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ABSTRACT 

In the present thesis, the process of crack initiation and 

propagation is examined in a particular type of concrete consisting 

of single-sized glass spheres imbedded in a mortar matrix. 

Thin, two-dimensional, slices of such a concrete, containing 

three different aggregate particle arrays with various spacings 

between particles to represent various volume fractions of coarse 

aggregate, were tested in uniaxial compression. Using photoelastic 

and strain gauge techniques, the 'elastic' strain distribution 

in the matrix surrounding the particles was determined. 

These "plate-models" were subsequently loaded to failure 

and, using continuous strain recording techniques at the points• 

where initial cracking had been predicted from the above strain 

analysis, the level of strain of the composite material at fracture 

initiation was measured. Information regarding the cracking process 

up to failure was obtained by examination of the crack patterns on 

the plates at the end of the tests and from photographs taken during 

the tests of the isochromatic patterns on the photoelastic coatings. 

Good quantitative agreement was found between the results of 
13 

the plate-model tests and those of tests by Newman on three-dimen-

sional specimens of the concrete. In addition, uniaxial compression 

tests on gap-graded gravel concrete cylinders showed that these 

concretes behaved similarly to glass-marble concrete. 

It was thus concluded that the plate-models gave valid indications 

of the cracking phenomenon in the two types of concrete considered 

and probably in plain concrete as well. 
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SIGN CONVENTION 

The sign convention used throughout this thesis is 

as follows: 

for principal stresses; 

CT1 > o2 > O 3 » tension positive 

for principal strains; 

^ ^ ' tens-*-on positive 

ABBREVIATIONS 

V^ C.A. ; Volume fraction of coarse aggregate 

f.i. ; Eracture initiation 

comp. ; Composite material 



CHAPTER I 

Introduction 

Nowadays, it is generally accepted that the application to 

concrete of simple failure criteria (such as maximum stress or 

strain) is neither satisfactory nor realistic because, in such 

a complex material cracking occurs at loads well below those 

required for final failure. 

Internal cracking of concrete specimens before failure was 
«i 

first recognized by Richart, Brandtzaeg and Brown in 1928. Since 

then, several investigators have devised methods to determine at 

which point in the loading history this cracking initiates. A 
comprehensive list of these methods can be found in a paper by 

2 3 

Newman and Newman • McCreath , in his thesis, discusses the sens-

itivity of these various methods. 

To fully understand the behaviour of concrete under load, 

however, the basic causes of this phenomenon of internal cracking 

must be examined. Such an investigation can be carried out either 

theoretically or experimentally. 
Theoretical Investigations 

The basis of most of the theoretical work on this subject is 
4-5 

related, directly or indirectly, to Griffithis theory. At first 

it would seem that Griffith fs postulate of the existence of small 

flaws in brittle materials, acting as stress-raisers and causing 

early cracking, would apply to concrete very well indeed. But, 

because of the complexity of it's nature, concrete does not resemble 

Griffith's ideal brittle material. 
6-7 

Any analysis based on Griffith's work requires basic assump-

tions of the properties of the components of concrete at the micro-



scopic level. But duo to the nature of concrete and to the presence 
8 

of air and water filled cavities in it's structure , these properties, 

such as elastic modulus values,are extremely variable at this level 

and any attempt to attribute fixed values to them must be viewed with 

suspicion. 

It must therefore be concluded that any quantitative application 

of Griffith's theory to concrete is not practical. It must be men-

ioned, however, that qualitative work on the subject might prove 

of great interest and importance in understanding the phenomenon of 
crack propagation in concrete. Work such as that carried out by 9 
Hoek on the propagation of Griffith cracks in biaxial stress fields 

is considered for instance as highly significant. 

Experimental Investigations 
10 

a) In 1S£>3, Hsu, Slate, Sturraan and Winter published the 

results of a series of tests aimed at correlating the mechanism of 

fracture with the shape of the stress-strain curve for concrete. 

Plain concrete cylinders, loaded to predetermined axial strain values, 

were sliced in a direction perpendicular to that of the applied load 

and examined for cracks with a dyeing and stereo-microscope (AO x 

magnification) technique. On each slice, the total length of crack 

around the aggregate particles and in the mortar matrix were calc-

ulated. 

The results of these tests showed that, generally, cracking 

occurred first around the aggregate particles and not until 70 - 90% 

of the uniaxial compressive strength was it evident in the mortar 

matrix. The point on the stress-strain curve where there was a marked 

deviation from approximate linearity was found to correspond to the 

axial strain value at which a significant increase in the measured 
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crack length occurred. 

Unfortunately, it is difficult to evaluate the significance of 

these results. The observation of cracks was certainly limited by 

the technique used, i.e. a certain length and width of crack was 

needed to be detected, but no mention was made of these limitations. 

In addition, the investigators themselves admit that, sometimes, 

cracking around the aggregate particles was difficult to detect 

because the cracks appeared "fuzzy". Finally, it must be mentioned 

that the crack patterns were observed on a plane perpendicular to 

the direction of the applied load. As the investigators themselves 

qualify the mode of fracture of their specimens as "vertical instead 

of the usual hour-glass type" the propagation of cracks would prob-

ably have best been investigated if the cylinders had been sliced 

in a direction parallel to that of the applied load. 
11 

b) Dantu was probably the first investigator to analyse 

the strain distribution in a typical slice of concrete with the use 

of birefringent coatings. Unfortunately, he published only a small 

amount of data. This consisted of the shear-strain value at various 

points along a line parallel to the direction of applied load which 

indicated that, generally, the shear strain in the aggregate particles 

was much lov/er than in the surrounding mortar matrix. 
12 

c) Swamy also reports a study of the internal strain distrib-

ution in concrete with the use of birefringent coatings. 

At various points on a typical slice of concrete he measured the 

shear strain value at different load levels. He also showed stress-

intensification to occur at the aggregate-mortar interface using the 

above shear strain values and the values of the elastic modulus for 

mortar and aggregate. 
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It is unfortunate that Swamy, like Dantu, did not publish any 

data regarding the distribution of the major and minor principal strains 

but gave only shear strain values. Therefore, the local mechanisms 

of fracture, governed certainly to a large part by the distribution 
3 

of tensile strains , were not completely determined by his method, 

d) A method allowing the major and minor principal strain 

distribution to be determined and the crack patterns to be observed 
3 

on a "slice" of concrete was devised by McCreath , 

He considered that, in view of the complexity of the problem., 

certain simplifications were required if the local mechanisms of 

fracture in concrete were to be investigated to any degree of prec-

ision, As a first approximation, he thus considered concrete as a 

two-phase material consisting of single-sized spherical aggregate 

particles imbedded in a fine mortar matrix. Plate models (10"X10"X 

•J" thick), representing thin two dimensional slices of such a gap-

graded concrete, were tested in. uniaxial compression, 

figure 1-1 shows a typical plate, consisting of four cylindrical 

aggregate particles in a mortar matrix. Twelve of these plates were 

tested by McCreath, They all contained the same particle array but 

the spacing between the particles was varied so that each plate 

represented a different volume fraction of coarse aggregate. 

Each plate was loaded in uniaxial compression and the major and 

minor principal strain distribution inside the aggregate particle 

array was determined using a combined photoelastic coating and strain 

gauge (2 mm) technique. The field strains in the mortar, at points 

not influenced by the presence of aggregate were also determined. 

By the use of an experimentally derived fracture initiation envelope 
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TYPICAL PLATE-MODEL (McCREATH^) 

FIGURE 1-1 
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for moioar, McCreath then predicted where cracking would start in 

the mortar matrix and at what level of composite material strain. 

The plates were then loaded to failure and the process of crack 

initiation and propagation was studied using the isochromatic patterns 

photographed during the failure tests. The final crack patterns v/ere 

observed on the uncoated face of the plates with the use of a fluores-

cent dyeing technique. It was thus possible to verify the predictions 

that had previously been made for each model. 

The main conclusions from these twelve plate-model tests repres-

enting one type of particle .array were that cracking always initiated 

in the mortar matrix and at higher loads progressed towards and 

around the aggregate particles. The value of the compressive strain 

of the composite material at fracture initiation was found to decrease 

with increasing volume fraction of coarse aggregate. This was in 

good qualitative agreement with the results of a series of tests on 

cylinders containing various volume fractions of single-sized glass 

spheres in a mortar matrix where the point of fracture initiation 
13 

had been determined by the use of the volumetric strain method • 

McCreathrs results were considered by the author as highly sig-

nificant, but not conclusive since only one series of plates, repres-

enting only one type of particle array, had been tested. Especially 

in view of the fact that the three-dimensional tests were in agreement 

with the results of the plate-model tests, the mechanism of fracture 

observed by McCreath on his plates was certainly representative, in 

some way, of the internal cracking mechanism of concrete. So it was 

felt by the author that more plate-models tests would give additional 

valuable information on the initiation and propagation of crackr. in 

concrete. 



CHAPTER II 

DETERMINATION OF PLATE-MODEL CHARACTERISTICS 

Soction 1. Introduction 

Having decided to do more tests using the method described by 

McCreath, i.e. the testing of plate-models, the parameters to be 

varied in this new series of tests were examined. The type, shape, 

surface texture and grading of aggregate, the mortar matrix charac-

teristics, the loading rate and type, and the geometry of the model 

system were the most important ones. Obviously, it was impossible 

to consider all these at this time. But since the aim of these new 

tests was to make the plate-models more representative of "real" 

concrete, it was felt that the particle array was the parameter to 

vary. 

McCreath had only tested one series of plates: a single-sized 

four aggregate particle array (see figure 1-1) with different spacings 

(representing different volume fractions of coarse aggregate) in uni-

axial compression. But even if varying the type of loading was cons-

idered of great importance, new models still had to be tested in uni-

axial compression to make sure that the result of the first series 

v/as not an odd one which would subsequently prove to be vastly dif-

ferent with other aggregate configurations. 

Therefore, in order to be able to compare future results with 

previous ones, all the other parameters mentioned were kept the same. 

They were all considered by McCreath to be average for a "normal con-

crete". 

Section 2. Aggregate particle arrays 

In order to find out which arrays of aggregate particles were 

most common to concrete, two 6" cubes, containing 50%> of glass-spheres 
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(i]:u diaiuuber) were cast. They wore subsequently sliced in two, one 

in the direction of the casting, the other perpendicular to it. Then, 

the aggregate configuration was studied by means of a successive 

grinding and photographing technique. 

The distribution of spheres in every slice and in every direction 

was found to be completely random (see figure 2-4) although, possibly, 

certain configurations seemed more common than others. 

