lateral strains were measured across many sections of 

both specimens and the results arc shown in Figs. 33 and. 41 	Toward 

the ends, the strains are less than those of the main body of the 

specimens, but there is little evidence of any maximum strain (or 

bulge) somewhere between the specimen ends and it mid height, as 

was obtained in Test I and noted many times by Lachance with concretes. 

Strains C D of Fig. 41, which were measured across the same 

amounts of soft and hard rubber at each level, unlike strains - 

showa wacry distribution up and down the mod‘,1. It can be seen that 

the strains at the levels where two complete diamond units are spanned 

(level X, say) are greater than those whore only ono complete diamond 

unit, plus parts of two incomplete diamonds, are spanned (level Y.  say). 

The inference from this is that there is a larger lateral contractional 
strain within a complete diamond unit than in the inoomplot6 units en. 

bo ozpIcOmnej, 	C hrini; 	effeat 
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Little can be learned from the examination of the deformations 

of a disc in each model except to say their vertical strains are of 

the order of one fifth. of the strains of the ade,,acent soft pockets, 

but without reliable information on the lateral strains, which ere 

very different in the two oases considered, what this means in terms 

of :selative stress on discs and soft pockets, is unknown. 

Poisson,s Ratio for the two models are 0.45 and 0.55, respectively, 

as compared with the matrix rubber values of 0.36 and 0.50. These 

results are of the opposite trend to all prevdons results, where 

addition of. agdregate caused. the Poisson,s Ratio of the combined 

material to be less than that of the paste matrix. Those tests were 

on specimens in compression, but in tension, too, it would be expected 

that the restraint effect would lower Poissons Ratio, and the thrust 

ring effect increase it, and there seems no good reason -why the 

restraint effect should not be the dominant factor as it was in 

compression. The fact that Poisson's Ratio is higher for these 

models indicates that the reverse is true in two dimensions for these 

two phase rubber materials. This is feasible2 since it is found, 

when comparing a 2-dimensional lattice unit with a 3-dimensional 

unit for equal ratios of diagonal to vertical and horizontal member 

stiffnesscs in the two cases, a higher Poisson's Ratio is obtained 

with the 2-dimensional unit. The t4nust ring effect is therefore 

greater in two dimensions. 

3 	Discussion  of Test  III and Limitations of RubboT 

Tho nttnerical results of Pig. 46 show very little pattern  
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it is thovEht that this in due to tho inhront inaccuracies ill 

sighting on grid intersection :goints2  which do not 	fact mvo 

very far in any car2o. The difficulty arises because tho 3calo of 

the models is small and large percentage errors (20%) can. be involved 

in a co-ordinate being wrong by one unit (or ono tenth of a milli- 

metre). A larger scale would have been advisable. 

The results are, nevertheless, of use in that they show the 

basic trend of deviation of internal principal stress from the 

vertical direction as the diagonal region is approached;  hence 

demonstrating a thrust ring effect. Also the fact that the pockets 

are mostly in biaxial tension, indicates the occurrence of the i:ostraint.  

effect. 

The lateral strains of Fig. 41 showed extra lateral contraction 

of complete diamond units compared with incomplete ones, which must 

be because of the extra thrust ring effect. 

Results obtained with rubber are difficult to apply to concrete 

in detail, since the completely different Poisson5 s Ratios of the 

constituents compared with those of stone and cement paste are bound. 

to be reflected in differences of internal stress and strain 

distribution. The effect of a lower matrix PoissoWs Ratio will 

be to reduce the restraint effect since lateral expansions caused 

by the Poisson effect will not be as 657reat g  but the amount' by which 

the restraint is affeotod is unknown;  and it will be very difficult 

to deduce internal stresses and strains within concrete from rubber 

=do's, "(wen if the internal rubber results az=eknoym acoutoly. 
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For this reason it is 73elieved that the to 	is useful )nl`; 

for obtaining qualitstive trends, and in any case an anaiysis of a 

two-dimensional system has limited quantitative spnliation n threo 

dimensions. 

11.3.4. 	Conclusions derived from Test III. 

1). That it a two-dimensional two -Phase material, the thrust 

ring effect occurs between hard cones and around soft zones. 

2). That the soft Dockets of the above material are mainly in 

biazial tension when the models are subjected to an external unianial 

tensile stress. • This is due to the restraint effect at an interface 

botween hard and soft oo:les. 

eseneral Discussion of Some AsRects of Above•=rx..a  EDerimental Work. 
...mpeys tswvytra.rammessens•  

Test ITI has.  demonstrated that stresses in a .2.-dimensional two 

phase material can be partly diverted between the hares inclusions 

in a soft matrix and around the soft matrix Dockets contained by 

the inclusions, when they are arranged in a "diamond" Dattern. it 

is also shown by these tests, that restraint at the interfaces betuzen 

inclusions and matrix, results in a restriction to lateral movement,,  

which resulted in the pockets being in a state of internal bianial 

tension when an ezternal uniaxial tension was applied to the total 

material. 

Tests I and 11 had led to the belief that the above restraint 

and thrust ring effects had been working for three-dimensional 

specimens also, 	it was forma that thos considerations .at% 

F,-;atis.2any 	c:.ellservs& tr::zu 0 	Li to: ;!'zin1 
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strains were meatmed in those tests and internal strains in the 

cement paste regions deduced for Test I by assuming thn iron spheres 

were iindeformed, as a first approximation. Prom these it seems that 

the cement paste in the horizontal directions has an extensional 

strain, but is probably actually under a compressive force?  and 

lho cement paste in the horizontal diagonal direction has a consid-

erably larger extensional strain and is probably under a tensile 

force. If the diamond formation can be assumed to hold for aggregate 

particles in mortars and concretes, on the average?  then breakdown 

is first likely to occur in the horizontal diagonal direction with 

a subsequent redistribution of stress. The application of further 

load will cause the horizontal directions to expand more, and at 

some later stage, the ultimate strains will be reached in this 

direction and further breakdowns will occur. At each type of 

breakdown *he material will become more amenable to deformation and 

consequently the conventional stress-strain curve will have a smaller 

slope. In practice, the diamond formations will be irregular and 

it can be expected that internal breakdowns will be occurring 

throughout the loading range and particularly so at high loads. This 

might be why a curved stress-strain curve of lessening gradient with 

load is obtained. 

For concretes and mortars in uniaxial tension, the vertical and 

diagonal members will be in internal tension and horizontal and 

Isontal diagonal members will 	in oompreBsion. 	Thus, failui.c. 

is likely to first occur in either the vertical or diagonal dirootion..; 
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and in whichever of those it does occur, sudden extra tension. is 

likely to be thrown in the other direction, reoulting in further 

failures shortly after. The failure in tension perpendicular to 

the vertical direction, which occurs in either case before complete 

disruption of the material, will result in a cleanly broken a- pear-

anee of rxoccimsns with the broken surfaces at right angles to the 

direction of the applied load. The section at which this occurs 

will be where the strength is weatest, failure first occurring =s,t 

some weak point;  and so putting extra applied stress on the rest of 

that section. 

From Fig. 45 ("cement paste strains - vertical section"), for 

that particular idealised mix, in compression, strains in the vertical 

and diagonal directions are more or less the same;  and a similar 

result would be expected for tension. 'Concretes which have a lower 

Poisson's Ratio than that mix would have had the diagonal internal 

paste strain greater than the vertical paste strain for the spacing. 

of that diagram. A coarse aggregate/mortar ratio which will give 

roughly equal strains in diagonal and vertical directions and, 

therefore, possibly simultaneous failures, assuming a Poisson,s Ratio 

of 0.15, is such that the width of the mortar gap in the diagonal 

direction is 0.3 times that in the vertical direction. Closer 

packings will result in diagonal failures first;  and wider ones in 

vertical failures first. 

As far as Inttioe theory in oonoerned7  the ex:pe7,ntmonts have 
caa first be w7peotea in tho holsi2ontal diazonlia 
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mealber's and then in tho horizontal members when limiting tensile 

strains a-re reaohed en. this value will be less for the'. hozontal 

•diagenal that') for the horizontal members. 	This i$ because the 

overall strains between aggfegate oentres7  'when the 1&n ;in. tensile 

strain in the paste between them is reasehed:„ ie less in the horizontal 

diagonal than in 
	

horizontal direotions. 	(Thn liEniting horizontal 

diagonal tensile strain is 	times the limiting horizontal tnnoile 

stY'air where i5 the ratio of the lengths of cement paste batmen 

ag,gregate particles in the horizontal and horizontal diagonal 

direotions)c 

Test II gives useful infortation on some of the _properties of 

various mixes and . these results will be helpful in deciding suitable 

lattice proportions to represent different mixes. 
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CHAPTER, l2. 

THE LATTICE TRBORY AS A TOOL FOR REPRESENTING THE DEFORUATION 
AND FAILURE OF CONCRETE. 

12.0. Introduction. 

The purpose of this chapter is to see whether it is reasonable 

to represent concrete behaviour by the pin' jointed lattice system of 

Chapter 10. 

Lattices are assumed to interconnect aggregate particles, which 

include fine sand, and cement, paste is assumed to be homogeneous. As 

the failure of many"homogencous" brittle materials can be expressed 

by a limiting extensional strain theory, it is thought that a limiting 

extensional strain might exist for cement paste between pieces of 

aggregate, and for this reason, lattice members are assumed to fail 

when they reach a limiting extensional strain. This limit must be 

less for diagonal, than for long members, because there is a smaller 

amount of paste between the particles in 

them. e.g. As most of the deformation occurs 

in the cement paste, the paste strain of B 
B 

trf 	 can be equal to that of A when the strain 

between XY1  is a lot less than than between XY, and as XY
1 

and XY 

represent the spans of lattice members, this means that member X1Y
1 

must be said to have a lower limiting tensile strain than member XY. 

The assumption of cement paste being homogeneous is an approxima-

tion, justifiable only when working on an inter-aggregate particle 

it found thzt 	e.7tonoional , otTn5.n 

az:2=11'c paoto, 	thio 'ifs uoQfu1 at thio lc,vol, but will 11O =D-_-_ain 

A 
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why failure occurs et this limit. Thor this a knowledge of the 

structure of the material at its most fundamental level will be 

necessary. Although this is not well understood at present, it is 

probable that in common with all materials, small elemental particles 

am kept in a certain formation by internal forces of attraction and 

repulsion, and possibly some type of lattice structure could be: 

derived to represent cement paste. With this in mind, it is reason-

able to suppose that vertical loads applied to a paste would be trans-

mitted in inclined, as well as vertical, directions 'and these inclined 

forces would. need to be balanced by lateral ones. This moans that 

internal lateral forces between particles before the material was 

loaded, would change their values, and a lateral expansion or 

contraction, depending on the direction of the applied load, would 

be expected. In this way, the fact that a Poisson effect occurs in 

a homogeneous material can be explained, and the assumption of zero 

stress perpendicular to a uniaxial load will only apply on average, 

on the large scale, and is not likely to be the case internally on a 

fundamental scale. 

The work of this thesis is on an inter-aggregate particle scale 

and consequently cement paste is treated as homogeneous, and as was 

shorn in .Chapter 11, is .found to be under triaxial compression in 

some regions when a uniaxial load is applied to the concrete. 

However, it should be borne in mind that the actual internal stress 

systf:m 'r4T,,r7en fundamenta. o 	not be 	of t:!: .17.iva 

collyarAon altlloug . the 	Iats7.2U compression. on 
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pate pockets will make the lateral internal forces algebraically 

less tensile. All the following calculations involve only a single 

lattioe unit :  but it is believed that the characteristics of one unit 

will be representative of the behaviour of many units put together 

for simple states of stress, and so will be satisfactory for general, 

qualitative purposes. 

12.1. 	Concrete in Unil.ri,,1 Compression 

12.1.0. Lattice 'Member Stiffnesses to  Represent Different  Mixes 
in the Elastic Range. 

The Poissonis Ratio values of the mixes of Test II are used in 

conjunction with Fig. 43 for determining the ratios of member stiff-

flosses which can be used to represent them. If there is no internal 

cracking, then it is reasonable to assume that the stiffnesses in the 

vertical and horizontal directions (T1, T2) are equal, and those in 

the diagonal and horizontal diagonal directions (T3, and T4) are also 

equal, but different from Ti  and T2. The reason for this is because 

the aggregate spaoings are the same in the directions allotted equal 

stiffnesses. The curves of Fig. 43 have Tf 10 (an arbitrary figure) 

and other member stiffnesses are related to that. In the elastic 

range the curve T2 10 should be used, end suitable values of T3  et T4  

can be read off to fit in with the horizontal Poissonls Ratio axis. 

The lattice proportions obtained in this way are listed in Table 30. 

(The vertical axis of Fig. 43 is a non-dimensional constant equal to 

concrete stiffness divided by 0.1 x vertical member stiffness). 

P:mw this Mile, it can he seen that twe,, 	rnvl 
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aLlesE3212otions to Represent Diffey:ent  Mizee at Low Loads. 

nwiaMbis 	...¢....". 	......T......... 	  

Mi2  
Pxopoltiens 	I 
C.A./S/C/W, _

11 

"Zottn s s 
11°d" t's' 
x 10 	psi. 

Poisson? 
Ratio. 

Lattice Proportion-

TI  : T2  s T3  s T4  
_..... 

	q 

1 'IC 

,-... 

Cement Pastos. 

3.36 
2,47 
1.74 	1 

t......v..,1--- 

J 	0249 
.250 
.249 

-..,-.... • 

10 0 10 s 15 s 15 
4 	10 	t 	1.0 	; 	15 	t 	15 

10 : 10 s 	15 g 15 

25.4 
25.4 
25.4 

• 

q/0/1.0/03 
0/0/1.0/.4 
0/0/1.0/.5 

Mortwzs. 

4.81 
5.69 
4.60 
4.04 
4.53 
4.96 
3.18 
3077 
4.06 
4.10 
4.41 
3.21 
3.11 

 3.36 
1 	3.56 
' 	3.7/ 
....................-............ 

.193 

.185 
0194 
.219 
.188 
.178 
.222 
.210 
.186 
.171 
.168 
.227 
.209 
.196 
.181 
.169 

p 

10 : 10 t 6.5 t 6.5 
, 	10 : 	10 : 	6.0 s 	6.0 

	

110 s 	10 	s 	6.5 g'6.5 
i 	10 : 	10 	; 	8.5 1 	8.5 
i 	lo s lo : 	6.0 s 6.0 
1 	lo ; 	10 	t 	5.5 	8 .505 
1 	10 : 	10 s 	9.5 ; 	9.5 
10 s 10 : 8.0 : 8.0 
10 : 10 : 600 t 6.0 

	

10 : 10 : 	5.0 : 5.0 

	

10 : 10 s 	405 x.4.5 
10 : 10 : 10 : 10 
10 : 10 : 8.0 : 8.0 
10 : 10 s 6.5 g 6.5 

	

10 t 10 : 	505 g 	5.5 
10 g 	ID': 	5.0 2 	500 

17.4 
16.7 
17.4 
19.6 
16.8 
16.1 
20.2 
18.8 
16.7 
15.7 
15.4 
20.6 
18.6 
17.6 
16.4 
1.506 

0/1/1/03 
0/105/1/.3 
0/1.5/1/.49 
0/1/1/.4 
0/2/1/.4 
10/2.5/1/04 
0/1/1/.5 
0/1.5/1/.5 
0/2/1/05 
0/2.5/1/05 

' 0/3/1/.5 
0/1/1/.6 
0/1.5/1/.6 
0/2/1/06 
0/2.5/1/.6 
o/3/1/.6 

1 

1 

Concretes. 
1 

5.06 
4.96 
5.14 
5.e5 
5.59 
5.74 

.172 

.152 

.164 
.156 
.147 
.153 

10 : IU t 5.0 : 	5.0 
10 : 10 g 4.0 s 4.0 
10 s 10 : 4.5 : 4.5 
10 t 10 s 4.0 : 4.0 
10 : to s 	3.5 s 	3.5 
10 g lo % 4.0 : 4.0 

15.7( 
14.71  
15.3 
14.9 
14.3 
14.7 

1.0/2.5/1/.5 
1.5/2.5/1/05 
1.8/2.5/1/.5 
200/2.5/1/.5 
2.5/2.5/1/.5 
3.0/2.5/1/.5 

TABTX1 
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diagonal stiffnesses relative to the vertical and horizontal member 

stiffnesses for any W/0 ratio, as the sand cement ratio of mortars 

increases. Thip has been explained in concrete terms by the internal 

restraint effect at aggregate paste interfaces, stiffening vertical 

and horizontal 	after the addition of aggregate, more than 

the inorecza thrust ring effeot inorearaoc the relativertiffness of 

the diagonal and horizontal diagonal directions. 

The concretes tested here do not have a great variation in their 

relative member stiffnesses and for all of them the proportions 

10 a 10  : 4 g 4 (r.,. Ti  g T2  s 	s T4) is a good enough approximation.. 

This demonstrates that for those aggregate cement ratios, increase 

in thrust ring effect and increase in restraint effect, are of 

similar magnitude. 

nehighvaluesofT3 and.T.for cement pastes must be due to 

its internal structure which, according to 'Poors, could be represented 

as close packed spheres or randomly orientated interlocking needles. 

Diagonal stiffnesses will be high in either case. 

12.1.1. 	External Concrete Strains  up to Failure. 

It has been demonstrated by the experiments of Test I that the 

maximum internal paste strains are in the horizontal diagonal directions 

and this is where failure is most likely to 9cour. Thus, as far as 

the lattice unit is concerned, the horizontal diagonal members must 

be the first to fail. For this to occur, they should have a lover 

	

diaiwaal mu1ibcan3 	a ,-2,t1.aaL7 oc1.11.1 

i0 • 
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under uniaxial load. If the cement paste width between nieces of 

aggregate in these directions is one third that in the other earoetions, 

then the limiting strains of the horizontal and horizontal diagonal 

members should be one third that of the other members. Using an 

aggregate density of 2.6 gicos and a cement density of 300 glee., a 

mix of proportions 1.1PW1.0/0.5 for coarse Agg,/sandicementiwater 

has this property for the 	aggregate spacingo Higher, aggregate 

quantities will result in the cement paste gap in the diagonal 

directions being less than one third that in the other directions. 

If this mix is now examinod, it can be assumed, roughly, that , 

the failure of the horizontal diagonal members in uniaxial compression 

will occur under a vertical load of one third that at which the 

horizontal members fail, and if this occurs at 30% of ultimate load. 

on the lattice unit, then the main horizontal members will fail at 

90% of ultimate. After this the vertical member carries the load 

by itself and can be assumed to fail by buckling shortly afterwards 

It is reasonable to make it fail shortly afterwards, since the vertical 

direotion 'in the concrete will be seriously weakened by widespread 

lateral failures. This diagram shows the trends of the vertical 

stress—strain curve. At B1  the 

horizontal diagonal members have failed, 

making the resultant structure less 

stiff, and so giving rise to a lesser 

gmaient until C, when tho horisontal 

membero 

Sep 
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NOTE ON AGGREGATE SPACINGS. 

The design of a mix with desired aggregate 
eeacinge can bo done in the.following manner, 

It is desired, say, that the cement Paste 
length in the long directions should be three 
times that in the diagonal directions. 	If the 
mean aggregate dia. is D, then the length of 
A3 is D e x, where x is the cement paste length, 
and CB is D .3X. Considering AGB, we have 

(D 	x)/(D 4 3x) = 1 2. Therefore if we lot D 	then 3x .785. 
Thus vol. of cube of combined Material (a section of which is shoes.. 
dotted) :7: (1.781)J  a: 507 cu. unite. 	In this cube, vol. of agg. 

mqee4ITOD' ee 1.57 outs units. 
Thereforenzg./Paste ratio by vol. 	(1.57)/(5.7 - 1.57) r3 .38. 
Therefore if. density of agg. .= 2.6 g./cc, of cement m 3g./co. 
and of water ze'1.0 g./co., then for a paste of W/C - 0.5. 
Agg./Paste ratio by weight 	(2.6/1.8) es .38eL ;,,* 
The mortar constituent of the concrete 1././008//.0/05 approximately 
has this ratio. 	 . 	. . 
Tor the coarse agg. /mortar ratio by vol. (.38) the ratio be' weight 
needs to be e46, and this is also approximately given by the above mix. 
Thus we see that the above mix, for a one size coarse agg. and . a one 
size sand hae the mortar, gap between coarse agg. particles in the 
diagonal. directions 1/3 that in the long directions, and the same 
ratio exists for the cement paste gaps between Sand particles. 

- 	With a continuous grading, an average picture of the mix could 
be built up and similar calculations performed to give desired 
spacings. 

It must be pointed out that with a different W/C ratio, the same 
spacings would have been obtained with different agg. quantities, 
and also that for any water cement ratio, the ratio of the diagonal 
gap length to the long member gap length, decreases as the aggregate 
quantity .  increases. 

The above design technique will allow the testing of different 
mortars of 'known approximate internal spacings to be carried out, to 
see if the idea of a limiting internal .ceMent paste strain can be 
guilt upon to predict the failure of mortars. The failure of 
concrete (i.e coarse agg. inside mortar matrices) can then be better 
understood.  The above suggestion' is a logical next.step if it is 
first found that cement paste of a certain W/C has a limiting 
extensional strain. To test this, is one of the suggestions for 

ro2ox,- 3,1 in Chapter S. 



load, it is seen that the typical 

concrete of Ti t T2 ; T3 : T4 
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This discussion shows that the lattice concept can usefully 

represent tho usual concrete stress strain curve. The figura of 30% 

for the failure at .D, was deliberately chosen 	fit in with the 

fact that concrete vertical stress-strain curves are reasonably 

linear WO to about this point, and it is at about 30% that Rusch
(12) 

first reports sounds of internal cracking. 

The curves of Fig. 51.in Appendix F show that those conerates' 

at any rate, have fairly constant Poisson,s Ratios up to about 60% 

of failure, and they then begin to increase and become very large 

just before failure. This diagram illustrates this. 7sing the results 

• 
of calculations on lattice units of 

to 

varying member proportions, shown in 

Fig. 47, and letting appropriate - 

members fail at 30% and 90% of ultimate 

10 : 10 t 4 : 4 has a Poisson,s Ratio of .15. At 30% of ultimate 

we assume T
4 

fails and drops to 1, the other proportions being 

unaltered, and from the curves it is clear that Poisson,s.Ratio has 

undergone an instantaneous jump to .19. This will remain constant 

until 90% of ultimate, at which the horizontal members fail. When 

this happens (T2  .= 1) we see that Poisson,s Ratio jumps to .44. The 

lattice Peisson,s Ratio curve is shown dotted on the diagram and 

roughly shows qualitative agreement with the real results. 

It is not to bo expected that with real concretes the c.:177ca 



•1 
10 g2 	 .3 

255: 

— —I — 

	

T1 Z 10 	
'..,/ 

	

10 , 	1, 
krV s, 

	

I 1 	
IS 

1 

16 — — 
I / 

I'  

14 

1 

FIG. 48  
I T3  T4  

SOME THEORETICAL  

LATTICE CURVES  

is 

16 

14 

12 

10 

no friction 
with friction 



256. 

would be angular in shape beoause there is no likelihood of there 

being two definite "failure percentages" a the lattice approach 

assumed but instead there would Le a scris of consecutive failures 

due to the actual irro8ularity of the ag6regato spacing and sizes. 