To make sure that the typical arrays were not due to end effects, 

or common only to one volume fraction of coarse aggregate, a new 

series of glass-marble concrete specimens were cast (with diameter 

spheres) consisting of four 4" cubes, four 6" cubes, four 6"x12" 

cylinders and four 4"x10" cylinders. For each type of specimen, four 

different volume fractions of coarse aggregate were used: 20$, 30$, 40$ 

and 50$* Each specimen was sliced in two and examined closely. 

The conclusions drawn for this examination were: 

a) The center portion of all specimens seemed free from end effects. 

b) The specimen shape and the volume fraction considered did not seem 

to affect the full randomness of the aggregate distribution. (See 

figures 2-1, 2-2, 2-3, 2-4). 

c) The four configurations shown in figure 2-5 were common to all 

shapes and volume fractions. 

It was therefore decided to consider these four arrays as forming 

a reasonable representation of concrete, but bearing in mind that to 

obtain a complete picture, many more models would have to be considered. 

But a choice had to be made and it was not possible to test a large 

number of models. 

McCreath had already tested array (D) (see figure 2-5). It 

v/as felt that if the three other arrays yielded approximately the same 
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result^ possibly no more would have to be considered. 

Section 3. Spacing of particles 

The aim of the tests being to relate the cracking initiation 

level to the percentage of aggregate in the concrete, it v/as decided 

to cast four plates of each model using different spacings. The 

ratios of the distance between aggregate (d) (see figure 2-5) to the 

diameter of the particle (D) used v/ere 1.54, 1.33, 1.23, and 1.1*f 

for each model. Ratios larger than 1.6 were thought of no great 

importance since they meant a very low percentage of aggregate, and 

ratios lower than 1.1 A- meant considerable difficulties in testing 

because of the length of the strain gauges required. 

It is, to say the least, difficult to know exactly what volume 

fraction of coarse aggregate is represented by a certain d/D ratio. 

But, according to a theoretical formula derived by McCreath, the 

ratios chosen represented respectively 20, 30, 43, and 50% volume 

fraction of coarse aggregate. This range of volume fractions was 

the one considered to be of importance. 

Unfortunately, further consideration of this formula showed 

that it could lead to errors, because the spacing to volume fraction 

ratios were measured on only one particular cut of the piece of 

concrete containing the regular array of spheres, i.e. where the 

spheres were at full diameter. For the same volume fraction, another 

cut could be made, not at the full diameter, and another d/D ratio 

derived. At large spacings, a slice could be taken where there 

would be no spheres at all. 

For these reasons it was felt that another way of correlating 

the spacings in the plate-models to the volume fraction represented 

in three-dimensions was needed. 



Section Determination of the coarse aggregate content represented 

by each model 

Firstly, on each of the 6" cubes previously cast to study the 

particle array, the percentage of the total area covered by the 

coarse aggregate was measured on each face of the cut (each cube 

had been sliced in two)• Since volume fractions of 20-50% had been 

cast, this allowed the plotting of figure 2-6 which shows the rel-

ation betv/een these two parameters. 

The measurements, taken on ?2 square inches for each volume 

fraction, were considered to give a good approximation since the 

diameter of the glass spheres was -J inch. 

Secondly, on each of the four inch cubes, the average spacing 

(S) divided by the average diameter of the aggregate particles (D) 

was measured on each face of the cut. 

The average spacing was defined as the arithmetical mean of 

the length of all the possible paths from one particle to another. 

A path was considered possible if there were no other in the way 

of the center to center line. These results were also plotted 

against volume fraction and are shown on figure 2-7. 

For the lowest volume fraction, S represented the average of 

at least kO distances which was considered sufficient for these 

purposes. 

Then, on each of the twelve plates, the same measurements were 

taken. 

The percentage .of the total surface occupied by the aggregate 

particles was calculated for each plate within the boundaries shown 

on figure 5-9» which are the ones used later on for composite strain 

measurements. These simply assume a plate full of aggregate particles 
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divided into equal elements. Then, from the graph in figure 2-6 

the volume fraction represented was determined. 

The average spacing divided by the diameter was also computed 

for each plate, using the definition of possible path cited previously. 

From figure 2-7 it was possible to determine in that way the volume 

fraction represented by the different spacings on the plates. 

Table 2-A shows the results obtained from the two graphs and 

their average for each plate. It was found that these two methods 

of determining the volume fraction represented by each spacing on 

each plate gave approximately the same results, even though the measure-

ments were made on cuts in the cubes containing more than one apparent 

diameter size, and the aggregate particles in the plates were all 

of the same diameter. For the four-particle array and the five-part-

icle array a closer agreement was found than with the 3-particle array. 

This was to be expected because the average distance is more meaning-

ful as the number of distances used for the average increases. 

So it was decided to use the average of the two results to 

finalize the volume fraction represented by each spacing on each 

plate. The close agreement of these two very different methods on 

two sizes of cubes, was considered to be proof of the validity of 

this method. 



TABLE 2-A 

CHARACTERISTICS OF PLATE-MODELS 

PLATE 

MPA-1 

MPA-2 

MP A-3 

MPA-4 

. % V C.A. % V C.A. 
a / (from fig. 2-6) (from fig. 2-7) 

1.54 

1.35 

1.23 

1.14 

28.00 

33.50 

39.50 

46.00 

28.00 

33-50 

39.00 

47.00 

% VfC.A. 
average 

28.00 

33.50 

39,25 

46.50 

MPB-1 

MPB-2 

MPB-3 

MPB-4 

1.54 

1.35 

1.23 

1.14 

31.00 

38.00 

A6.00 

55.oo 

33.50 

42.50 

52.50 

64.00 

32.25 

40.25 

49.25 

59.50 

MPC-1 

MPC-2 

MPC-5 
ETC-4 

1.54 

1.35 

1.23 

1.14 

28.00 

33.50 

39.50 

46.00 

26.00 

30.50 

36.00 

41.00 

27.00 

32.00 

37.75 

43.50 

Note: MPA refers to array (A) 

MPB refers to array (B) 

MPC refers to array (C) 
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CHAPTER III 

EXP EPIPi ENTAL TECHNIQUE 

Soction 1. Materials 

Details of the mortar components of the plate-models were 

as follows: 

V/ater-Cement ratio, 0.39 

Sand-Cement ratio, 1.̂ -0 

Ordinary Portland Cement, 

Sand grading within B.S.S. sieve size range No. 25 - No. 100. 

The cylindrical coarse aggregate particles, cored out of a 

sheet of "Ebony Granite" rock were 30 millimeters in diameter and 

25 millimeters thick. This granite was found to have an "elastic" 

modulus (E) approximately 3*73 times higher than the modulus of the 

mortar matrix. The smooth surface of the rock cylinders as cores was 

roughened to the required average surface texture by soaking in a 

10% solution of hydrofluoric acid for 20 minutes. The surfaces were 

then dried and wire brushed carefully to remove all deposits. 

Additional information on the properties of these materials can 
3 be obtained from McCreath's thesis • 

Section 2. Casting and Curing 

The plates were cast in 10" x 10" x 1.5" steel moulds to the 

bottom of which the cylindrical coarse aggregate particles had been 

previously fixed at the position required. To ensure accurate placing 

of these particles, a grid had been scribed on the base plate of the 

moulds. Double-sided tape, manufactured by the 3 M company, was used 

to fix the particles to the base plate and it was found that this 

tape successfully ensured their stability throughout the compaction 

process. 
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Casting v/as carried out in three equal layers. Each layer 

was compacted separately on a vibrating table until an insignificant 

number of air bubbles were left on the surface of the mix, 

A standard method of curing (described by McCreath) v/as used 

as follows: after casting, the specimens were stored under damp 

sacking for one day, then demoulded and cured in water at 68 F for 

27 days. After being removed from the water, they were cured in 

air under laboratory ambient temperature conditions (68°F., 60$ hum-

idity) until the testing data which was approximately four months later. 

The plates were ground to the required size (10" x 10" x -J") using 

an Abwood grinding machine with a diamond impregnated polishing wheel. 

Opposite sides were made parallel, adjacent sides perpendicular,and all 
1 th 

sides perpendicular to the face of the plate. A precision of /1000 

of an inch was obtained during these operations. Grinding was car-

ried out immediately after the i:>lates were removed from the water 

because the use of the diamond wheel requires water as a coolant. 

Section 5» Photoelastic Technique 

a) Birefringent Coatings 

The birefringent photoelastic coatings used (manufactured by 

Photoelastic Inc.) were 10" x 10" and -J5*1 of an inch thick. Their 
ths 

fringe sensitivity was approximately 600 micro-strains (600/1,000,000 

of inch per inch) per fringe. They were cut to the required size 

and shape (9" x 9"» 45 degree edges), in the manner described by 

McCreath, and attached to the face of the plates at fourteen days 

after the plates had been ground. To allow moisture-equilibrium to 

be reached throughout the thickness of the coating, testing was not 

commenced until at least six weeks after attaching the coatings. 
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b) Optical Instruments 

Only normal incidence photoelastic measurements wore made 

during the tests. A reflection type polariscope, model 030, manu-

factured by Photoelastic Inc., was used together with a telemicro-

scope attachment (model 03?) allowing readings to be taken at 

precise points on the coatings. 

c) Use of Coatings 

Under normal incidence, the value of the shear-strain and the 

direction of the principal strains at each point can be determined. 

The lines joining the points of equal shear strain (isochromatics) 

are each represented by a different colour. The colour indicates 

which fringe (or part thereof) has been reached and therefore the 

value of the shear strain can be determined since a fringe represents 

a known value of shear-strain. Lines joining points of equal dir-

ection of principal strains are termed isoclinics. They appear as 

black zones on the coating and the angle to which the analyser has 

to be rotated to bring a black zone to the point under consideration 

indicates the direction of the principal strains with respect to 

the axis of reference. 

The isoclinics are superimposed on the isochromatics, but 

quarter-wave plates are used to eliminate the isoclinic pattern 

when isochromatic measurements are being made. 

In addition, abrupt changes in the isochromatic pattern provide 

qualitative information regarding the cracking processes in the model 

being studied. Successful application of this method has been rep-
3 15 orted by McCreath and Navaratnarajah . 

d) Validity of Measurements 

The reinforcing and thickness effects of the birefringent 

coatings must be considered before any valid strain, information can 
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bo obt^nod, Although those two effects have little or no influence 
16 

on the determination of the isoclinics , the measurement of the 

shear-strain value can be affected significantly. 

Considering the thickness and the elastic modulus of the 

plate-models and of the coatings, together v/ith information given 
14 

in "Experimental Stress Analysis" , it was found that a correction 

of less than 3$ v/as needed to cover reinforcing effects. This 

correction is included for the present tests within the "face correc-

tion factor" devised by McCreath. This factor will be further dis-

cussed in chapter V, 
17-18 

Works by Duffy and associates on the thickness effects 14 
of the coatings have been reported by Dally and Riley . Duffy 

assumed a certain strain gradient at a point on the surface of a 

material coated v/ith a birefringent coating. He then calculated 

the elastic distribution of strain across the coating from the mat-

erial to the free surface of the coating and thus derived correction 

coefficients for the use of coatings at points of known strain grad-

ients. 

In the plate-models, high strain gradients probably exist at 
20 certain points at the aggregate-mortar interface (see figure 3-1) 

19 
and a correction would certainly be needed at these points . But 

since the application of this correction requires prior knowledge of 

the value of the gradient which is attempted to be measured, a long 

process of assuming a gradient and calculating the correction factor 

successively many times v/ould be required. This was not considered 

necessary since the present analysis was limited to the mortar matrix. 

It v/as simply decided not to consider any measurements made close 

to the aggregate particle surface. Comparison between theoretical 

solutions and experimental values obtained by McCreath for plates 
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containing a single aggregate particle have shown that, practically, 

no correction factors are needed for the mortar matrix deformations. 

Section 4. Loading System 

In the testing procedure discussed by McCreath, it was stated 

that loads of approximately 1000 p.s.i. were required for the strain 

distribution analysis in the 'elastic' range. A value of 1100 p.s.i. 

was adopted as safe for the present test series since it was con-

sidered that fracture initiation would probably not occur until at 

least 1500 p.s.i. This fact was later confirmed by the results of 

the investigation. 

Instead of the excessively large and inconvenient 175 ton force 

testing frame used by McCreath, a small load frame with a five ton 

force capacity was adopted and used to apply the required loads to 

the plate-models. Precise load measurement and control was obtained 

with the use of a load cell placed between the moving piston and 

the screw-jack applying the load. 

The load cell consisted of a mild steel cylinder on which two 

axial and two transverse electrical resistance strain gauges (PL-10) 

v/ere fixed at it's mid-section at equal distances from each other. 

By aligning two opposite gauges axially and two others perpendicular 

to these, and by connecting these gauges to form a four-arm Wheatstone 

bridge circuit, it was possible to obtain a strain response from 

the cell of the order of one micro-strain per p.s.i. on a specimen. 

Figure 3-2 shows the calibration of the load cell which was made 

using a five-ton force proving ring. 

Figure 3-3 shows a typical plate-model in the small load frame. 

It should be noted that use was made of McCreath's piston platen 

to ensure an even distribution of applied load on the plates. 

>i 
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CHAPTER IV 

THE FRACTURE INITIATION ENVELOPE FOR MORTAR 

Section 1. Introduction 

As the title of the present thesis states, the main purpose 

of this series of tests is to obtain more information on the crack-

ing process in concrete under uniaxial load. Evidently, the most 

important stage is the one at which cracking initiates because 

it is a point of no return, when permanent changes have occurred 

in the structure of the material. 

Many investigators have tried to find that point from measure-

ments taken on concrete specimens under increasing load. Of all 

these methods, discussed in chapter III of McCreath's thesis, only 

one seems to give valid and consistent results. It is the one 
13 

devised by Newman • 
21 

The term "discontinuity", first stated by Newman, has been fur-
13 

ther defined by Newman as that point on the longitudinal strain 
against volumetric strain graph where there is a marked deviation 

13 
from linearity. Tests done by Newman ^ have shown that this method 

is applicable to almost every case. On almost every sample tested, 

the pattern of this graph is as follows: first, there is a small 

non-linear portion of the curve due to "bedding down" effects, then 

there is a very linear portion which terminates suddenly. 

As will be shown in section .2 of the present chapter, the method 

derived by Newman enables the investigator to pin-point very exactly 

this discontinuity point. Furthermore, the method shows that in 

most cases, the strain variation in the linear portion of the curve 

is contained within a band plus or minus two micro-strains wide for 

uniaxial tests, which is a very good degree of precision. 



This evidence mokes it reasonable to assume that this point 

really marks the start of micro-cracking in concrete, since it 

represents a sudden increase in volume* This increase can only be 

explained by the formation of cracks which allows the volumetric 

strain response of the material to vary* 

Using this hypothesis, the fracture initiation envelope for 

the plate-model mortar was derived by McCreath (figure 4-1). 

This envelope represents all the combinations of the major 

( 1) and minor principal strains required to initiate crack-

ing in the mortar considered. Discontinuity (now termed "fracture 

initiation") points obtained from uniaxial tension and compression 

tests, and from triaxial tests at different confining pressures, 
c c 

are plotted in the ^ 1- *-3 plan. The resulting line is then the 

fracture initiation envelope. Strain combinations inside the enve-

lope are considered safe, and those outside it, likely to initiate 

fracture. 

The envelope is used to assess the most critical point in the 

mortar matrix in each plate model, and also to predict the compos-

ite strain level at which cracking will start at this point. This 
3 

procedure is fully explained in the quoted reference , and an 

example of its use will be given in chapter V of the present thesis. 
Section 2. Uniaxial tests on mortar 

Even if the mortar used for the present series of tests (which 

properties are given in chapter III) was of the same composition as 

the one used by McCreath, it was felt that a few tests were needed 

to verify the discontinuity strain levels in uniaxial tension and 

uniaxial compression. 
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l?or this purpose, three uniaxial tension specimens and two 4" x 10 

cylinders were cast at the same time as the two first series of 

plates. They were cast in three layers, compacted in the same 

manner as the plates, and cured in the same manner, (see chapter III), 

The procedure for these tests was as follows: 

Uniaxial tension tests ~ 

These tests were carried out in a special frame designed by 
22 

Ward , which applies a direct tension to a specimen 4!,x4Mx20u which 

middle section is reduced to 3"X4"J (see figure 4-2). 

First, the surface of the specimens was carefully scraped to 

remove all latence and then four 60 mm electrical resistance strain 

gauges were attached to the surface of each specimen in its center 

section using P.S. adhesive. Two gauges were fixed on two opposite 

sides of each specimen, one in the direction of loading, the other 

perpendicular to it. 

The tension force was applied through a hydraulic jack connected 

to an Amsler pressure control cabinet, to ensure a precise control 

of load. 

A step by step loading procedure was used with sufficient int-

ervals (about 10 seconds) between steps to enable the Peekel data 

logger to register the strains. 

Uniaxial compression tests -

These were prepared and carried out following the procedure 

outlined in chapter VII, except that 30 mm strain gauges were used 

and that, as in the tension tests, a step by step loading sequence 

was used. 

The results of all these tests for the strain combinations at 

discontinuity are given below: 
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Uniaxial compression 

Test ( S ) f a - , ( V f , i ' 
No. (micro-strains) (micro-strains) 

1 -1072 +186 

2 -1142 +222 
AVERAGE -1107 +204 

Uniaxial tension 

Test (€3)1.1. ( € , ) f . l . 
No. (micro-strains) (micro-strains) 

1 - 1 8 +119 

2 - 1 6 +108 

3 -15 +102 

AVERAGE -1b +108 

The relation between the longitudinal strain and the volu-

metric strain (&V/VQ = + + £-3-) is given in figure 4-3 for 

one of the tension tests. As for all the other tests, this curve 

stayed linear up to failure within a band 4 micro-strains wide (as 

shown on the graph). Therefore, in all cases, discontinuity was 

found to occur at failure. This was to be expected because in a 

fine mortar, when a crack significant enough to affect the volumetric 

strain response of the material is formed, there is nothing to pre-

vent its propagation since in this type of test the load is main-

tained while the strain gauge readings are recorded. 

Figure 4-4 shows the volumetric strain against longitudinal 

strain plot for one of the compression tests, as well as the volu-

metric difference between the points on the graph and the chosen 
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straight line. This difference is calculated using a computer prog-
13 

ramme derived by Newman . The plot shows that until discontinuity 

the strains remain linear within the plus or minus 2 micro-strain 

band mentioned previously. 

The use of this programme yields a very high degree of preci-

sion in pin-pointing discontinuity, much greater than when discon-

tinuity is obtained just by examining the volumetric strain against 

longitudinal strain graph. Errors up to 200 micro-strains in asses-

sing at fracture initiation could be made without the use of 

this programme. 

Section 3* Changes in the fracture initiation envelope 

As will be seen in chapter V, the portion of the fracture 

initiation envelope that was of practical use for the plate model 

tests was the part lying between the uniaxial tension point and 

the uniaxial compression point. Unfortunately, no data was avail-

able for.this part of the curve (see figure 4-1). Therefore the 

uniaxial points became of great importance. 

So the discontinuity points obtained from the tests were com-

pared to the ones obtained by McCreath. 

Taking into account the fact that the loading system used for 

this new series of uniaxial tension tests was much less liable to 

fluctuation and much more stable than previously (pressure control 
22 

came from the Amsler cabinet instead of the system previously used ), 

it was considered that a tension strain at discontinuity of +108 micro-

strains was a much more realistic figure than the +62 micro-strains 

obtained by McCreath. It should be noted as well that all the three 

new test results agreed very closely. 

The uniaxial compression discontinuity value at -1107 micro-



strains was low compared with -1633 (McCreath's value). It was 

felt it was better to use -1107 micro-strains bccause the cylinders 

used to determine this value were cast at the same time as one of 

the new series of plates and out of the same batch. 

The fracture initiation envelope was therefore replotted with 

these new figures and using McCreath's triaxial test results (non-

dimensionalized with respect to the value for discontinuity under 

uniaxial compression, -1633 micro-strains). A straight line was 

drawn between the uniaxial tension point and the uniaxial compression 

point. This was considered valid since there were no data available 

between these two points which bound a zone of compression-tension, 

and because the prolongation of this straight line lay within the 

scatter of McCreath's triaxial test points. The bend in the curve, 

required for it to pass through the uniaxial tension point on the E^ 

axis on the minus side, was considered likely to happen under the E.̂  

axis in the zone of tension-tension. As can be seen in figure A-3 

these changes did not alter significantly the overall pattern of 

the fracture initiation envelope as given by McCreath. 
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CHAPTER V 

STRAIN DISTRIBUTION ANALYSIS IN PLATE-MODELS 

Section 1. Introduction 

The procedure followed for the strain analysis in the plate-

models was that used by McCreath. An example of this method of testing 

will be given in this chapter. Plate MPB-1 is used for this purpose. 

Each step in the procedure followed for the analysis is described and 

when changes in the method given by McCreath are mode they are fully 

explained and discussed. 

The results for the eleven remaining plates are given at the end 

of this chapter in the form of graphs (four for each plate) and the 

significance of each graph is explained in the description of the 

step-by-step procedure. The last section of this chapter will explain 

the meaning of the results of the strain analysis for each series of 

plates. A more comprehensive discussion is given in chapter VI, 

following the description of the loading tests to failure of the 

plates. 