It seems from the experimental results that Poisson , s Ratio 

drops very slightly up to 	f the ultimate. Ono nossible reason 

for this is in the collapse an! closing up of any small pores in the 

material between stones 	This would have the effect of mating the 

material more solid and hence better able to transmit the restraint 

at the aggregate paste interfaces. 	It has already been demonstrated 

that extra restraint lowers Poisson's Ratio and in lattice terms, 

this closing up of the material will tend. to stiffen the vertical 

and horizontal members relative to the diagonal ones hence giving 

a lower Poisson ,s Ratio according to the curios of Fig. 43. 
12.1.2. 	Effect of Friction on Crushing  Strength of Cubes. 

7/Vlr 	00. • 

It is well known that end restraint at the loading platens 

makes the failure loads of cubes higher than they would otherwise 

have been under a purely uniexial load. The curves of Fig. 48 

show that the lateral strain for lattice units was much -reduced when 

a compressive lateral load of 5  of the vertical load. (to represent 

friction) was applied. This means that the lattice units with 

applied "friction" will reach limiting member tensile strains at, a 

higher vertical load, than those without friction and qualitatively 

agrees with actual experience with concrete. 

1,22:030.___Bffeet_of.43g7.Tgate Quantl‘,y on Crushing Strenua. 

It is generally accepted ror cohere-cos, which are rewlsons-: 
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workable, that for a given water cement ratio the crushing strength 

iteT0a202 with increase of aggregate quantity, in the manner of tho 

1P. 
111 

accompanying diagram° 

The.results of Table -IC show 

that, on the .thole, with increase. 

in coarse aggregate quantity', the diagonal stiffnesset aeoreacc 

relative to the vortical and horizontal stiffnosses and this Means 

that for horizontal members to reach their ultimate tensile strains, 

more vortical load will need to be applied to a lattice unit, and 

ConseqUently this agrees with the fact that the crushing-  strength 

of specimens increases as their aggregate quantity increases. 

12.1.4 	Concrete in Direct Tension. 

In direct tension different considerations apply as to where 

breakdown is likely to occur. The directions in the concrete now 

undergoing.  extensional strains are the vertical and diagonal Apnea 

and consequently these lattice members, are where failure will take place. 

The diagram shows a cross section in the 

vertical plane of e complete lattice unit 

and it can be seen that the horizontal 

member of this sections  in 'comon with 

members is in compression. Failures  therefores  

will occur either in the diagonal or in the vortical members. Now 

the total strain in the vortical member in groator than in tho diagonal 

momborz under this.no52t of lovaDg but s 	traimziU 

.Ge=ile strain must be considcrca lower 
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for a diagonal than a vertical member. This means that for the mix 

mentioned earlier (1.1/.8/100/0.5) failure would occur simultaneously 

in both types of member if the strain in the diagonal was one third 

that in the vertical member. Assuming that Poisson's Ratio is the 

same in tension as compression, the strain in the diagonal member is 

.422 that of the vertical member (taking Poisson's Ratio as 0.12 and 

so that concrete would fail fire in the diagonal members, as would 

any concrete containing more aggregate, and some containing a little 

less. It appears, therefore, that most concrete in direct tension 

would fail first in the diagonal members and the resultant extra 

load on the vertical member would probably induce failure there 

shortly afterwards. This slight delay in breaking up might be the 

reason why, even in tension, there is a slight lessening of the 

gradient of the stress strain curve just before failure according 

to Todd(8)°  

12.1.2. Distribution of Lateral Strain in a Long Specimen. 

It has been shown by Lachance(46)that for specimens of hoight 

to width ratios of 2 and 3 there is a point of maximum lateral strain, 

perpendicular to the direction of a uniaxial compressive load, when 

the concrete is loaded up to some level about 30% of ultimate. This 

maximum is somewhere between the specimen ends and its mid height, 

is approximately 1 to 2 inches from the specimen end, and is more 

pronounced for concretes than mortars, Sand for, mortars than cement 

pastes. This "buIgs" effect was eviddnt in some specimens of Test 

ae w:,S. 44 shows. 
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Lachance came to the conclusion after a variety of tests that 

lead ooneentrations at the specimen ends Were responsible for the 

occurrence of the bulges. 

It was shown by him that uneven surfaces existed at the loading 

platens even for the concrete faces which had boon cast in a steel 

mould for all typos of mix. Consequently there were high stress 

concentrations at the ends of specimens which would even out at some 

distance from the ends. 	have already seen that internal break-

down can occur within concrete at low percentages of ultimate and .it 

seems possible that internal breakdowns occur in the end regions of 

these specimens due to high stress concentrations. This would result 

in greater freedom to expand laterally where the breakdowns had 

occurred. Close to the platen, or course, free movement is. restrained 

by friction and this could be why the .bulge maximum occurs some 

distance away. 

This does not explain why the bulge should be greater for con-

crates than mortars and some examination of the internal structure 

might be 	use in this. Fig. 49 shows an idealized concrete cross 

section.. Close to the platen the soft mortar pockets, C, mill carry 

less load than the adjacent aggregate particles which form part of the 

relatively stiff unit A, and the peaked stress distribution shown .is 

the sort to be expected at the specimen end. At a lower level 

there are no areas the equivalent of C, and so the stress distribution 

will be more uniform. If we represent the concrete units by latticct. 

units, it is clear that they are carrying higher loads at lithan at 
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and consequently will have a larger lateral oxoansion irrespective 

of any internal breakdown which might occur and add to it. Lachance 

-USGa 7111  maximum size aggregate and so the horizontal member of 

units . will be about 13;" from the specimen end, and similar to the 

Position of the bulges noticed, by Lachance. It seems that in a 

concrete, the load concentrations caused by the unevenness of a 

specimen surface a:'e added to internally by the aggregate positions. 

The aggregate particles are on a smaller scale in a mortar and. - 

so the bulge would be expected to baclose to the platen, but it 

cannot occur here because of end restraint. It is probable that 

the internal load concentration effect is negligible on the 

formation of a bulge in a mortar specimen. Thus., the reason why 

the mortar bulge is greater than a cement paste bulge is that for 

any load.on a mortar, there are areas of cement paste within it • 

. undergoing large strains in the horizontal diagonal directions 

which are much larger than the lateral strains in pure cement paste 

specimens with the sate load applied. It is quite possible that 

internal failure a occur in mortar before cement paste, hence giving 

a greater freedom of lateral movement. 

12.2. Concrete under Biaxial  Loading. 

12.2.00 'Biaxial Compression. 
Fig. 50a shows the well known fact that for failure, the vextioal 

load on a specimen needs to be increased as the lateral load is in-

creased. ' To analyse a lattice at failuiT it i iointlocr,,  to include 

the kJoximntal diagonal members if.they have failed previously, as :Is 
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believed is normally the case. The remaining part of the lattice 

unit consists of two 2—dimensional lattices mutually at right angles 

with a -common vertical Member. To represent biaxial loading,.a 

vertical load P is applied and a lateral load Q in one direction 

only. Analysing the lattice 10 g 10 4, which is that representing 

a typical concrete when the horizontal diagonal members have failed, 

it is found that the maximum extensional strain is in the horizontal 

member, perpendicular to the directions of both sets of applied load 

and has the value 

K(- 016P - .040, where C is a constant. 

Under uniaxial load, Q m0, and if we let P tt1.1.0 at failure, then. 

the failure strain is - K x .16 and so we can say that for biaxial 

loading, failure occurs when 

. IC x .16 	016P - 004Q), assuming that limiting 

internal tensile strain is the e-riterion of breakdown. This equation 

reduces to 
P 	1.0 4- 0.25Q,  which is the failure curve of that 

lattice unit. 

This curve shows the same upward trend as the experimental. results 

shoWn in Fig. 54) but has a smaller gradient. - Nevertheless, the 

experimental gradients might be artificially high since Wastlund 

admits that he does not think he has satisfactorily removed friction 

and this road cause a small load to be acting in the third airootian, 

and Bellamy is. test on hollow cylinders only provided for a state of 

b:i.arf!Al . (3opreFAc, 	th.einney? 	o:;': a ozri:Lneto 	Xn eonc2:oto, 
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however, if it is a lattice unit which fails, this must have a finite 

size depending. for its value on the aggregate size and spacing, but 

in any case, the stress in the third direction at some point away 

from the inner surface of the cylinder will be of a finite value and 

not necessarily negligible. This radial stress R is balanced by 

components of the other horizontal stresses I. . Remembering that a 

,vortical load was also applied to his cylinders, 

.4N) 	it seems that the innermost lattice unit will 

actually be in a state of triazial compression. 
2: 

Steeper failure lines than the true biaxial • 

ones would, therefore, be expected for both Wastlundgs and Bellemygs 

results. 

The downward trend of Wastlundgs results at high lateral loads 

cannot be explained, but Bellamygs results do not exhibit the same 

trend, and it must be considered that experimental evidence is incon-

clusive. 

/2.2.1. Biaxial zmsiutgaluatElon. 
Fig. 50b shows the trend of experimental results in this segment, 

and considering the same lattice unit 10 s 10 : 4, as above, and 

recognising that the maximum tensile strain novrocolirs in the member 

parallel to the direction of the applied tensile load, we obtain the 

failure line P 100 f 5.4Q, for this member, whore P m6 100 represents 

the uniaxial compressive strengths This envelope is unsafe at low , 

,alues of P 	px.edfts a uniazial tensile failure stress of .185, 

the unioaial compressive stress which is too hiqh. 
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Another ozolanation is that perhaps the ratio of tensile to 

compressive stroneth, usually assumod to be of the order of 1/10, 

is no strictly accurate. Often the value of compressive strength 

is derived from cubes or with cylinders of height to diameter ratios 

of two, and the end restraint in these types of toot can increase the 

eopaTent compressive strength considerably, causing a lovi value of 

the piove ratio to be arrived at. The ratio of .l85 arrived at with 

the lattice theory is not necessarily very Tar from the true ono. 

12.2 2 	Thlazie1 Tonejon-Porision 

The experimental evidence in this zone of leading is limited.. 

Blakey and Boresford had found that the equal biaxial strains at 

cracking were individually less than the uniaxial cracking strain. 

Their mimes were of high aggregate cement ratios as were HerFman4 s 

(unOublished), which showed that the calculated biaxial stresses at 

failure were creator than the unimmial failure stress. Although 

ultimate failure streas is a different parameter to initial cranking 

strain, there will ho some connection;  and it must be thought that 

experimental evidence on the relative values of breakdown in biaxial 

tension and uniaxial tension, is inconolusive. 

It is thought, according to Lattice theory, that the biaxial 

strength could be greater than, or leas than,' the uniaxial strength, 

according to the mixes used. If we represent the plane of the biaxial 

loading in the manner of this attached diagram, we can discuss the 

r Er 

failure approximately' in terms of this tell-o- 

ii1nammftenal 	 ic 	ipoe i:h() 7Crg7 of 11.:c 

nlriliortl of the comvictc; unit axe contrcairi6 
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and. so will not fail. 

On thi second dfxgram9  the point 0 

represents equal biaxial etresses ha ling 

the same individun7 failure values as 

the uniaxiel failure valuo es ex.pioted 

1D.,e the points A. 

 

C, 

Under equal biaxial loads Oa of the lattice members of the 

first diaGrom will strain equally and thorefore oiroo it is 

believed that lower maximum strains must be anci6ned to diagonal 

members (as discussed previously), these members will fail first 

and the extra load on the remaining members is likely to cause 

further collapse shortly after. In 120L4 it wan stated that in 

uniaxial tension it was believed that failure would occur in the 

diagonal members first, for most normal mixes, and this would 

precipitate total failure. If this is true, then the addition of 

a second tensile load at right angles will increase the extension 

of .the diagonal members and therefore the original load, need not 

be so high to cause failure. This moans that the line ABA diagram-

atioally represents the failure envelope of most normal mixes 

according to lattice theory. 

On the other hand, if the mix was suffioiently rich, so as to 

cause failure in the long member under uniaxial tension, then the 

addition of a load at right angles reduces the 'extension of the 

critical member, and so a larger load will be needed in the first 

61restirm 	, fail- 7m 	Thvn, the. 	onvelope AC is 



266. 
produce& Its the loads are further increased however, there comes a 
time (at C) when the diagonal members are the first to fail and after 

this a failure envelope parallel to ABA is to be expected. Whether the 

point B is on the oppesite.side of 0 to Bo depends on the position of 

Co and the richer the mix, the longer will the initial failure in diagonal 

members be delayed and the further out will be the position W. 