It must be mentioned again that the testing of the plates in 

the elastic range is used to study the strain distribution prior 

to microcracking in the plate-models and also, and most important, 

to predict the onset of cracking in the mortar matrix. The basic 

assumption that cracking will in fact initiate in the matrix and not 

at the aggregate-mortar interface will also be discussed in the next 

chapter. This assumption is of course of great importance because, 

as mentioned previously, the analysis of strain is limited to the 

mortar matrix for the purposes of this investigation. 



Soction 2. Testing Procedure 

a) Grid Scribed. 

When a plate was ready for testing, a grid was scribed on the 

coated face using a sharp needle. Figure 5-1 shows that grid for 

the plate under consideration. This particular grid consists of a 

set of polar coordinates (necessary to enable the operator to take 

readings at precise points) and outlines the cylindrical aggregate 

particles. Marks were also made on each plate in each corner, at two 

inches away from the sides, where field strains were to be read. 

b) Load Cycling 

Before any measurements were taken under load, each specimen 

was cycled six times to a level of 1100 p.s.i. in the small load-

frame. This leveQ was that at which the isochromatic readings were 

to be made. The load cycling was done to ensure the stability of 

these readings. It was considered that any loading and unloading 

of the plate would not cause significant variations in the isochromatic 

and strain gauge readings after such a number of load cycles. 

c) Determination of Isoclinic Values 

Each plate was then loaded to approximately 1000 p.s.i. and the 

value of the isoclinic (direction of principal strains) at each point 

on the grid was determined. A slightly lower level of load than for 

the isochromatic readings was used because at the higher level the 

first fringe was generally reached at some points and therefore the 

isoclinics (black zones) became hard to differentiate from the iso-

chromatics (dark colour at the first fringe) on which they were super-

imposed. 

At each point the isoclinic value was read three times and 

a variation of three degrees at the most was usually found. It 
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was considered that the use of the .average of these three readings 

enabled the determination of the isoclinics to be made within one 

degree. 

It should be mentioned that on some plates, at a few points 

where the isochromatic pattern due to shrinkage (which will be ful-

ly discussed in sub-section "h") interfered with the load pattern 

in such a way as to cause zones of low shear strain on the coating, 

the isoclinics were not as sharp. Therefore, in some cases a var-

iation of 6 or 7 degrees was found between the three readings. It 

was considered that using the average in such cases gave isoclinic 
+ 

readings to within -2 degrees approximately. 

The average isoclinic value at each point for plate MPB-1 is 

given in figure 5-2* For this particular case, the variation in 

the reading at each point was never more than 3 degrees. Simple 

consideration of these values allows the plotting of the isoclinic 

lines (shown on figure 5-3), but this process is best performed by 

the person who has seen the actual pattern on the plate. 

Theoretically, on a perfect plate one might expect the isoclinics 

along the symmetry line to be alv/ays at zero degrees, which is not 

the case here. But considering that the actual position of the ag-

gregate particles was not perfect, that the mortar matrix might 

contain air voids at certain spots and that the actual loading system 

was not exactly perfect, it was felt that a small variation was 

normal for such a concrete plate. 

Photograph B on figure 5-4 shows the zero degree isoclinic 

due to shrinkage only and Photograph D on the same figure, the one 

that appears on the plate under load. Both of them are roughly sym-

metrical, but detailed analysis of the plate under load showed that 
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(A) Shrinkage Isochromatics (MPB-1) 

(B) Shrinkage Isoclinics (MPB-1) (O I 

Figure 5-k 



(D) Isoclinics - 1000 p.s.i.-(MPB-l) { 7 

Figure 5-4 (Cont.'d) 



this isoclinic was slightly bent towards the left side. 

d) Placing of Strain Gauges 

In order to obtain values of the principal tensile strain, 

2 mm foil strain gauges (FB-2) were subsequently fixed (using 

P.S, adhesive) at various points on the plate inside the particle 

array, aligned in the direction of the isoclinics measured at 

these points. Since the values shown on figure 5-2 are for the 

direction of the minor principal strain , 90 degrees were 

added to that value to obtain the direction of the major, most 

tensile, principal strain (E^). 

A grid similar to the one scribed on the photoelastic coat-

ing and the isoclinic values obtained for each of the points to 

be gauged wore drawn in pencil on the uncoated face of the plate. 
+ / 

This allowed the gauges to be placed with a precision of - 1/2 

degree (the precision to which the isoclinics were measured) and . 

- 1/2 mm (-J of the active length of the gauge) approximately, 

which was considered sufficient. 

Figure 5-3 shows the gauges placed on plate MPB-1. For this 

plate, it would have been difficult to use more than 15 gauges 

without reducing the necessary working space between gauges. 

Obviously, the most important criterion in choosing the pos-

ition of the gauges was the need to cover as many points as pos-

sible, but giving priority to those points adjudged to be critical. 

The plate with the largest spacing of the series was tested before 

other plates in the series were gauged because it was possible to 

use more gauges on that one and make sure that no critical zones 

were missed. The results of this first plate were then used for 

judging tho optimum gauge positions on the other plates, the more 



PLATE MPB -1 -
5 5 

POSITION OF 2mm GAUGES 

fig. 5-5 



important critical zones being known. For example, only 7 gauges 

were used on plate MPB-4 compared v/ith the 15 used on MPB-1. 

• « • 

The field gauges, placed as previously mentioned, at a dis-

tance of 2" from the sides in each corner, consisted of cross-

pairs of 5 mm gauges, aligned in vertical and horizontal positions 

because the isoclinics were always zero at these points on the 

plates. 

As stated in McCreath's thesis, it was considered that at 

these points, the strains in the mortar matrix were not signific-

antly affected by the aggregate particles and therefore could be 

said to represent the strains in a pure mortar plate. These strains 

thus served as a basis for comparing the strains inside the packing, 

disturbed by the particles, to those in a pure mortar plate. 

e) Shrinkage Pattern Readings 

Before the plate was reloaded for isochromatic and strain 

gauge readings, the value of the isoclinic and the isochromatic 

from the pattern due to shrinkage were read at each of the gauged 

points. These values for plate MPB-1 are given in table 

f) Isochromatic and Strain Gauge Readings 

A load of approximately 1100 p.s.i. was then applied to the plate. 

The gauges were read using a Peekel data logger and at the same 

time the isochromatics were measured at every gauged point and in 

the four corners. From the strain gauge readings, no creep was 

noticeable during the length of the tests. 

For each gauged point on plate MPB-1, the isochroraatic read-

ing is given in table 5-A, together with the corresponding strain 

gauge reading and the shrinkage pattern reading mentioned previously. 
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Each isochromatic reading represents the average of two measurements. 

Shrinkage Shrinkage Load r 
Point Isoclinic Isochromatic Isochromatic 1 

(degrees) (micro-strains) (micro-strains) (micro-
strains) 

1 + 1 2 + 6 2 - 2 2 6 + 1 3 

2 + 3 + 1 2 A - 1 9 2 + 5 9 

3 + 1 + 1 5 7 - 1 6 6 + 6 2 

A + 2 + 1 A 2 - 1 9 A + 7 3 

5 0 + 1 2 - 2 8 1 +A1 

6 - 6 - 5 9 - 3 9 0 + 3 5 

7 - 7 + 6 5 - 2 A 6 + 1 5 

8 + 3 + 1 3 0 - 1 6 0 + 3 2 

9 + 1 2 + 8 9 - 3 1 1 + A 6 

1 0 -AO - 6 8 - 3 8 5 + 5 2 

11 - 3 3 - 1 3 6 - A 6 3 + 3 0 

1 2 - 3 2 - 1 1 2 -AAo - 8 

1 3 - 1 6 - 5 6 - A 1 0 +A2 

1A - 3 3 - A 2 - 3 7 6 +A3 

1 3 - 5 6 - 7 1 - 3 A 1 +A3 

Table 5-A 

It should be noted that the value of the isochromatic represents 

£ - X being the isoclinic value at the point considered, and 

£ x and £y being either one of the principal strains. This value 

thus represents - in some cases (yielding a minus sign for 

the isochromatic value) and - ZL in others (yielding a positive 

sign). 

The field strains, as measured by the isochromatics and by 

the field gauges were: 



Top left corner 

Top right corner 

Bottom left corner 

Bottom right corner 

Average value 

The shear-strain value in micro-strains from the coating is 

obtained by multiplying the number of fringes measured by the sens-

itivity of the coating. For plate MPB-1, the sensitivity of the 

coating used was 593 micro-strains per fringe. 

It is difficult to assess the precision with which the isc-

chromatic readings are taken because the determination of the value 

depends on judging the tint of passage from one fringe to another. 

Even if each operator does a sample test using a coated aluminium 

beam to calibrate with a known value of shear strain, errors of up 

to 3/100 of a fringe (approximately 20 micro-strains) are still 

likely. Comparing the results from the values obtained from gauge 

readings and isochromatic readings for field strains gives a rough 

idea of this precision. Gauge readings varied by 34 micro-strains 

at most from one corner to another and coating readings by 89. 

But, as will be pointed out later, this possible isochromatic 

error is not large if we consider that it rests solely on the minor 

principal strain (of the order of -200 to -300 micro-strains). When 

the principal strains are determined, the gauge readings, yielding 

a precision of ^ 2 microstrains, are used to assess the major 

principal strains. 

( S y ^ f (gauges) 
(micro-strains) 

- 2 3 1 

-220 

- 2 5 4 

- 2 3 9 

- 2 3 6 

(£y (coating) 
(micro-strains) 

- 3 5 9 

-320 

- 2 9 1 

-270 

- 3 1 0 
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g) Face Correction Factor 

The difference in strains from one side of a plate to tho 

other (from field strain measurements) was corrected by use of the 

following factor. 

(£, - 8^) (gauges) 
Face Correction Factor = 

- ( coating) 

This factor was applied to all the isochromatic values 

obtained from the coating so that the tensile strains measured could 

be compared to the shear-strain value at each point. 

For plate MPB-1, the face correction factor was: 

F.C.F, = = 0.761 

It is fully realized that applying a factor obtained from 

readings in the corners of the plate to isochromatic values measured 

within the particle array must be viewed with suspicion, but never-

theless it*s use certainly decreases the possibility of error by 

a large margin. 

A list of all the face correction factors used is given in 

table 5-C. 

h) Determination of the Principal Strains 

As can be seen on photograph A in figure 5-4, the isochromatic 

pattern due to the shrinkage strains between the aggregate particles 

sometimes reached one quarter of the first fringe (approximately 

-150 micro-strains, pale yellow). Since field strains due to loading 

alone amounted to about -300 micro-strains, this pattern had to be 

taken into account especially since in every case large shrinkage 

strains were found to occur in the critical zones, v/hich was not 
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the case for the plates tested by McCreath. It was not possible 

simply to use a higher load because the plates had to be tested 

in the "elastic" range before the formation of the first crack; 

loads higher than 1100 p.s.i. were thought unsafe considering the 

results obtained by MCcreath for the strain levels at fracture 

initiation for his plates. 

Photograph C in figure 5-4 shows the isochromatic pattern on 

plate MPB-1 under load. This pattern represents the cumulative 

effect of the shrinkage pattern and of the pattern due to load only. 

At points where the isochromatic values due to these two patterns 

were of different signs, a zone of low shear strain appeared (in 

between the two bottom particles of the array for instance). 

Since the shrinkage isoclinics and the load isoclinics were 

not significantly different (less than 15 degrees generally), the 

value of the isochromatic due to shrinkage was subtracted directly 

from the one obtained under load in order to obtain the value due 

to the loading only. It v/as felt that a variation of 15 degrees did 

not have a significant influence in the amount of shear strain 

although it would change significantly each principal 

strain. A strain analysis based on more precise computations was 

not necessary because of the degree of precision of the other oper-

ations involved (face correction factor, measurements of isochromatics 

etc.). In zones where the isoclinics differed by more than 15 degrees 
1th 

the shrinkage pattern represented g- of a fringe or less, so that 

large errors were not possible. 

The same considerations apply to the isoclinic values used to 

align the 2 mm gauges in the direction of the major principal strain. 

Obviously, it was not possible to isolate easily the isoclinic due 



to load only, so the isoclinics read when the plate was under load 

were used even if they were known to be influenced by the shrinkage 

pattern. But, since in zones of high 3hear-strain due to shrinkage 

the isoclinics agreed approximately, it was felt that only minor 

errors were introduced in this way. So, for all plates, the graph 

of the isoclinics shows the direct values obtained under load as all 

the other graphs (isochromatics and isotenics) represent the values 

due to load only, separated from shrinkage effects. 

The value of the shear strain from the loading only being 

known at each point, it was then multiplied by the face correction 

factor and the value of the principal tensile strain (obtained 

from the two millimeter gauges) was added to it yielding the value 

Of It is in this way that the principal strains at each point 

were determined. Therefore all the values obtained were related to 

the uncoated face of the plate so that the average compressive field 

strain ( m e a s u r ed by the field gauges could be used to non-

dimensionalize the value for each point. 

For plate MPB-1, the non-dimensionalized value of each of the 

principal strains for each point is given in table 5-B. 



Point £ 5 /(£ ) f E / ( £ 3 ) f 

1 0 . 9 9 5 - 0 . 0 6 3 

2 0 . 8 7 9 - 0 . 2 8 5 

3 0 . 8 8 8 1.0.299 

A 0 . 8 8 3 - 0 . 3 5 5 

5 0 , 8 7 9 - 0 . 1 9 8 

6 I . 0 A 3 - 0 . 1 6 9 

7 1 . 0 6 8 - 0 . 0 7 2 

8 0 . 9 1 3 - 0 . 1 5 5 

9 1 . 2 A 7 - 0 . 2 2 2 

1 0 0 . 9 0 8 - 0 . 2 5 1 

1 1 1 . 0 5 3 - 0 . 1 A 5 

1 2 1 . 2 3 7 + 0 . 0 3 0 

1 3 1 . 0 9 5 - 0 . 2 0 3 

1A 1 . 0 1 9 - 0 . 2 0 8 

1 5 0 . 7 7 7 ' - 0 . 2 0 8 

Table 5-B 



Figure shows the value at each point on the plate 

together with the isotenic lines. The isotenics and the 

isochromatics are given in figures 5-7 and 5-6. The use of the 

average field strain to non-dimensionalize each value helps to 

give a good picture of how the aggregate particles affect the 

strain distribution. 

i) Composite Strains 

Having removed all the 2 mm gauges, 30 mm and 6o mm gauges 

were then placed vertically across the particle array to measure 

the composite strains. These strains are used to represent the 

average compressive deformation of a plate full of aggregate par-

ticles arranged in the same manner and with the same spacing as 

the particles in the plate-model considered. They are necessary 

for later comparison of the plate-models with real concrete. These 

composite strains were measured at the value of the field strain 

attained in the tests to determine the isochromatic values. 

The boundaries of the elements considered for the above measure-

ments are shown on figure 5-9. Figure 5 - 1 0 shows the actual pos-

itions of the gauges used. These positions were defined with the 

aim of representing the average vertical deformation of the element 

under load. 

For plate MPB-1 the ratio of the average of these composite 

strain gauge readings to the field strains was: 

( c ) J2-S2EE- = 0.857 
field 

Ratios of all plates are given in table 5-C. They were found 

to decrease with increasing volume fraction of coarse aggregate in 
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each series v/hich was considered normal since the value of "modulus 

of elasticity" for a given concrete usually increases with increasing 

percentage of aggregate because the aggregate particles are more 

rigid. 

j) Critical Point Analysis 

Following the procedure outlined by McCreath all the non-

dimensionalized values of the principal strains at each point were 

plotted on the graph containing the fracture initiation envelope. 

The points lying outside the envelope were considered critical, i.e. 

likely to influence the cracking process at some stage. The point 

v/here the ratio A/L as shown on figure 5-11 was the largest was 

termed the most critical point. It v/as concluded by McCreath that 

cracking would start at this point, at a level of strain indicated 

by the point where the line from the origin to the most critical 

point crossed the envelope. 

For plate MPB-1 Point no. 4 was found to be the most critical 

and, as shown on the graph, cracking was predicted at a level of 

strain of 

((£ ) . ) most crit. point = 0.310 x • pure mortar CC=0) 

The ratio of composite strain to field strain being known, it 

was then possible to calculate in the following way the level of com-

posite strain at which fracture would initiate, to be compared with 

values obtained for real concrete. 

. 8 5 7 ; — ^ = O.883 at most critical point, hence 

(£,) field 0.857 _ n q6-Z 
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This value of 0.963 was assumed to stay constant up to fracture 

initiation, so 

((£.,) comp.) f.i. 
= 0.963 

((£3) ra.c.p.) f.i. 

But since ((£^)m.c.p.)f.i. = 0.310 x ((£3) pure mortar) f.i. 

((£,) comp.)f.i. 
z _ 0.299 

pure mortar) f.i. 

So for this particular plate, cracking was predicted at a 

level of strain much lov/er than the one for mortar under uniaxial 

compression. This shows that the introduction of aggregate reduced 

significantly the composite strains required to initiate fracture. 

Table 5-0 gives this particular ratio and the strain ratios 

at the most critical point for all the plates. 

Section 3. Discussion of Results 

a) Results 

For each plate model, there are two sets of results. Firstly, 

quantitative results predicting the onset of cracking at a certain 

strain level and at a certain point, and secondly, the overall 

strain distribution under load in the elastic range. 

Table 5-C gives the first set of results. Since these were 

verified upon loading to failure with a method described in chapter 

VI no comments are necessary here. 

Figures 5-12 to 5-55 give information regarding the strain 

distribution under load for the various models. The isoclinics, 

the isochromatics, the major principal strain isotenics and the 

minor principal strain isotenics are shown for each plate. 



Plate 

7 2 

PLATA-MODELS TEST RESULTS 

at most critical 
point 

?SVC.A. Correction ( G 3 ) C 0 M P ^ * / < £ J C Q M P \ ' / 
Factor (£Jfield / (8L) 3 / u w u ^3'f ((ejpuw 

mortar/ * •* 

MPA-1 28.00 0.606 0.836 -0.385 1.180 0.287 

MPA-2 33.50 0.854 0.794 -0.338 1.530 0.375 

MPA-3 39.25 O.786 0.775 -0.339 1.250 0.327 

MPA-4 46.50 0.939 0.745 -0.381 1.095 0.253 

MPB-1 32.25 0-. 761 0.851 -0.353 0.883 0.299 

MPB-2 40.25 1.038 0.723 -0.241 0.735 0.395. 

MPB-3 49.25 0.865 0.632 -0.251 0.545 0.300 

MPB-4 39.50 0.833 0.569 -0.263 0.950 0.305 

MPC-1 27.00 1.338 1.022 -0.326 1.235 0.452 

MPC-2 32.00 1.091 0.887 -0.260 0.823 0.457 

MPC-3 37.75 o.8i4 0.828 -0.317 1.074 0.358 

MPC-4 43.50 1.043 0.793 -0.250 0.877 0.442 

Table 5-0 
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b) Validity of Results 

The strain analysis was considered to give a fairly good degree 

of precision. Measurements were made in one quarter or one half of 

the aggregate particle array, depending on the symmetry of the array. 

Certain points were duplicated to check out possible errors, espec-

ially in zones of low shear strain where the isoclinics were difficult 

to read. These verifications showed that strain gauge readings, for 

example, did not vary by more than 10 micro-strains in 50 when the 

alignment of the gauge was varied to the extreme of the possible 

error. This is confirmed by a Mohr circle analysis for a typical 

state of strain of = +50 and = -250. A variation of 10 

micro-strains would require at least a 10° change in alignment in 

such a case. 

It can be safely assumed therefore, that testing errors do not 

significantly affect the overall patterns shown on the graphs, espec-

ially since these are shown not to vary much from one plate to another 

in the same series. 

It was felt desirable to present all the information in the form 

of graphs to facilitate observation of the strain disturbances caused 

by the aggregate particles. But since plotting these lines is subjec-

tive, as can be seen in figure 5-6, no direct measurements should be 

made on the graphs to obtain precise values. 

The variation in the strain levels from one plate to another in 

the same series was felt to be due both to variations in the material 

itself and to possible errors in the testing method. As regards the 

material, it is easy to see that the mortar matrix in the small gauged 

areas could be subject to variations from one zone to another, due 

to differences in air content and water content for instance. 



c) Critical Zones 

MPA Series: 

For this type of packing, the area directly between two particles 

aligned in the direction of loading was always found to be critical, 

with the most critical point approximately in the mid-section. Al-

though the compressive strains were relatively undisturbed, very 

high tensile strains occurred in this zone. 

A secondary crtitical zone of very small extent was found in-

between two particles aligned perpendicular to the direction of 

loading; this was mostly due to the value of the compressive strain 

which was low at that point, the tensile strains being only slightly 

above normal ( A c \ - 0.181 At the centre of symmetry of the 
3 f 

packing, a tensile strain of approximately zero was always found, 

therefore that portion of the specimen was considered very safe. 

It should be noted in addition that as the spacing between the 

aggregate particles became smaller, the strain disturbances stayed 

of the same order. This experimental result will be of great impor-

tance when, in the next chapter, the effect of varying the volume 

fraction upon the composite strain levels at discontinuity is dis-

cussed. 