The section on direct tension had indicated that moat normal 

mixes would fail in the diagonal members under that loading and, 

therefore, it could be deduced that most normal mixes have the point B.  

as a failure value in biaxial tension. Pure cement paste obviously 

counts as a rich mix and so it would be expected that Bo would be 

outside 0, as has been found to be the case for many whossegeneolue,  

brittle materials, 

Uth.gmicrete Una" Tri...ffial......•ftandElb. 
The lattice failure curve for equal lateral forces ch and a 

vertical force P has the equation 

Pe I.0 + 	end qualitatively expresses the trend 

of real results (see Fig. 6b), although it has a steeper gradient. 

The usual lattice of I0 s I0 s $ was analysed to obtain this curve 

and "its elope could have been reduced by increasing the stiffness of 

diagonal members. 

Nevertheless, it is a fact that at high triaxial stresses, 

concrete begins to behave like a ductile material in that it tends to,  

approach a failure criterion of sexism sheers at all loads. in this range, 
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lattice theory as it stands is not applicable and so it is believed 

that the above failure line only applies for fairly low stresses. 

12.4. Discussion of the Application  of Lattice Theory. 

The lattice theory also gives eualitative explanatione of several 

deformation phenomena. These are the shape of the stress-strain curve, 

the trend of Poisson,s Ratio up to failure, and the lateral deformations 

of prisms. 

All the above failure curves have been derived assuming that 

members failed when they reached a limiting tensile strain. These 

limiting strains are smaller for the diagonal and horizontal diagonal 

members than for the long members, since in those directions, limiting 

cement paste strains will be reached under smaller overall strains 

because of the closer aggregate spacing. In this way, it is believed 

that the lattice unit :':418 followed the trends and directions of failure 

curves of actual concrete results, except for high triaxial stresses. 

Fig. 51 shows the failure envelops in all segments of the lattice unit 

10 s 10 s 4% 4 assuming the diagonal limiting strains to be 1/3 of 

the other member limiting strains. This lattice represents a concrete 

of Poiesongs Ratio 0.15. For other concretes end for mortars, lattice 

proportions can be taken from Fig. 43, and several results for the 

mixes of Toot II are given in Table 30. 

Since the lattice members were assumed to break et limiting 

tensile strains and the units have expressed actual concrete phenomena 

in qualitative terms, it seems that li iting internal strain is soma 

o2 by2oao-...711 on. ',:lie inJ6(1,2-ccerosato 	nonac. 



268. 

:alptUTe oscine as a cement paste break or as a bond breakdorn, 

initially;  is hard to say, since what little evidence there is 

suggests that bond strength and paste strength are of similar 

magnitude and the complicated internal stress system within a con-

crete makes it impossible to decide which is likely to fail first., 

A. failed specimen, of course, must have cement paste ruptures 'within 

it, and the fact that brittle materials such as cement paste conform 

to the trends of an ultimate strain criterion of breakdown is perhaps 

the reason why an :ultimate strain criterion has been found useful 

for lattice members in explaining concrete phenomena. This point° 

to the fact that even if bond failures also take place, the limiting 

cement paste strain is of greater importance, unless it also happens 

that a certain paste strain is directly proportional to the value of 

the parameter which causes bond breakdown. 

The fact that bond strengths and paste strength are of similar - 

orders of magnitude is not surprising. The surface of an apparently 

smooth piece of aggregate will be rough on a 

microscopic scale and a 1:(ond failure is likely-

to be a mixture of true bond failures and paste 

ruptures, as it is unlikely that the break will follow the intricate 

stone surface but rather the line shown dotted. 

The idea of a limiting internal cement paste strain as -the 

criterion of failure within a concrete van only be tentatively 

rmegested from the qualitativo trends of the lattice theory and 
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approximate anyway. Nevertheless it is believed that thisehould 

be at the back of ones mind when considering the deformation and 

failure of concrete and the lattice theory has provided a means of 

thinking of concrete on a smaller scale than the usual macroscopic 

one, and this is its most imortant function. If it is recognised 

that some form of fundamental lattice structure exists in cement 

paste itself, then the idea of limiting extensional strain of cement 

paste on the inter-aggregate particle scale, becomes only related to 

the true limiting failure criterion within these smaller lattices. 

It is thought that since the structure of paste is imperfectly under-

stood and since it is possible to investigate limiting cement paste 

strains at present, but not the more fundamental cement paste 

parameters, the lattice theory is most usefully used on an 3.nter-

aggregat-e-pdrtiole level. 
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CHAPTER 13. 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH. 

13.0. 	Introduotion. 

In the first part of this chapter conclusions concerning the 

behaviour of concrete are derived from the experimental results, 

and these are followed by lattice theory conclusions. The chapter 

ends with a dismission of the Uses and limitations of 1a+tico theory 

and suggestions for further research. 

13.1. Mortars Concretes and Cement Pastes. 

Many conclusions can be derived from the experimental results, 

but only those which appear to orovide new information, as far an 

the author is aware, are set out in the following list. 

1). Poisson's Ratio of cement paste s12.2 for water dement 
ratios of 0.39  0.4 and 0.5. 

2). All normal mortars have Poisson's Ratios, which decrease as 

the quantity ofsgaeleis1212s22222  for the water cement ratios 0.3, 
0.4, 0.5 and 0.6 (the only ones tested). The range is between .17 

and 023 for the large number of mortars tested. 

3). For the ooncretes tented, of I/OI 	0.57  as the coarse.  aggregate 

quantity increased in a constant mortar matrix Poisson s Ratio of 

the material gradually decreased. 

4). Local internal failure is first likely to take place in a 

mortar or concrete as a rupture perpendicular to the horizontal 

disponi),  directions of the assumed average diamond formations'cf 

aggregate pertiolest  if the 	,t1.115.,3 	the rvIRAP44 	e4"1.4- 

f 4X12012.tAl‘t.. 64. 0("4/4,  NAV4e. G&VIe",&061;) 	tre.e2t. !4444.[:4,  
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ooment paste component undergoes the greatest strain. 

5). For a concrete or mortar in uniaxial compressions  the cement 

paste pockets surrounded by aggregate particles are restrained from 

fully expanding laterally by the restraint at the aggregate paste 

interfaces and the loads are partly transmitted around the pockets 

through the aggregates surrounding them. The increase of 'restraint 

with closer aggregate spacing gives an explanation of the drop in 

Poisson,s Ratios  as stated in conclusions 2) and 3). 

13.2. Conclusions on the use of Lattice Theo 

l). The analysis of a single lattice unit has satiefaotorily 

represented the trends of failure °nye/lopes of concrete under various 

loading conditions in a qualitative manner, as well as deformation. 

characteristics. 

2). Members of the units wore assumed to fail at limiting tensile 

strains and this points to the fact that the concept of limiting 

internal extensional strain in the cement paste component within 

concrete Plight be an approximate criterion of breakdown. 

3). It is believed that lattice theory is ipest used in a qualitative 

manner as a means of visualising what is aotuallly Occurring inside 

concretes and mortars. This is allowable ad a logical step from 

conclusion 1). The lattioes exist on different melees  the largest 

being that connecting coarse aggregate particles and this is sufficient 

for representing the large °Cale behaviour of eenorete. When con-

sidoring 5.nteTval doformationc in the mot' tsr between these stnrrs, 

neoestsav to thint in to71: s of lattices f'o'rmic ti 



sand particles. The process could bo continued down into the 

cement paste constituent, mere this felt desirable, and ware the 

fundamental nature of cement paste understood. 

13.3. Advantages and Disadvantages of Lattice Theory and 

The main limitation of lattice theory is that it is a very 

idealized representation of actual concretes and mortars. The 

equivalent strain-representing lattice is a pin-jointed discrete 

framework and for this reason, it is only possible to deduce lattice 

member stiffnesses empirically, after examining a concrete in some 

way (such as measuring its Poisson,s Ratio). After that, it is 

still not certain that the lattice system so found will reasonably 

represen-Ogncrete under other types of loading. This, however, 

was assumed to be the case in the work of Chapter 12, and as the 

lattice results showed similar trends to the actual results, it seems 

that it is not unreasonable to use the theory in this may, after all. 

The failure curves and stress-strain curves derived from lattice 

analyses are nevertheless always linear, which is not usually the 

case with real oonoretes. To follow actual results closely, member 

proportions need to be changed continually according to the state of 

stress and the mix. 

It must be emphasised, therefore, that as it atande, lattice 

theory oan be used in a qualitative way only, in the manner of 

Chapter 12, but it is believed that to think of concrete in this may 

is a very great help in visualising its internal deformations and 

-'41/iP in a nneorm:,-7 ntep .Loz7aTeto n 	unfloro 

material. 
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Future work on lattice theory would have to try to put it on 

a firmer quantitative basis. An ideal would be to be able to 

predict suitable lattice systems to represent a concrete or mortar 

purely from a knowledge of the mix proportions and the applied 

stresses. 

If the magnitudes of the internal restraint effeot and the 

thrust ring effect can be estimated, then this should be possible, 

but it is clear that much empirical work will be necessary first, 

and lattice proportions need be derived for many loading combinations 

and for different mixes as they were for uniaxial loading in the 

elastic range, in this thesis. (Table 30)4 

In this way, some pattern might emerge and it is thought that 

idealized mixes can still be used to great advantage, although 

normal mixes must eventually be used. For example, by using the 

same quantities of different one-sized aggregates in different 

mixes, it will be possible to see the effect of a change of aggregate 

size. Since the thrust ring effect will be theoretically the same 

in the teo oases (as this depends on relative amounts of hard and 

soft material in the different directions) any change in lattice 

proportions, found necessary to represent the mixes, can be 

attributed to a change in restraint effect. If this is done, the 

quickest way of obtaining suitable lattice proportions is by 

measuring Poisson's Ratio (in tension or compression) and using 

Pig. 43. 

The failure of lattice members has been assumed to occur at 
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limiting tensile strains when explaining concrete behaviour in 

Qualitative terms, and it has been suggested that internal ruptures 

occur in concrete either as bond failures or paste ruptures (or both) 

where the cement paste reaches a limiting extensional strain. It 

would be useful to see if cement pastes do, in fact, rupture at 

limiting extensional strains, whatever the state of stress, and also 

to try to find out a criterion of bond breakdown. For both of these 

sets of experiments some way of detecting the onset of internal 

cracking will be usefUl (e.g. a listening device). 

It is believed that since single lattice units have given 

satisfactory qualitative explanations of concrete behaviour for 

simple states of stress, a more complex structure can usefully be 

represented by a lattice structure consisting of many such units put 

together. The resulting system will be many times statically 

indeterminate in general, and it will be advisable to solve the problem 

with an electronic computer by a matrix method. In this way, loads in 

all members can be calculated and the programme so arranged that when 

members reach a limiting tensile strain they fail (i.e. their stiffness 

becomes very slight). The calculation can then be 3speated on the 

resultant structure and in this way a picture of the gradual breaking 

up of a concrete structure can be arrived at. It must be remembered 

that diagonal and horizontal diagonal members have a lower limiting 

extensional strain than long members. The relative values can be 

estimated from a knowledge of the mix, as explained in. Secion 

Tho fundawntal otruottre of comont pp,oto micao alco to ho 
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examined to that the reasons for its deformation and failure can be 

understood. To state that clement paste has certain deformation and 

failure properties does not explain why it has those properties. 