MPB Series 

For the first three plates in this series, the most critical 

point was found to lie between the two aggregate particles aligned 

perpendicular to the direction of loading. A zone extending roughly 

a quarter of a diameter on each side of this point in a vertical 

direction was found to be critical. It is a zone of low compressive 

strain generally and fairly high tensile strain. The strain distur-

bances were not very significant in the zones between the particles 



aligned at 30 degrees to the direction of load. 

In plate number 4, where the same effects should have occurred, 

no critical points were found inside the packing and measurements 

made above the upper aggregate particle showed the most critical point 

to be situated in this zone. Special 1 mm foil strain gauges were 

used inside the packing because of the close proximity between the 

particles. These yielded the same results. 

MPC Series 

As in the first series, results from this set of plates showed 

that the proximity of two particles in the direction of loading caused 

a high tensile strain disturbance in the mortar between. The most 

critical point was found in this zone. The area between the particles 

placed horizontally was found to have low compressive strains but 

normal tensile strains and therefore, was only slightly, if at all, 

critical. 

Plate MPB-2 had the most critical point at some distance from 

the line of symmetry but it was only slightly more critical than the 

one along the symmetry line, due to a lower compressive strain and 

not to a higher tensile strain. 

The strain distribution in plate MPB-4 was probably affected 

by an air void or a shrinkage crack and this effect will be studied 

in chapter VI. 

As in the first series, the strain disturbances did not vary 

significantly from one plate to another. 
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CHAPTER VI 

LOADING TESTS TO FAILURE OF THE PLATE-MODELS 

Section 1. Introduction 

To allow verification of the composite strains at fracture 

initiation which had been obtained from the strain analysis dis-

cussed in chapter V, a continuous recording of the principal ten-

sile strain at the most critical points on the plates was made 

during these failure tests. It was felt that the formation of 

the first crack at these points would be indicated by a sudden 
23 

sharp increase in the recorded strain . 

The other aim of these tests was to obtain information on 

the phenomenon of crack propagation in the plates by examination 

of the crack patterns on the plates at the end of the tests. Add-

itional information was also obtained from photographs taken during 

the tests of the isochromatic patterns on the photo-elastic coat-

ings. 

Section 2, Testing Procedure 

a) Position of Strain Gauges 

All the strain gauges previously used for the strain analysis 

were removed from the uncoated face of each plate-model, and re-

placed by a new array of gauges. 

On each of the twelve plates, two 30 mm strain gauges were 

used to measure the principal compressive strain in the mortar 

field They were placed on each side of the aggregate 

particle array, at two inches from the sides of the plate, aligned 

in the direction of loading and at exactly mid-way between the top 

and bottom of the plate. 

Only two strain gauges were used to measure the field strains 

(instead of the four used previously) because, as will be seen 
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later, the data-logger used for the strain recording could only cope 

with one reading every second. Had there been four field gauges, 

the successive readings of the tensile strain at the most critical 

point would have been too far apart in time. Also, it was felt 

better to use gauges with an active length longer than previously 

(5 mm field gauges were used for the "elastic" strain analysis 

in chapter V) to ensure more realistic readings through each test 

up to failure. 

MPA Series 

On each of the four plates in this series, there were two 

"most critical points" because of the symmetry of the array of 

particles. So two 2 mm gauges were fixed on each of these plates. 

The strain analysis having shown that the "most critical point" 

was always at, or very near, the center of each critical zone 

(Cf Chapter V section 3)» this is where the gauges were placed, 

aligned in the direction of the principal tensile strain. It was 

considered that very small variations of the most critical points 

from the above position should be disregarded and the gauges placed 

at the critical zone center on all plates in the series. The strain 

distribution had been analysed only in one of these critical zones 

on each plate, so the position of the gauge in the other zone had 

to be decided upon using results from the series as a whole. These 

results, together with considerations of symmetry indicated that 

the most critical point was in the middle of the center-to-center 

line joining the two particles aligned in the direction of loading. 

MPB Series 

On each of the plates in this series there was only one "most 

critical point". Therefore one 2 mm gauge was fixed at that point 

on each plate, aligned in the direction of the principal tensile strain. 



MPC Serios 

The same considerations apply to this as to the MPA Series. 

There were two equally critical zones due to the symmetry of the 

aggregate particle array (CF Chapter V section 3) and so two 2 mm 

gauges were used on each plate. They were placed at the mid-sections 

of the critical zones in all cases except one gauge on plate MPC-4. 

On that particular plate, the most critical point in the zone where 

strain measurements had been made was not only offset by a signif-

icant distance from the symmetry line but also much more critical 

than the point on that line. This could not be disregarded, 

b) Loading Arrangements 

The piston platen previously used in the small load frame to 

ensure an even distribution of applied load was also used in these 

tests. It was attached to the top platen of an Amsler 300 Ton-

force testing frame. Each plate in turn was placed in this frame 

(see figure 6-1) and a constant vertical compressive strain rate 

of approximately 300 micro-strains per minute was applied to it 

until the Amsler dial showed that maximum load had been reached. 

At this point which was termed "failure" the load was taken off 

rapidly in an attempt to avoid complete breakdown and disruption of 

the specimen. In seven cases out of twelve, this was achieved and 

it was then possible to grind the back face of each plate to examine 

closely the crack patterns. 

c) Recording of Strains and Applied Load 

During the tests, a Peekel data-logger continuously recorded 

the strains from the gauges on the plates and also from a pressure 

transducer connected to the Amsler pressure control cabinet. 

A load of approximately 2 ton-force (600 p.s.i. on the plate) 

was needed to ensure the operation of the Hydro-Pacer control-

ling the vertical strain rate, so strain readings taken below 
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TYPICAL PLATE-MODEL IN 

300 TON-f AMSLER TESTING FRAME 

FIGURE 6-1 
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this load were disregarded. As mentioned previously, a speed of one 

strain reading every second was used." 

The order in which the strain readings were taken on the plates 

with four gauges was as follows: the first field gauge, the first 

2 mm gauge, the pressure transducer, the second 2 mm gauge and the 

second field gauge. For the plates with only three gauges, the same 

order was kept but the second 2 mm gauge reading was omitted. 

d) Photographs 

The isochromatic pattern on the photoelastic coating on each 

plate was photographed every 30 seconds using a Leica camera and an 

electronic flash unit. The camera was placed at about three feet 

from the plate, behind the analyser unit of a polariscope. The 

light source was placed behind the polarizer unit of another polar-

iscope at a certain distance to the side of the camera so that the 

light would not be reflected directly into it. Trial tests had been 

conducted previously to determine the exact setting of the camera 

and the optimum position of the flash unit. 

The first picture was usually taken at a load level of approx-

imately 2 Ton-force. The applied load was noted every time a photo-

graph was taken. In these tests which lasted approximately 15 minutes, 

50 photographs were generally taken. The shrinkage pattern on the 

plates (i.e. at zero load) had been photographed previously. 

Section 3» Determination of Fracture Initiation Point 

a) Results 

The readings of the tensile strain at the most critical points' 

on each plate were plotted directly against the load measured by 

the pressure transducer. The relation between these two variables 

for a typical plate (MPB-1) is shown on figure 6-3 for the first 12 Tons 
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of load (approximately 3600 p.s.i. on the plate). The calibration 

of the pressure transducer (shown on figure 6-2) had shov/n that the 

relation between the applied pressure and the transducer reading in 

micro-strains was linear so, for simplicity reasons* direct micro-

strain readings were plotted. 

On the graph in figure 6-3, as on those for all other plates 

(figures 6-A and 6-5 show two more of these graphs), it was noted 

that the relation remained linear within a four micro-strain band 

in which the data points were randomly distributed (shown on figure 

6-3). After a certain point, significant deviation from linearity 

occurred. It was considered that this point marked the onset of 

micro-cracking in the mortar matrix at the corresponding gauge posi-

tions. At this low level of strain, in a short term test, only the 

formation of microcracks can explain such a marked change in the 

rate of increase of the tensile strain. 

Knowing the value of the tensile strain at which microcracking 

had initiated, it was then possible to obtain from the recorded data 

the corresponding field strains and to calculate the compressive 

composite strain at fracture initiation as shown on figure 6-3• The 

average field strain was corrected for gauge factor and the ratio 

((H-COMP.)f.i./(£r,pure mortar)f.i.) was calculated using the ratio 

of the composite strain to field strain measured during the strain 

distribution analysis, this ratio being constant up to fracture init-

iation. 

For every 2 mm gauge on every plate, the (E^comp^.i. /(E^pure moi-

tar)f.i. ratio was calculated. In one case only (MPC-A) it was 

impossible to do this because no linear portion of the curve was 

evident. On table 6-A, all these ratios are shown. Where a plate 

had two gauges, the average result is given together with the predicted 
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PLATE MODEL FAILURE TESTS RESULTS 

((£,COMPK , P.M.) ) 
j I . 1 • g I .1» 

PLATE RESULTS FROM AVERAGE PREDICTED 
FAILURE TESTS (uHE/Jln)HESUifl?) 

MPA-1 .406 .418 ' .412 -.287 

MPA-2 . 2 5 0 .493 .371 -373 

MPA-3 .327 .327 .327 .327 

MPA-4 .302 .241 .271 .253 

MPB-1 .412 - .412 .299 

MPB-2 .333 - .333 .395 

MPB-3 .239 - .239 .300 

MPB-4 .215 - -215 .305 

MPC-1 .400 .492 .446 .452 

MPC-2 . 347 . 347 . 347 . 457 

MPC-3 .257 .325 .291 .358 

MPC-4 . 3 3 2 - . 3 3 2 .442 

Table 6-A 
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ratios from the strain analysis in Chapter V, In this way, comparison 

with the average value shown can be made. 

The variation between the two results on a single plate was 

found generally to be low. The agreement between the predicted ratios 

and the so-called "real" ones, obtained during the present failure 

tests, will be discussed in the following sub-section. 

b) Relation Between Composite Strain at Fracture Initiation and 
Coarse Aggregate Content. 

It was mentioned in chapter II that for each aggregate particle 

array considered four plates were cast. Different spacings between 

particles had been used to study the variation in the plate-model 

properties with varying volume fraction of coarse aggregate. In that 

chapter it was also explained how the volume fraction of coarse 

aggregate, represented by each spacing on each plate,had been 

determined. The quantitative result obtained through the testing 

of the plate-models being the value of the minor principal composite 

strain at fracture initiation for each plate (table 6-A), three graphs 

were plotted (one for each series) to study the relation between the 

(E^comp)f.i./(£3pure mortar)f.i. ratio and the volume fraction of 

coarse aggregate. To enable a valid comparison of the values of 

the predicted ratios with the "real" ones, both these values were 

plotted on each graph at each point. 

It was found on each of these graphs that the relation between 

the minor principal composite strain at fracture initiation and the 

volume fraction of coarse aggregate was approximately the same whether 

the predicted results or the "real" results only were considered. 

But tho scatter of the data points was found to be much smaller for 

the "real" results than for the predicted ones. On the graphs in 

figures 6-6, 6-7 and 6-8, where both these two sets of results are 
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plotted against volume fraction of coarse aggregate (V±, C.A.), the 

average curve through the "real" points is shown. It can be seen 

that only a snail deviation about this line occurs. Therefore it 

was considered that this method of obtaining the "real" composite 

strains at fracture initiation was not only valid but gave more 

precise results than those obtained using the method described by 

McCreath. Since it was found, considering all twelve plates, that 

the predicted ratios were neither consistently higher or lower than 

the "real" ones, it was thus considered that the hypothesis of lin-

earity from zero load to the formation of the first micro-crack, on 

which the McCreath method is based, was justified. 

For tho three particle arrays considered, the relation between 

the volume fraction of coarse aggregate and the minor principal com-

posite strain at fracture initiation appeared similar : a rapid 

decrease in strains from V^ C.A. = 0% (pure mortar) to approximately 

V^ C.A. = 30$, and then a slower decrease up to and over 50%. It 

was decided to compare the results from the three series of tests by 

plotting them on a single graph. As shown in figure 6-9, these result 

are contained within a small band thus yielding a single well-defined 

relation between the volume fraction of coarse aggregate and the com-

posite compressive strains at fracture initiation for all the particle 

arrays. All the data points were found to lie at random in this band 

and although small differences between models might have been expected 

the testing errors were larger and these differences were not seen. 

c) Comparison v/ith McCreath's Results 

McCreath^ had tested twelve plates using the particle array (D) 

shown on figure 2-5. As mentioned in chapter II, the formula he had 

used to determine the volume fraction of coarse aggregate represented 

by each of the various spacings on the plates he had tested was 
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considered erroneous. So the percentage of coarse aggregate rep-

resented was recalculated for each plate using the method described 

in chapter II. In table 6-B, McCreath's results are given. The 

spacing between particles for each plate and the volume fraction 

of coarse aggregate as given by McCreath and as recalculated are 

also shown. 

On a graph similar to that on figure 6-9 McCreath's results 

were then plotted (see figure 6-10). They were found to have a larger 

scatter than the present "real" results obtained during the failure 

tests. This had been expected since they represented only predicted 

composite strains at fracture initiation. But the trends exhibited 

by both series of twelve plates were seen to be similar although 

McCreath's results were'lower (more critical) than the present ones. 

It was nevertheless concluded that the relation shown on figure 

6-9 could be safely used to represent the general trend exhibited 

by the results of the four arrays tested. It was considered that 

the differences between the present series of test results and 

McCreath's results were not significant because of the degree of 

scatter of the test results involved. 

d) Comparison with Tests on Three-Dimensional Concrete 

It was considered necessary to compare one basic property 

of the plate-models with the same property measured on three-dimensional 

concrete specimens, in order to show that the plate-models were repres-

entative of three-dimensional concrete. The information obtained 

from the tests on the plates in the "elastic" range, i.e. the extent 

of the critical and non critical zones, the position of the most 

critical points, and the study of the propagation of micro-cracking 

in the plates up to failure would be meaningless otherwise. 

Test results from concrete cylinders with the same characteristics 
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McCreath's Results 

(Plates tested with array 'D' (see fig. 2-5)) 

d % V C.A. % V C.A. (S C Q M P )f.i> 
D 

(McCreath) (recalculated) (FL̂ pure mortar)^ ^ 

2.46 5 16.0 .504 

1.77 24.0 .381 

1.54 20.0 28.5 .373 

1.41 26.3 32.0 .219 

1.34 30.6 34.5 .224 

1.29 34.9 36.5 .318 

1.24 39.2 39.0 .149 

1.17 46.9 -185 

1.14 50.0 46.0 .102 

1.11 54.6 49.0 .246 

1.03 67.2 58.0 .196 

1.00 72.2 64.0 .140 

Table 6-B 
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3 as the plate-models were available. McCreath had tested in 

uniaxial compression a series of concrete cylinders (10" long 

x 4" diameter) containing various volume fractions of single-sized 

glass spheres in a mchrtar matrix similar to that of the plate-models. 

The glass-spheres had a surface texture equivalent to the one on 

the coarse aggregate used in the plate-models and the specimens 

had been cured in the standard way described in chapter III, 
13 

Newman had also tested in uniaxial compression a series of 

cylinders having the above characteristics, as part of a program 

of triaxial tests. 

Figure 6-11 shows the relation between the minor principal 

composite strain at fracture initiation and the volume fraction of 

coarse aggregate for the cylinders tested by McCreath. On figure 

6-12, the same relation for Newman's specimens is shown. As Newman's 

results yielded a more precise and well defined trend, it v/as decided 

to compare the levels of composite strain at fracture initiation 

measured in the plate-models with the ones measured on Newman's 

specimens. It should be noted that these results are similar to 

McCreath's, but are more critical for the same volume fraction of 

coarse aggregate. The main reason for this is most probably the 

more precise method used by Newman to determine the point of dis-

continuity (Cf chapter IV). 

The proposed comparison was made by plotting Newman's results 

on a graph similar to the one on figure 6-9. From this, it was seen 

that the behaviour of the plate-models coincided with the behaviour 

of the glass-marble concretes in the region of volume fractions 

•covered by the plates tested. Only minor differences between the 

measured composite strain to pure mortar strain ratios at fracture 

initiation for both series of tests were found (see figure 6-13)• 
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It was considered that this close agreement was especially signif-

icant since a direct method had been used to pin-point fracture 

initiation in the plate-models and an indirect overall strain meas-

urement method had been used for the glass-marble concretes. It 

was therefore concluded that the plates were a valid two-dimensional 

representation of such gap-graded concretes and that the phenomena 

observed in the plates were probably a good representation of those 

occurring inside the glass-marble concretes. So it was felt that 

the plates could be safely used to explain the process of crack 

initiation and propagation in these concretes. 

Section 4. Strains up to Failure 

After the composite strains required to initiate micro-cracking 

in the mortar matrix in the plate-models had been obtained by det-

ermination of the point at which the load to tensile strain (meas-

ured at the most critical point) relation ceased to be linear, a 

study of the tensile strains from that point onwards and up to 

failure was conducted. 

In the first series of plates (MPA) the relation between the 

measured compressive field strains ((E.̂ )̂ .) and the tensile strains 

at the most critical points after the onset of micro-cracking was found 

to be approximately the same for the four plates and so independent 

of the spacing of the aggregate particles. After fracture initiation, 

the tensile strains increased with respect to the field strains at 

a very rapid rate up to failure. In certain cases, more than 6000 

micro-strains were recorded. The average relation between these 

tensile and field strains is shown on the graph in figure 6-14 as 

a single curve for the four plates. 

In the MPB series,"the recorded tensile strains on the first 
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three plates varied with the field strains in approximately the 

same way. After fracture initiation, the rate of increase of the 

tensile strains became somewhat larger than previously but at a 

certain point was seen to decrease. On plate MPB-4, the field strain 

to tensile strain relation was seen to be vastly different and was 

plotted individually on figure 6-14. For the other three plates, 

an average curve is shown on that figure. 

In the last series of plates (MPC) the strain response was 

also found to be approximately the same for all plates after crack 

initiation, and somewhat similar to the behaviour of the MPA plates. 

An average curve representing the relation between the measured 

tensile strains at the most critical points and the field strains 

is shown on figure 6-14. 

Examination of figure 6-14 showed that for all plates the ten-

sile strain at the most critical point at any value of the field 

strain was greater than that for pure mortar. For plates MPB-1-2-3, 

this increase in tensile strain was found to be much smaller than 

for all other plates. It was concluded that in these MPB plates, 

the onset of micro-cracking had somehow allowed a certain redistrib-

ution of the stresses which prevented a large increase in the ten-

sile strain at the most critical point. In the other plates, the 

onset of micro-cracking was considered to have simply weakened the 

material without altering the applied stress state and that there-

fore large increases in the tensile strain had occurred due to ext-

ensive micro-cracking. 

It is difficult to determine the manner in which a stress re-

distribution has occurred without a comprehensive stress analysis, 

but however, consideration of the position of the most critical points 

on the plates is of assistance in understanding their behaviour. On 
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plates HPB-A, MPA-1-2-3-A and MPC-1-2-3-A, the most critical 

point was either on top of one aggregate particle (MPB-A) or in-

between two particles which were aligned in the direction of loading 

(MPA, MPC). It is reasonable to assume that at such points,, crack-

ing could not alter the applied stress state because there were no 

other possible stress paths. 

Section 5. Crack Patterns 

a) Crack Patterns prior to Loading 

Two different methods were used to detect the cracks due to 

drying shrinkage of the plates. Before loading, the plates were 

examined using a stereo-microscope (90 x magnification). Use was 
3 

also made of a fluorescent dyeing technique described by McCreath • 

In this method, plates are sprayed with a special "fl&w detecting ink" 

and viewed under ultraviolet light which indicates flaws as fluores-

cent lines. 

The pattern of shrinkage cracks thus detected was found to be 

the same for all plates, whatever particle array was considered. 

A number of cracks (of no more than ^ to \ of a diameter in length) 

were seen to radiate from the cylindrical aggregate inclusions. The 

dyeing technique indicated that cracks directly between two particles 

close to each other were usually larger than all others. It should 

be noted in addition that these large cracks were the only ones vis-

ible through the microscope.. 

A typical pattern of shrinkage cracks is shown on figure 6-15. 

It should be noted that the zones where the cracks appeared larger 

coincide with the zones of high shear-strain on the photoelastic 

coating when no load was applied to the plate (see frame 'a', figure 

6-21). The other cracks are found in zones of low shear strain due 
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to shrinkage, 

b) Influence of Shrinkage Cracks 

Due to the various aggregate particle arrays tested, the align-

ment of the shrinkage cracks in the critical zones with respect to 

the direction of the principal strains was not always the same. In 

models A and C, the shrinkage cracks were aligned in the direction 

of the minor principal strain and in the first three MPB plates, 

in the direction of the major principal strain. In the model tested 
3 

by McCreath , there were no cracks at all in the critical zones. 

It was felt that the possible influence of these shrinkage 

cracks upon the analysis of the strain distribution in the plate- • 

models would have been to cause high tensile strains at certain 

points where the cracks were aligned in the direction of loading 

(plates MPA, MPC, and MPB-4). This in turn would have caused lower 

composite strain levels at fracture initiation to be predicted. 