It might well be, as has been discussed at greater length in 12.0, 

that a form of lattice theory will eventually be extended to the 

cement paste itoolf. 
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'AS UR 	A LP!: 	tvn TIT GS FOB.5PECLflN OF r).! ST III 
In the .k.w.lowi 	

.
ng 	of resuatF unde,'0 each mix sc.riari. 

aunbsr (Table 9) follows a .Tr.rir of the apple-ft :'_oadS in tomi, 

aave been corrected from the preen-are gauge reading:5 
	as 

valu'Ds. The next row of figures will be the r 1.07; of the 

vortical scale for the first speimen in ems. elid the row 

this consists of the readings of the h07,i,,oltal scale fox this 

EilooiMen 	The next two rows are the vert:lcal and horizontaa 

scale readings of the second sp,3e,?.men of that mix and this pattcrn 

is .rwlated until all the sper.imen results are set out for that mix. 

The sezAal number of the 1:.at mix follows and the above urooedue 

it3 again carried out;  an. in this way all the, results of Test lIb 

are given. 

List of Scale  Read2gs tn Centimetres. 

Mix 5.18. 

3,8 4.85 5.95 

54.3 61.3 68.3 
69.7 66.2 62.7 

2903 36,2 3.4 
30.0 26.7 23.1 

42.0 49.4 56.7 
64-4 60.7 57.0  

mim S-; 5. 

	

3.8 	4,85 	5,95 	7,1 	8.2 

	

q:(1 	
37„0 
,21 420 90,,2 gfi:T1 

• s2 6 	7) 	4? 
• 

903 10,4 11.55 12.7 tons 

89.4 96.4 103.4 110.6 
52.0 48.5 45.0 41.4 

64.7 72.0 79.0 86.0 
12.5 8.9 5.4 1.9 

78.1 85.0 92.1 99.3 
45.9 A2,5 38.8 3502 

9-3 10.4 11,55 12.7 tons. 

gkg 6.8  
R4,3  p3:7.  

9 
66.8 
81,:. 

r, 	0 2 2 

7.1 	8.2 

75.6 82.5 
5900 55.5 

50.9 57.8 
19.4 16.0 

64,0 71.0 
53.1 49.6 



10.1 	15.1 19.9 25.2 	30.z 35.1 40.4 45.5 50.7 
91.1 	89.0 87.2 85.1 	83.2 81.3 79.2 77.3 75.4 

Mix D.14 

2.55 	3.45 4.5 5.4 	6.3 7.3 8.3 tons 

21.8 	32,3 43.4 54.4 	66.8 80.2 92.6 
78.2 	71.6 65.8 60.1 	5406 48.1 42.3 

34.2 	43.9 54.8 65.4 	76.5 89.4 102.1 
76.6 	70.3 64.2 58.7 	52.7 4603 40.3 

31.7 	41.8 53.3 63.7 	75.3 88.0 10007 
66.4 	60.6 54.5 49.3 	43.5 3706 31.8 

10.1 	21.2 33.2 45.6 	56.7 70.1 82.4 
59.6 	53.7 47.5 41.5 	35.8 29.4 2304 

7.0 	18.7 31 00 4207 	54.3 68.3 7908 
66.8 	60.6 54.5 49.0 	43.2 16.8 31.2 

mix D19. 

2.55 	3.45 4.5 5.4 	6.1 7.3 8.3 tons 

12.0 	16.1 21.6 25.9 	31.2 36.7 41.7 
79.0 	77,3 75.5 74.0 	7201 70.3 68.6 

32.2 	36.7 41.8 46.3 	51.3 5609 62,1 
70.8 	69.0 67.0 65.5 	6308 6109 60,2 

44.4 	49.3 54.3 59.2 	64.1 6904 74.5 
68.1. 	66.2 64.4 62,8 	61.2 59.4 57.7 

31,2 	362 45.L.9 46.0 	50.7 56.4 62,0 
50.7 	48.7 47.0 45.3 	43.7 41.8 40.3 

3503 	40,1 14.6 49.354.2  64.4 
43,3 41.5 39.7 	3800 

59.5 
 -16.1  34.3 

53.3 	57.8 62.9 67.7 	72.8 77.7 83.3 
50.1 	48.4. 46.7 45.1 	43.4 41.9 40,4 

Mi:r. 10B. 
MIII•4101, 

2,55 	3045 X4.5 5.35 	6.3 7.25 8,2 uono 

58,5 	62.4 66_ --) (9 9 	-3.9 /8.A 82.1. 

594 	58.2 .2 56.1 55.0 33.8 52,7 

56,,4 	60.7 64.6 68.6 	72.7 77.1 81.4 
72„3 	70.7 69,4 68.o 	66.6 65.0 63.6 
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54.9 	61.0 

	

67.3 	6402 

Mix J.22. 

9 

67.2 
61.4 

405 

45.4 
51,8 

73.2 
58.8 

5.35 

51.1 
49.•-. 

79,7 
56.0 

6.3 

57.9 
46.0 

86.5 
53.1 

7.25 

63,9 
43.5 

93.1 
50.3 

8.2 9.1 10.0 	tons 2.55 3.45 

3600 
65.4 

43.6 
61.0 

r 	7 J-.„) 
5608 

59.7 
5203 

66.5 
48.8 

75.4 
44.2 

83.5 
40.2 

91.8 
36.1 

99d4 
32.3 

21.2 
46.9 

29.7 
112.7 

37.7 
38.8 

45.8 
34.7 

54.1 
30.5 

6302 
2600 

71.o 
22.2 

79.3 
1802 

87.5 
14,3 

11.9 19.9 29.0 36.9 45.0 53.8 62.6 70.4 78.1 58.4 54.3 49.8 45.8 41.7 37.3 33.9 29.2 25.3 
41.4 49.4 57.2 65.4 74.o 82.4 91.7  98.9. 107.0 43.9 39.8 35.3 31.1 26.6 22.2 17.4 13.8 9.8 
31.5 39.2 47.6 55.7 63.3 72.3 80.4 88.0 9604 
44.7 40.8 36.6 32.6 .28.5 24.1 20.1 1602 12.3 
3400 41.8 49.8 57.3 64.7 73.8 81.9 39.7 96.9 
41.9 37.4 32.8 28.4 24.3 19.2 /4.9 10.8 7.1 

23A. 
2.55 	3.45 4,5 5.35 6.3 7.25 8.2 9.1 10.0 Loris. 
31.3 	35.8 40.5 45.3 50.3 55.5 60.5 65.7 70.8 60.1 	58.1 55.9. 53.8 51.6 49.5 47.4 45.3 43.1 
39.0 	43.3 47.9 52.4 57.1 62.3 67.4• 72.2 77.0 70.3 	68.2 66.0 63.9 61.7 59.4 57.2 55.1 53.2 
28.8 	33.4 38.3 43.0 48.2 53.7 58.7 64.0 69.0 39.1 	36.8 34.4 32.3 29.9 27.5 25.3 23.1 20.9 

j$23B. 

2.55 	-.1.45. 4.5 5.35 6.3 7.25 8.2 9.1 10.0 tol2s. 
33.6 	37.5 41.9 45.9 50.2  55.0 59.5 64.0 68.0 
65.4 	63.7 61.9 60.3 58.7 57.0 55.2 53.7 52.2 

17.4 	21.5 25.8 29.9 341.2 38.8 43.41 47.8 52.1 52.5 	50.7 ,382.9 .47.i, 45.7 03.0 42.1 40.:) 38.8 



285. 

20.1 2.(..1 28.6 32.7 37.0 42.2 46.9 51.6 33.9 
58.9 57.3 175.6 54.0 52.3 50.6 48.9 47.2 45,7 

Mix A.6.3. 

3.7 	4.6 5.55 6.5 7.45 8.40 9.35 10.4 11.4 

48.3 51.7 55.2 59.2 62.2 65.9 69.4 7303 77.1 
60.5 59.1 57.7 56.6 55.3 54.1 52.9 51.6 5003 

25.3 28.9 3205 36.3 39.9 43.8 47.5 5105 55.1 
46.8 45.6 44.2 42.8 41.4 40.0 38.7 37.3 36.o 
47.0 50.4 53.8 57.3' 60.7 6404 68.0 71.7 75.5 
5800 56.6 55.3 53.9 52.6 51.2 49.8 48.5 4700 

5905 62.9 6603 69.9 73.3 77.1 80.8 84.6 88.1 
53.6 52.2 50.8 49.3 48.0 46.5 45.1 43.6 42.2 

E.20.4. 

2.75 3.7 4.6 5.55 6.5 7.45 8.0.0 9.35 10.4 

2'i.4 27.7 3200 36.5 4102 45.7 5004 55.3 59.9 
4609 45.1 43.3 41.5 39.7 37.9 36.2 34.4 3205 

.41.2 45.5 4907 50.2 58.7 63.5 68.0 72.3 77.2 
51.3 49.7 48.0 46.3 44.6 42.8 41.1 39.6 37.8 

51.4 55.3 59.4 63.7 67.9 72.1 76.7 31.0 85.7 
i'8,1 46.4 44.6 L., 2.9 41,1 39.4 37.7 36.0 34.1 

n 58.7 62.8 67.0 71.3 75.4 80.2 84.4 89.5 29.3 27.6 25.8 24.0 22.3 20.5 18.7 17.2 15.1 

Mi 	A.6 5. 

2.75 3.7 4.6 5.55 6.5 7.45 8.40 tonE 

65.5 70.6 75.6 80.9 86.3 91.7 97.4 
42.4 40.0 37,7 3503 33.1 3009 28.5 

44.2 49.2 54.1 59.4 64.8 70.3 76.0 
44.5 42.2 40.0 37.8 15.6 33.4 3101 

66.9 7201 77.4 83.0 88.7 90.8 
9.7 37.?) .55.1 52.8 50.5 48.3 46.0 

0.9 75..3 60.8 86.0 91,4 96.7 102.4 
46.1  43.7 A1.6  39.3 37.1 34.8 32.7 

tons 

ions 



2.75 	3.7 4.6 5.55 

286. 

6.5 7.45 -cone 

6102 	67.8 74.1 80.6 87.5 94.2 
52.1 	49.1 46.3 43.5 40.7 37..9 

28.2 	3401 40.3 46.3 52.8 59.2 
56.0 	53.0 50.1 47.3 44.4 41.6 

1703 	23.1 2806 3408 4101 48.5 
51.5 	48.3 45.4 42.3 39.3 36.6 

37.4 	43.3 49.2 55.2 61.5 68.0 
56.0 	53.0 50.2 47.4  44.7 4200 

mix 1.31.4. 

2.75 	3.7 406 5.55 6.5 7.45 8.40 9.35 tons 

25.5 	29.4 33.1 37.0 41.1 45.0 49.2 5303 
49.7 	48.2 4608 45.5 44.1 4207 41.4 40.0 

40.8 	44.8 48.7 52.7 56.8 61.0 6501 69.3 
47.8 	46.3 44.8 43.4 41.8 40.3 38.9 37.3 

51.8 	55.7 59.7 63.9 68.3 72.4 76.8 81.0 
39.4 	37.9 36.4 34.9 33.4 31.8 3003 28.9 

32.8 	36.5 4006 4406 4807 52.7 57.0 6100 
40.8 	39.3 37.8 36.3 34.8 33.3 31.9 3005 

Mix M. 2005 

2.75 	3.7 4.6 5.55 605 7.45 8.40 9035 tons 

66.5 	70.7 75.3 79.8 84.5 89.2 93.8 98.5 
57.5 	55.8 54.3 52.7 51.1 49.5 48.0 46.4 

25.2 	2906 33.7 38.2 42.9 47.4 52.2 56.8 
45.7 	44.0 4206 41.2 39.8 38.3 36.8 35.4 

28.4 	32.8 37.3 41.8 46.5 51.1 5508 60.4 
47.2 	45.6 44.0 42.5 40.9 3904 37.8 36.3 

43.6 	47.4 51,3 55.5 59.8 64.1 6806 73.0 
5908 	5802 56.7 55.2 5307 52.2 50.7 49.3 

L.170c 

2075 	3.7 4.6 5.55 6.5 7.45 8.40 9.35 tons 



287. 

2306 28.2 33.1 38.2 43,2 4,3.4 53.7 59.1 
43.4 41.5 3906 37.7 33.7 3:.8 31.9 29,9 

64.6 0:-.., p,  ...7 . 73.7 78.4 83.4 68.1 93.1 98.1 
33.5 31.7 29.8 28.0 25.9 24.1 22.2 20.4 

49,9 94.6 59.5 64.5 69.7 74-.4 79.3 85.1 
28.6 26.8 2419 2301 21.2 1.,.4 17.5 15.7 

23.0 27.8 3207 37.6 4.2.8 47.8 53.0 57.4 37.6 35.7 3.3.9 32.2 30.3 23.5 26,7 2409 

L-1.---.1':47?6  
1.85 2075 3.7 4.6 5.55 6.5 7.45 tons 

22.1 27.2 33.1 39.0 44.9 51.0 57.1 
47.8 45.7 43.4 41.2 39.0 36.8 34.5 

50,1 55.5 61.0 66.8 72.3 78.6 84.5 
57.8 55.3 52.8 50.4 43.1 45.6 43.4 

4607 5202 58.2 64.2 7002 76.7 8302 
42.8 40.3 3709 35.5 33.1 30.6 28.3 

m..20.6. 

1.85 2075 3.7 4.6 5.55 6.5 7.15 Ions 

40.8 46.0 51.3 56.7 62.4 68.0 -/1.7 
46.7 44.8 4208 41.0 3902 37.3 3503 

56.5 61.7 66.7 71.9 77.2 32.9 83.6 
63.5 61.6 59.9 5802 5604 54.4 52.6 

08.7 53.6 58.6 63.8 69.1 74.6 80.0 
43.8 41.9 40.1 38.2 36.4 34.5 32.7 

29.8 35.2 40.5 46.0 51.5 57.3 62.9 
3503 33.4 31.6 29.8 28.0 e6.2 24.3 

M12,21:§A. 
1.85 	2075 

3,:0 	11:5 
60.1 66.0 
.T-:5.7 	22,6 

3.7 4.6 5.55 6.5 

20.3 30. ;g:32-, 
72.9 79 c) 	7 
3: 0 5. 1P os 

7.45 tons 

g.A 
no 7 
00a 



57.9 61.7 
3205 

65 J 	69.9 74.1 76.3 82.6 86.6 
. 30.2 28.9 27.6 26.6 25.4 ,-J 

90.1 
5000 

9403 
48.8 

81.9 86.0 
52.5 51.3 

65.7 696 73.7 77.6 
57.4 56.2 55.0 53.7 

57.0 60.6 
41.6 40.2 

67.4 	C103 
43.4 42.0 

64.7 68.5 7204 76.3 30.1 84.0 
.38.9 37.6 36.3 35.0 33.7 32.4 

75.3 79.3 83.4 87.7' 92.0 96.2 
40.7 	39.4 	38.1 	36.8 	35. 5 	.)4 

59.0  63.2 
0 9 

44.3 5c,.z 55.9 
4(301 

36.5 no 2 
0 10( 	,J00 

4000 Jte, 

420.9 
D-0 

.5‘ ,3 26.5 
37.0 

21.4 
33.3 

A8.8 	6 
28.2 ,q.5 

27.4 
-;q05 	42.0 
2.15.2 	23..1 

9 " 70.9 76.2 81.7 87.2 
24.9 2,2.8 2008 18.8 16.8 14. 12.3 

" 3.7 

288. 

i 6 	67.6 	7.?.. 7 	79. 
45.0 43.0 40.9 47 1 . 

r. 

e 3., 
54.1 
-10 r 

59 5 0 
6.0 

0.')  98.6 

41,5 	J00, 	-1,4 7 
Jjo; 

q-. 	t3153 ! 
32.9 30.1 27.2 

61.5 )1.).4 
42.5 

4.6 	5,5) 6.5 	045 .4 935  icnc 
A 11 1 0 

• •••••••••• 

61.0 64.8 68.6 76 4 30.5 

54.0 

 
28 50.4 49.3 43.2 

4f.4.0 	48 .3 	51.9 	55.5 	59,4 	63.1 	67.0 	70.8 A n 

54  52.9 517 50.6 49,3 48.2 47.0 45.8 

2.75 3.7 406 5.55 6.5 

35,,038.8 4207 46.6 50.8 
36=1 	:_?,4.8 	3306 	32.4 	31.2 

po 
%IA; 0 

45.8  

d4.6 
4609 

7.45 	8.4 	9.35 torso . 



)(1 9 

470! 

68,3  72.3 
. 48.4 	47.1 

42.8 
4508 

28.8 
41.7 

24.9 
43.1 

"12,3 
40.6 

47.9 510t,  
53 34 3 , 	. 

36.2 40,2 4.9 
A  

i8.2 37.0 

3o 7  2.75 

2890 

46.4 
44.4 

76.2 
4509 

A5.6 
53.6 

37.9 	41.7 
56.2 	54.9 

57.5 61.5 65.4 
4.1 41,8 40.5 39.2 37.8 

0o. 	80.4 92.8 96 

	

7.; 	.8 

	

A4.5 	41.9 	40.6 	).;,..., 

	

45''.6 	c--,7 i a 7 .," .,, 61 3. 	;55.': 

	

2,4 	: 49.9 48.7 47.!; 5 

84.3 
43.3 

rn 

62.9 
59.1 

23.0 
68.4 

73.3 
54.6 

6308 

3703 
42,7 

5204 
25.5 

660 -i 
5709 

0 	r 4.0.3 
67.2 

76.7 
53.5 

6702 
33.8 

40.7 
A1.6 

55.8 
24.3 

69.8 
588 

30.3 
663 

80.0 
520 1 

70.6 
32.7 

44.1 
4005 

591 
23.4 

	

7.3 	77.1 

	

5:-).6 	54.4 

	

33.5 	.37.1 

	

65.2 	64.2 

	

83.4' 	86,9 

	

513 	50.2 

	

7400 	77.6 

	

31.3 	30.3 

	

47.4 	51.0 
3905 	38.4 

6204.66.0 
22.4 	21.3 

80.7 
53.3 

40.7 
63.2 

90.4 
49.1 

81.1 
29.2 

54.5 
37.4 

69.5 
2002 

84.4 
52.o 

44.5 
6201 

94.0 
48.0 

84.9 
27.9 

58.1 
36.3 

73.1 
1902 

Mix A.11, 2,R 

33.o 
50.9 

48.o 
61.1 

47.e 

88.4 
26,T, 

61. 
35.3 

76.5 
18.2 

2.75 

57.1 
5305 

88.0 
49.2 

2205 
548 

3.7 

60.5 
5204.  

91.3 
48./ 

26.0 
53.7 

4.6 

64.2 
51.3 

94.7 
4609 

29.7 
":),203 

5.55 

67.8 
50.3 

99.2 
45.8 

33.3 

6.5 

717 
49.2 

101.8 
44.7 

37.0 

7.45 

7504 
48.2 

105.2 
43.7 

40.8 

8,4 

79,3 
47.1 

108.9 
42.6 

44.9 

9.35 tom. 

33.1 
4600 

112.4 
41.5 

48, 

r."rs, a.  1 53.8 

4001 	4.3,, 8 
29,7 28.6 

51.5 
26.4 

5055 6o5 

63 	Fir ,5 
23.2 2200 

7045 8.4 9.35 boac. 

47,6  
27.4 

406 

55,6 
25,3 24.2 
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47.8 51.0 54.7 58.0 0.06 65.2 68.7 7203 
23,2 2202 21.1 2002 )9.2 18.2 17.2 16.1 

6000 
34.6 

63.4 
33.4 

67.1 
3203 

70.8 
31.2 

7,05 
.,.1 

78.3 
28.9 

82.1 
27.8 

85.8 
26.6 

46.7 50.0 53.5 57.1 6.7 642 67.9 71.4 
32.2 31.3 30.3 29.3 27.3 26.3 25D4 



1PTV:111.7,1 

MEROURY ELEOTRONIG COAPUTER PROGRAWE FOR CALCULATING  

YOUNG'S MODULUS AND POISSON'S RATIO, 

The programme of operating instructions to the machine is in 

Awbocode and Youngs modulus andPoisson7s Ratio are arrived at 

by calculating the gradients of the best straight lines through 

the vertical and lateral "load-scale reading" curves. The print 

out also includes the correlation coefficients of those lines. 

Section A of the programme is the organising of the machine 

to calculate the required values for any number of load sets P9 for 

any number of specimens (T) in each load set, and for N actual load 

stages on any specimen. Any one load. set has the same number and 

values of applied loads and if any applied loads or the number of 

applied loads were altered in changing from one mix to another, then a 

different load sat was being used. The machine reads in the value 

of P followed by the value of T for the first load set, and the 

number of load stages (N) in that set. After this, the loads of 

the first set are read in by the routine "a", followed by the values 

of the vertical scale reading anE the horizontal scale reading for 

the first specimen by routines 'rb" and "o". 

The best straight lines for this first specimen have been 

calculated, using the formulae 

vei.P 

.fc.L.z.zzAta=,  
Ftt 

g ‘77' 00=0 eg1=07' 
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	 , 

where mn, are the vertical and horizontal Gradients and 
7.  A 

y2  -17.v, 71,k2  are the loads.in tons r  the vertical scale readings and 

the horizontal scale readings, reoeci;ively, in ome 

Section Mdeals with the calculation of the individual 

components .of those formulae. 

The correlation coefficient for the vortical curve has been 

calculated according to the oquation 

295 

.tr 

.e) where 	c„,m are the standard deviations of the vertical scale 

readings and the IcleAs, respoctively2  and a similar equation wa:1 

used to find 

Novi 

 

d=, v  
Af 	 

  

and so .the cqUation for ry  reduces. to 

(cl.t7rejsg 	rf a ?2Ev 	PA,Lav) 

and Sootion.0 deals with the calculation of the components of this 

equation not already worked out in. Section B. 

In Section D the .conversion of the verticalgradient to .a 

Young2  s Modulus value:  takes place, and also the conversion of tho 

:mtic of:thc r7.o.nen or the v17.,711 r,11.1tJ. OUTIrr  
thir2 
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the gradients of the vertical and lateral curves (vertical gradient 

being the upper line) era the following asterisked lives oontain the 

oonstants 21.4 and .495, respectively. These figures are dependent 

on the gauges and the oroesa-sectional area of the sneoimen and actually 

provide the conversion factors from the gradients to E and Poisson, s 

Ratio, and would have to be altered for tests involving different 

shaped specimens and different gauges. 

Also in seotian 1), the final calculation of ry  and rh  takes place 

and these values as well as B and P.R. are printed out. 

We have now dealt with the first specimen of load set one and the 

tape reader continues on through the programme until it reaches the.  

first.REPEAT after the print out instructions. Then it jumps to 

the line Q =1(1)T in Seotion A and the machine begins to read in 

the values of vertical and lateral scale readings for the seoond 

specimen, calculate the above quantities, and return again to 

gat. 1(1)T to start on the third specimen. After the Tth speoimen 

in the first load stage is calculated the tape'reader will continue 

until the second REPEAT after the print out instructions andthen 

return to the line 11 al 1(1)P in Section A. This means the cal-

culations of the second load set are about to begin and the machine 

begins to-read in the values of the applied loads having first read 

in the number of specimens (T) in this set and (N), the number of 

load stages. The calculations end when the last specimen of the Pth 

load set has been dealt with. 
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The data tape must take the following form: 

No. of load sets (P). 
No. of speoimens in load set 1 (T ). 
No. of load stages in load set I (N ) 
Loads of road sot 1 in, tons (y). 
Readings of vertical scale readings of first specimen of load 

set I in ems. (x ). 
Readings of lateral scale readings of first specimen of load set 

1 in ems. (x ) 

; 

Readings of V.S.R. of Tth specimen of load. set 1. 
et 	" H.S.B. of " 	" 	It 	 tt 	ft 

No.. of specimens in load set 2. 
lib. of load stages in load sat 2. 
Loads of load set 2 in tons. 
Vertical and horizontal scale readings of all specimens as for 

first load set. 

No. of specimens in load set P. 
No. of load stages in load set P. 
Loads of load set P in tons. 
Vertical and horizontal scale readings of all specimens as for 

previous load sets. 
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APPENDIX C. 

SUJOSSIVE TESTS ON SAUTI ZP4PIlaN TO 53-4iZT REPZATABILITY 

OP MIRROR 	SOMNPERS. 

A. 	Steel Cylinder - 12" high, 4" diameter. 

The cylinder was tested on three separateehys, measuring its vertical 

and lateral strains with the mirror extensometers, and the following 

results were recorded. 

Scale readings in ems. 

[

Load in 
tons. V. R. V. R. V. H. 

2.75 39.5 72.4 84.0 61.7 81.3 85.85 
3.7 40.1 71.9 84.6 61.3 81.9 85.45 
4.6 40.8 71.5 85.3 60.6 82.6 85.1 
5.55 41.4 71.1 86.0 60.4 83.2 84.7 
605 42.1 70.6 86.7 60.0 83.9 84.3 
7.45 42.7 70.1 87.3 59.6 84.5 83.9 
8.4 43.3 69.7 88.0 59.2 85.2 83.45 
9.35 43.9 69.3 88.7 58.7 85.9 83.1 

10.4 44.7 68.8 89.4 58.3 86.5 82.7 
11.4 45.3 68.3 90.0 57.9 87.2 82.3 
12.4 45.9 65.9 90.8 57.4 87.9 819 
13.4 46.6 67.4 91.4 57.0 88.6 81.5 
14.3 	i 47.3 67.0 92.1 56.6 89.2 81.1 

From these readings, the following values of Young, s Modulus, 

Poisson2 s Ratio and the correlation coefficients of the vertical .  

and horizontal extensometer straight lines were obtained: 

!Ex 10-n V. V 1 	H. 
32.01 0.999820 0.345 0.999838 
30.56 .999828 0.311 .999766 
31.25 .999913 0.296 .999872 . 

The correlation coefficients are seen to be no better -than those 

obtained for concrete results and the resetting of the gauges has 

resulted in as great a scatter as was obtained with different 



299 

concrete specimens. The laboratory temperature vas different for 

the separate tests beoause two of them were performed over the week-

end when the heat had been turned off. Fevertheless, as has been 

discussed in section 6.4, this fact should not affect the results. 

The strains recorded were very much smaller than those obtained with 

concrete tests and with the lateral readings an error in reading the 

scale of 1 mme represents 2% of the total deflection. A similar 

reading error with concrete tests is of the order of -L.% of the total 

deflection. 

It is thought, therefore, that the act of removing and replacing 

the gauges can result in different strain readings but the error has 

been magnified in the case of this steel specimen by the small amount 

of total strain arrived at. 

As a matter of interest, we see that the average value of Young's 

Modulus is 31.3 x 106 psi and of Poisson's Ratio is .317 for this 

steel oylinfer. 

B. 	Cement Paste grliader (3 months). 

This was tested twice with a view to seeing if there was any 

noticeable ohange in the value of Young's Modulus and Poisson's Ratio 

due to a plaster of paris capping. The cylinder for the first test 

had its floated face ground smooth, and it was capped with plaster 

of paris in the second test. 	The results are as follows:- 



Load 	lst Test. 	2nd Test 
in tons V. H. V. H. ------- 
3,8 46.5 55.8 44.7 59.9 
4.8 52.8 52.3 50.9 56.5 
5.9 59.3 48.8 57.5 53.0 
7.1 65.7 45.4 64.0 49.5 
8,2 72.3 41.8 70.4 46.2 
9.2 78.6 38.4 76.7 4208 
10.3 85.1 35.0 83.2 39.4 
11.5 91.5 31.8 89.4 36.3 
12.7 97.6 2805 95.8 32.8 
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lst Test. 

E 	3.57 = 106  psi. 
.261. 

2nd Test. 

E 	3.58 x 106  psi. 
.262 

In view of the experiment on the steel cylinder, the very good 

agreement between these results must be coincidence, but it seems 

reasonable to conclude that the effect of capping is within the 

scatter of results of Young's Modulus and Poisson's Ratio in this 

range. 



APPENDIX.D. 

almAI,PRopptiss OP NATURAL AND STLIOONB RUBBER  

Tests wore made on slender rubber speoimens of reotangular 

section to determine the Young's Moduli and Poisson's Ratios of 

the materials used in the rubber models of Test III.. 

The makers sup,Ilied two small samples of the natural rubbers 

used in Tests IIIa - and IIIb and these were used to determine the 

required values. At the same time as casting Aodels 2 and 3 

(Tests Me and IIId) silicone rubber specimens were poured. 

All specimens were tested in tension by loading with dead 

weights, the load being applied to the rubbers via metal blocks 

glued on to their ends. The blocks had holes drilled in them 

and pins were inserted in the holes, hooks placed round the pins, 

and these hooks used to support a pan carrying dead weights at the 

lower end of the specimens and to attach the specimen to a handy 

angle testing frame at the upper end. Indian ink sighting marks 

were placed on the specimen well away from the end blocks and their 

heights determined at different loads with a cathetometer. At the 

mid height of the specimens of silicone rubber two marks were made 

at eaoh side, and a horizontal cathetometer used to measure lateral 

strains. The samples of natural rubber were a little small to allow 

lateral measurements to be made, but it can be assumed for natural 

rubber that Poisson's . Ratio m. 0.5. 

Before testing, all specimens were stretched a few times by 

hand:it wee thought conceivablethat a newly east rubber', like 
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oonorete, requires a few cycles of load before it settles down, 

and this procedure had also previously been adopted with the soft 

rubber matrix of Model 1 and with the complete bonded Models 2 and 3. 

The results of the tests are set out below:- 
(i). 30o o  -3 Shore Hardness Black Solid Rubber. 

pecimen dimensions:- 21y" x 9 4" 9 32". 

Top Mark 
Bottom Mark 

Load in gms. 0 200 400 600 800 
Cathetometer 
Readings in oms. 

88.40 
83.90 

88.30 
83.53 

88.19 
83.10 

88.06 
82.62 

87.93 
82.04 

Stress in psi 
Strain 

0 
0 

11.15 
.06 

22.3 
.13 

33.45 
.21 

44.6 
.31 

65°- 70°  Shore,Hardness Black Solid Rubber. 
Specimen dimensions:- 3" x 17/64" x 9/64". 
Load in gms. 0 200 400 00 00 
Cathetometer 88.26 88.23 88.20 88.17 88.13 
readings. 83.74 83.68 83.59 83.51 83.41 

Stress in psi 0 11.8 23.6 35.4 47.2 
Strain 0 .007 .02 .03 .045 

(iii). Silicone Rubber - Model 2. (Age 2 weeks).,  
Specimen dimensions:- 15i" x 63/64" x 5/16". 

Top Mark 
Bottom Mark 

Load 
in  gms,  

Stress 
psi. 

l'oP 
MOW 

1 ottom 
Mark 

Left  Side 
Mark 

ht  RiR - Side 
ark 

Vert. 
Strain. 

Lateral 
Strain. 

0 0 83.91 6.22 18084 16.59a 0 0 
500 3057 83.77 55.68 18.87,16,63  .013 .004 

1000 7.14 83.63 5.13 118.89 16.66 .029 .009 
1500 10.71 83.48 4.54 18.8916.67 .045 .013 
2000 14.28 83.33 3.92 18.90 /6.71 .062 .026 
2500 17.85 83.16 3.14 18.90 16.72 .087 .031 
3000 21.42 82.99 2.60 .097 

____. 



Load Stress Top Bottom Left Right Vert. Lateral in psi Mark Mark Side Side strain. strain. mms. 	 Mark Mark 

78.84 21.33 19.82 0 	0 
78.48 21.38 19.90 .029 	.020 
78.09 21.37 19.92 .048 	.039 
77.67 21.37 19.93 .093 .046 
77.24 21.39 19.97 .130 	.061 
76.75 21.37 19.97 .171 	.073 

0 0 87.55 
500 5.12 87.44 
1000 10,24 87.32 
1500 15.4 87.19 
2000 20,5 87.08 
2500 25.6 86.95 
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(iv). Silicone Rubber - Model 3 (age 1 week). 

Specimen dimensions:- 76" x 11/16" x 5/16". 

From the stress-strain curves of Figs. 53 and 549  we can 

obtain the following information:- 

30°- 35°  Natural Rubber 

at 4.25 psi. 	E (tgt.) =6 96 psi. 

at 900 psi. 	E (tgt.) n6 80 psi. 

Silicon6 Rubber - Model 2 (age 2 weeks - high unknown quantity 
of catalyst). 

at 16.9 psi. 	E 	161 psi. . 
P.R..= 036 

Silicone Rubber -.Model 3 (age 1 week - 4. of ciatalyst 

at 13.7 psi. • E 	z 137 psi. 
P.R. ® .52 

The above values of stress at which E and P.R. have been.  

obtained correspond to those reached in the corresponding rubbers 

of Test III. The Black Solid rubber up to 1500 psi has a secant 

modulus of 522 psi. 
10 is uunfortunate that the values of Poisson,s Ratio ez:e not the stirs 

at diffez,ent nt.rems.m because it makes it vi.vtually impossible to pexf4.: 

the C- to 	on th,  o-ne3277Qd strains of 'Test III to find. out the 

sti.us5 distributionE; except only rovi4ht4'. 	It is likely tha 
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OF SILICONE RUBBER SPECIMENS 

FIG. 54 
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Poiseonhla Ratio is different from point to point in the models 

unless the variation obtained at different stresses is due to in—

accuracies in the measuring of lateral and vertical strain. It was, 

however, easy to read the oathetometers to the accuracy quoted in the 

tables, but it is puzzling that one silicone rubber should have an 

increasing P.R. with stress and the other should have -a decreasing 

one. It is felt that the Poissonis Ratio values used are open to 

suspicion and the calculations of stress for Model 2, were performed 

using the P.R. of *36 obtained from the above test and a P.R. of 0 5 

to see how much difference this made. It is clear from the two 

sets of calculations that the stress distribution is not fundamentally 

altered in these two cases GT.;.- 46d) and so it is believed that the 

value of Poissonls Ratio used is not critical as long as only general 

conclusions and arrived at, and this has been the case with the 

models of Test III. 
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APPENDIX E. 

MISCELLANEOUS EXPERIMENTS ON THE DEFORMATION OF CONCRETE. 

These experiments were mostly performed to satisfy some temporary 
curiosity and do not constitute part of a comprehensive programme 
as do the tests reported in the main body of the work. The 
experiments, nevertheless, were carried out when eonfidenoe in the 
use of the mirror extensometers had been arrived at, and as they 
are of .direct interest in the study of deformation and failure of 
concrete, it seems sensible to record them. 

(i). Comparison - of Physical Properties between Cylinders and Prisms  
at Different Ages. 

Cylinders were 4" diem. and 12" high and Prisms were of 4" square 

cross section and also 12" high. The following results for Young's 
Modulus and Poisson's Ratio were obtained in exactly the same manner 
as that of Test Ilb. . The calculated values only, are given. The 

cement paste has W/C - 0.3, and the mortar has S/C/W - 1.0/1.0/0.3. 

Mix. Prism 
vrCyl. Average Average -6 psi. x 10

B  P.R. Average 

Cement 
paste. C. 7 3.02 

3.06 
3.08 

3.05 
.249 
.249 
.252 

.253 

AM ortar C 7 4.21 
4.28 
4.36 

4.28 
.198 
.194 
.190 

.194 

Cement 
paste. 0 30 3.39 

3.35 
3.34 

3.36 
.249 
.246 
.253 

.249 

Cement 
• paste. P 30 

3.62 
3.50 
3.60 

3.57 
.247 
.251. 
.26 

.255 

Mortar 0 30 
4.83 
4.90 
41•64.7•2e 

4.81 
.184 
.205 
0191 

.193 
mT1  

Mortar P 

470.1.... 

30 596 

5.8 
,...:,07 , 	- 

. 
507 

.22 

.23 
. --. ,-..:J.. ................................ 

.22 
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The following observations can be made from these results— 
(a). E for both mortar and cement paste cylinder increases with 

age between 7 and 30 days. 

(b). P.R. for both mortar and cement paste cylinders is apparently 
unchanged between 7 and 30 days. 

(c). At the age of 30 days both cement paste and mortar prisms have 
noticeably higher B values and P.R. values than, the cylinders, 

(ii). Vertical and Lateral  Strains up to  Failure. 

Using the mirror extensometers on five prisms loaded up to 

failure, strains were recorded u; to 90% of the ultimate load for 

three prisms, and up to 100% for the other two. Prisms were tested 

because they fail at a more consistent load than capped cylinders, 

and were tested, at age 3 days so that a gentle failure would result, 

hence making it easy to avoid damaging the gauges. The purpose of 

this test was to investigate the ratio of lateral to vertical strains 

up to failure for concrete. Three prisms were of proportions 

2.5/1.75/1.0/0.5 and the other two were 1.5/1.5/1.0/0.5, csovre):Riore:ing 

to Coarse Agg./Sand/Cement/Water by weight. 

The curves of Fig. 51 show the results graphically and each plotted 

point was obtained by dividing the lateral strain by the vertical 

strains for each individual load increment. 

It is interesting to observe that all of these curves show a 

tendency fOrloiseowes  Ratio to drop very slightly up to about 25% 

of ultimste'for the rich mix and 39% for the harsher mix. At 50% 

and 60% of ultimate, respeotively, the values are about the same as 

at low loads, but after this they increase fairly rapidly and at failure, 
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POISSON S RATIO UP TO FAILURE 

PRISMS AGED 3 DAYS 
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— I— 	ID — 1875 10  
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it io apparent,that'lateral strains become greater than vertical 

strains. Tho fact that Poisons Ratio starts increasing Quickly 

in the region of 55% of ultimato2  boars out the observation by 
(6 ) that surface microcracks. canbe detected- v; 'about this Borg . 

value. 

It seems possible that cracking is the 68„12.20 of this increase 

in Poisson s Ratio, which actually began in the remion of 30% of 

ultimate loacl. Possibly internal cracking started the process2  and 

this accelerated becoming visible as external cracking at .about 55% 

of ultimate, The lattice approach has explained these trends as 

wall as the ,slight -drop in Poisson,s Ratio in the first third of 

the loading range. 	See Section 12,1.1. 
. an0 P.q. 	Specimens usily 0 ../.e.cent, PpTrep!ates thoo..1 thoso 

of previous Tests. 

12" high 4" diam. cylinders were tested in the usual way in 

order to find their E and P.R.vsalues. Al]. the tests were at 30 days. 

Using the proportion S S/0/W 2.5/1.0/0.57  three mortars were 

made using the usual graded Thames Valley River Sand of 3/16" maximum 

size, usin6;T.V.R. sand of 3/16" maximum size retained by the sieve 

B.S. No. 7, and using sand with 100% passing B.S. lie. 7. Some con—

°rotes were, also made using Bridport Gravel se coarse aggregate and 

two of these were made uaing the same quantities of coarse aggregate, 

but of ts." to 31;" size in one case, and of 3/16" to 	the other. 

The proportions 'for those mi.gos wore 1,06/1.0/1.0/0.3. A mix of 

1,8R05/100/005 

 

we. also made using the larger si;le Bridport gravel 

in order to compare with the mix of Teat 11 of the same proportions 
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but using Thames Valley River Gravel as coarse aggregate. The 

results of these tests are set out below;- 

fix 	 - g 	- 10 	;::. Avers  rage! P.R. Average. Description. 

0/2.5/1.0/0.53.71 
3.6 0 

3.60 

 .170 
3.64 	.176 

.173 
.173 Sand passing 

B.S.7. 

0/2.5/1.0/05 
4.05 
3.96 
4.20 

4.07 
.165 
.155 
.173 

.164 
Sand passing 3/16"  
retained by B.S.7 

0/2.5/1.0/0.5 4.10 
Average 
of 6 

.169 Uniformly graded 
sand passing 3/16" 
sieve.- 	Results 
frdm Test II. 

1.06/1.0/1.0/0. 6.47 
6.19 
6.37 
6047 
6.40 

6.38 

.185 
0184 
.188 
.187 
.189 

.187 

Coarse agg. is 
W" to t" Bridport 
gravel 

Ditto. 5.93 
6.03 
5.88 
6.15 
5.93 

5.98 

.156 

.162 

.158 

.170 

.163 

.162 

Coarse Age2  is 
3/16" to 1" Brid-
port gravel. 

1.......osaroaam......mala.wpaseo 

0..8/2.5/1.0/0.5 5.36 
5.34 
5.37 
5.40 
5.21 
5.52 

5.37 

.173 

.169 

.158 

.153 

.153 

.172 

.163 
" to i." Bridport 
gravel. 

1.8/2.5/1.0/0.5 5.17 
Average 
of 6. 

.164 Thames Valley 
River gravel 

31/ 
z• 	max. (Test 

,II). 

As there is only one comparison for each change of variable in these 

restate, it seems pointless to attempt to draw az conolusions. 

(i4). Crushing Testa of 4" cubes. 

All cubes in the following tests were tested immediately on 
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(iv). Crushing Tests of 4" Cubes. 

All cubes in the following tests wore tested immediately on 

removal from water at a loading rate of 1680 lb./sq,in. -per minute 

(or one ton every five seconds). A sheet of .005" thickness poly- 

thene was placed between each loaded face and the loading platens 

to reduce the effect of friction. The cubes were tested with the 

floated face parallel to the•direction of loading, in a 200 ton 

Denison compression machine. The following test results were 

obtained: 

3 day Tests. 
Cement Paste (W/C - 03) containing 13..5 cu. ins. of  white iron  

Dia. of Spheres. 	Crushing Load in Tons. Average. 
1-L." 	47.0, 47.0, 48.0 	47.3 ... 
le 

	

604 	45.5, 48.5, 45.0 	46.3 

	

12, 400 	49.5, 48.0, 44.0 	47.1 
1.1A 	. . • 	47.0, 47.5, 48.5 	47.7 4  

Other Tests at Three Days. 
Description. 

Cement Paste (W/C - 0.3) 	4.0 

Mortar (1.0/1.0/0.3) 	• • . 	
43.02  47.0 
56.0, 55.02  51.0 

Mortar - 18 cu. ins e,Bridpert Grave 49.0, 49.5, 49.0 
Mortar - 12 Cu. ins. -g" 	" 	it 	50.0, 47.5, 48.5 	

R:(0) 

Cement Paste (WIC.- 0.3) - 38.4 cu. 
ins. *" dia. iron shot 	004 	44.5, 47.5, 48..0 	

49.2 

30 day Tests - W/C - 0.5> 
Cement Paste 	• • . 	o.. 	37.2, 43.d 
Mortar (2.5/1/.5) Sand passing 3/16" 48.52  49.5 	444486:: 
Concrete (1.8/2.5/1/.5)- -,i." Bridport 

It 	Gray. 
4:8: i"4:8: 0:8 	

36
8.
. 

/
7 

3 - t T.V.R.O. 
it 	-%..3/1611 

	

T.V.R.G. 40252  37002  35.0 	37.5 
Conoreto (100/2.5/1/05) 	" 	IT 	44,c) 46.0 	 1.0 

A f r 

	

,4. :', 	44A 
Mortar (1/1/.5), F,:ald .:..szini7 V1  c4" 	40•O, /1O > 9, ',8,5 	';'9,p, 
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30 day Tests - W/C - 0.4, Results in tons. Average. 
Cement Paste 	... 	. . . 
Mortar (1/1/.4) Sand passing 7 
Mortar (2/1/.4) 	e 	... 
Mortar (//1/.4) Sand retained by 7 

49.0, 
5600, 
58.5, 
47.0, 

54.0, 
56,09  
60.5, 
43.0 

4.85 
56.5 
57.5 

50.5 
56.2 
58e8 
45,0 

Observations on these results.. 

3 day Tests. 

i) The size of the iron ball agregate has little effect on 
the cube crushing strength. 

(ii) The mortar of W/C - 0.3 is considerably stronger than the 
cement paste. Concretes fall between the cement paste and 
the mortar. 
Metal inclusions in the cement paste give rise to a slightly 
increased strength. 

30 day Tests. 
(i) With W/0 - 0.5 a mortar with a little sand seems to be about 

the same strength as the cement paste, but that with a lot 
of sand is considerably higher. 

(ii) Concretes all have lower strengths than the mortar which 
forms the soft matrix in the concretes. 

(iii) Increase of coarse agd. quantity tends to lower the failure 
load. 

(iv) With W/C - 0.4, mortar strengths are higher than the cement 
paste strength for those made with fine sand. The reverse 
is true for a mortar made with a one size sand between the 
NC. 7 and 3/16" sieve. 

Conclusions. 
OMM.0".r040aVIPMUICsatla 

The above are observations on the tests and not the same as 

conclusions. An observation needs to be aUbstantiated several times 

before it can be statre as a valid conclusion, and. on the basis of 

these tests it oeortmfair to stat.e: 

(a) Mortars are stronger, in general,;  than the pnre camesA 
included in their construction. 

(b) Concretes made with these smooth gravels are weaker than the 
mora7e -blicidn,T the e.::c; 	aGi§rot;uto partioles to,FeChor, for 
the low coarse aggregate quantities of those mjes,' 
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(V). B and P.R.  of two  idealized. mixes. 

In cement paste.  of W/C - 0.3, ir. diam. iron shot was sets  in a 

moderate quantity in the first case, and as much as possible in the 

second. It was thought that the bond strength would be very weak 

and the first loading stress-strain curve .might give some evidence 

of bond breakdowns 	The test was, also designed to investigate the 

effect of a really close packing of hard inclusions on the values 

of B and P.R. and these readings were taken in the usual manner 

and the results are set out below. For mix A, the iron shot was 

mixed with the cement paste by hand and hardly any vibration was 

given. For mix B, the paste.and shot were poured alternately into 

the Mould under continuous vibration until the shot was as closely 

packed as possible right up to the cylinder tops. kphotograph 

of this mix is on Plate 11.1  and it is noticeable that wren with 

this placing treatment;  each particle of shot seems to be surrounded 

by paste. Of the three spedimens made of:Mil:33g  one was seriously 

honeycombed.  and gave. a low B value and a very low P.R. 

Fig. 	shows the stress-strain curves for the first. loading cycle.  

Resultss- 

Mix 	B x 10-  psi 	Average 	P.R. 	Average 
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JRON SHOT IN CEMENT PASTE 
	 • 

CYLINDERS 

LOAD IN 

0 1 -4 10 20 30 40 

75 2 -4 70 65 60 55 

30 4 40 50 60 70 

80 3 -4 75 70 65 60 

FIG. 52  
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SECTION OF CYLINDER CONTAINING CLOSE PACKED IRON SHOT. 
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Discussion. 

The first loading-curves are very straight for Mix Ap and 

only very slightly curved for Mix B. We have already seen. in 

Test Y that even cement paste.  can show some curvature on the first 

loading so it is impossible to detect any bond breakdowns with 

these specimens in the range of the test. 

As far as P.R. is concerned, Mix.A. has-shown the expected droa .  

with the addition of inclusions, from that of the cement paste (.25), 

but Miz B has shown an increase in Poisson's Ratio after a further 

addition of tnclusions. This is at variance with the results 

of Test 11, although, as has already been discussed. in Section 

it is possible that the downward trend of:Poisson's Ratio, already 

at a lessening rate for high aggregate quantities in concretes, 

might begin to show an increase with an extremely dense. packing of 

aggregates. This is predicted by the lattice theory suggested, 

although perhaps only with.  an artificial mix Such as-this, can -the 

problem of lack of workability be overcome. 
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