It was therefore considered unlikely that the shrinkage cracks 

had influenced the strain distribution since it was not thought likely 

that the shrinkage cracks would have thus caused the predicted com-

posite strains at fracture initiation in models A and C to be approx-

imately the same as in model B and as in McCreath's model. It should 

also be noted that the distribution of tensile strain in the plate-

models always showed a gradual strain increase from a safe zone to 

a critical zone and to the most critical point. It is probable that 

large strain differences from one point to another would have been 

noticed if a crack had opened up under load at a gauge point. Only 

in one case was the strain distribution affected in such a way as to 

suggest the possible influence of a crack (plate MPC-4). 

Since the composite strains at fracture initiation obtained 

during the loading tests to failure of the plates coincided generally 
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with the predicted ones, it was also considered unlikely that 

fracture had suddenly been initiated by the extension of a shrinkage 

crack under one of the 2 mm gauges placed at the most critical 

points on the plates. 

It was therefore concluded that the shrinkage cracks were 

probably only surface cracks not having a significant influence 

in the present analysis of the plate-models. 

Finally, it should be mentioned that the discontinuity strains 

measured on glass-marble concrete cylinders being similar to the 

ones measured on the plate-models for the same volume fractions of 

coarse aggregate, any general influence of shrinkage cracks upon 

the behaviour of the plate-models must have been the same as on the 

three-dimensional concrete specimens. 

c) Crack Patterns Observed after Failure 

MPA Series 

In this series, tv/o plates out of four remained fairly intact 

after failure. It was possible to grind the uncoated face of these 

using the Abwood grinding machine, taking away barely one hundredth 

of an inch, to remove the adhesive used for fixing the strain gauges. 

In this way, smooth surfaces were obtained which were sprayed with 

the "flaw detecting ink" and viewed under ultraviolet light. 

On each of these two plates, only shrinkage cracks were observed 

in the mortar matrix outside the critical zones. In these critical 

zones however, the mortar seemed to be completely disrupted and had 

spalled off in certain places. In figure 6-16, plate MPA-3 is 

shown. The zones of spoiling of the mortar under load are outlined 

but the shrinkage cracks are not showed since they remained unaf-

fected by the load as far as could be seen and they exhibited a 
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pattern similar to the one shown on figure 6-15• 

One of the plates that it was not possible to grind is shov/n 

on figure 6-17. On this plate, and on the last one in this series, 

zones of spoiling of the mortar in the predicted critical zones 

v/ere observed although they were not as well defined as in the 

ground plates. A large crack perpendicular to the direction of 

load was observed on the plate shown in figure 6-17. It was consid-

ered this was due to the sudden unloading of the plate when it failed 

causing a rebound of the vertical strain and therefore putting 

the plate in tension. 

Finally, it should be noted that not only had fracture initia-

tion been predicted in these zones of spalling seen on the plates 

but that very large tensile strains of up to 10000 micro-strains 

had been measured at the center of these zones. 

MPB Series 

In this series also, two plates remained in a condition which 

allowed grinding after failure. Apart from the major cracks (visible 

to the naked eye) due to the overall breakdown of one of these plates, 

no cracking under load was observed. The use of the ultra-violet 

light and the "flaw detecting ink" revealed the usual pattern of 

shrinkage cracks, but in the zones where the onset of micro-cracking 

had been determined by the continuous recording of the tensile strain 

(as mentioned in the previous sections) no cracks were observed. 

This v/as not surprising since the recording of the tensile strain 

had shown that micro-cracking had not progressed to a large degree 

in that zone possibly due to stress relieving. It simply showed 

that a larger amount of micro-cracking v/as needed before a crack 

of sufficient length to be detected by the ultra-violet light method 

could develop. If one considers that a micro-crack in mortar might 
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be only a small prpcrtion of the spacing between two grains of 

sand, this is hardly surprising. A photograph of the plate exhibiting 

large failure cracks is shown on figure 6-18. 

The last plate in the series, MPB-4 was also photographed and 

can be seen on figure 6-19• Even if grinding v/as not possible, 

evidence of load spoiling was seen on top of the middle particle 

in the array. Large tensile strains had been measured at that point 

which had been predicted to be the most critical. 

It was therefore evident from the overall crack patterns in 

these two plates photographed that the onset of micro-cracking at 

the most critical point inside the array had little or no influence 

on the final failure of the plates. These two patterns were seen 

to be similar but in one case the zone between the two bottom part-

icles had been found to be critical and in the other case, safe. 

MPC Series 

In the last series, three plates out of four remained intact 

after failure. Their uncoated face was ground to obtain a smooth 

surface and they were sprayed with the "flaw detecting ink". On 

examination under ultra-violet light, the usual pattern of shrinkage 

cracks appeared on each of them but cracks due to load were only 

seen on one plate (in the critical zone). On the other plates, there 

was either no signs of cracking, or in many cases zones of spalling 

of the mortar in the predicted critical zones. 

Large tensile strains at failure had generally been measured 

at the most critical points and the zones where the load spalling 

was seen usually coincided with the ones where the largest tensile 

strains had been recorded. It must be concluded therefore that in 

some critical zones, micro-cracking had not progressed to an extent 

large enough to be detected by the ultra-violet light method 



1 5 5 

CRACK PATTERN AFTER FAILURE 

FOR PLATE MPB-2 

FIGURE 6-17 



156 

i 

CRACK PATTERN AFTER FAILURE 

FOR PLATE MPB-4 

FIGURE 6-19 



157 

(exccpt in one case) or to cause spoiling of the mortar. 

On figure 6-20, a photograph of plate MPC-4 is shown and the 

zones of spelling of the mortar under load are outlined. 

Section 6. Photographs of Isochromatic Patterns 

As mentioned previously, the isochromatic pattern on the 

photo-elastic coating on each plate was photographed every 30 

seconds during the loading tests to failure. Examination of each 

set of photographs and comparison with the sets for the other plates 

in the series revealed similar "behaviour. It was therefore decided 

that only the description of the photographs taken on one plate in 

each series would be given in the present chapter. It v/as not 

considered necessary to show all the pictures from each chosen 

typical plate (about 30), so eight frames in each film were selec-

ted. 

It must be emphasized that the fringes that appear on the 

photoelastic coating represent a value of shear strain - )• 

As the shear strain increases in the coating, the colour moves 

from black, to white, to yellow and to red. After red, the first 

fringe is said to be reached (a shear strain of approximately 600 

micro-strains). As the strain increases further, the colour then 

changes to blue, to green, to yellow and to pink. Nov; the second 

fringe is reached (approximately 1200 micro-strains), From that 

point onwards, the colour only changes from pink to green, to pink 

etc. and every time the pink colour appears,a new fringe is reached. 

It should be noted that on the photographs, the pink colour might 

appear more like mauve due to technical difficulties of reproduction. 

Finally, it must be mentioned again that because of the thick-

ness effects of the coating, the strain gradient at certain points 

is probably much steeper than apparant on the coating. 
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Plato HPA-3 (Photographs on figure 6-21) 

The isochromafcic pattern due to shrinkage only is shown on 

the first photograph (frame 'a'). It must be remembered that this 

pattern has to be "subtracted" from the ones seen on the other 

pictures to obtain the strains due to the applied load only. 

At a load level of 1800 p.s.i. (frame fb') and then at a 

load of 3240 p.s.i. (frame 'c') only the mid-sections of the two 

predicted critical zones seemed to be straining at a higher rate 

than the mortar in the "field". But at 51C0 p.s.i. (frame 'd') 

high strain concentrations were seen to start moving from the 

center of the critical zones up to, and around, the aggregate inclus-

ions. Further load increments (frames fef, !f!, 'g') only served 

to emphasize this effect. 

The last photograph, frame 'h', shows the isochromatic pattern 

after failure upon removal of the applied load. High residual 

strains were seen in the critical zones (i.e. between two particles 

aligned in the direction of load), around the aggregate inclusions 

and also on top of them. It was considered that these residual 

strains we re certainly due in a large part to the development of 

micro-cracking. As the sequence of the photographs strongly suggests, 

micro-cracking had initiated at the mid-section of the critical zones 

and later had progressed around the aggregate inclusions. On the 

uncoated face of the plate, evidence of a very high degree of micro-

cracking (spalling of the mortar) had been noted, but only in the 

critical zones. This, therefore, suggested that around the aggregate 

inclusions and on top of them, micro-cracking had not progressed to 

such a high degree as to cause spalling. 

In the mortar "field", only a relatively small amount of 

permanent disruption seemed to have been caused and at the center 
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Figure 6-23 (Cont'd) 



of symmetry of the particle array, a zone found to be "safe" from 

the strain analysis in chapter V, no residual strains were found. 

Plate MPB-3 (Photographs on figure 6-22) 

The most critical point on this particular plate had been 

found in the mortar zone directly between the tv/o bottom particles 

of the array. It was found that the value of the shear strain at 

that point was generally low because the photographs indicated that 

load channelling through the bottom particles had occurred, causing 

a decrease of the compressive strain. But it was seen that, whereas 

at low loads (frames rbf and rc') the shear strain level in this 

particular zone v/as lower than in the adjacent aggregate particles, 

at a load of 4200 p.s.i. (frame 'd'), it was higher. In the foll-

owing photographs the shear strain at that point relative to the 

shear strain value in the field continued to increase, although not 

at the rapid rates seen in the critical zones in plate MPA-3. 

In other parts of the matrix, the strain response was found 

to be approximately linear up to the fifth photograph (a stress of 

7050 p.s.i.) when high strain concentrations started to appear 

(a) between the aggregate particles aligned at 30 degrees with respect 

to the vertical axis, (b) around the aggregate inclusions and (c) on 

top of them. At 9390 p.s.i. and at 11,790 p.s.i., these high strain 

concentrations simply increased in value and the last photograph, 

taken upon removal of the load after failure indicated large residual 

strains in these zones which suggested that micro-cracking had occurred 

Examination of this series of photographs therefore confirmed 

that micro-cracking had initiated at the predicted point as also 

evidenced by the sudden deviation from linearity in the recorded 

tensile strain. It appeared that this micro-cracking had not subseq-

uently progressed to a large extent. At later stages in the loading 
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micro-cracking appeared in other zones especially around the aggre-

gate particles. 

No cracks had been detected when the above plate was ground, 

washed with the "flaw detecting ink" and viewed under ultra-violet 

light. It was considered that the geometry of the system and the 

pattern of the strain disturbances had caused large zones to be 

subjected to micro-cracking and that sharp detectable flaws had 

not formed. Instead a high degree of "internal" disruption of the 

mortar matrix had occurred. 

Plate MPC-2 (Photographs on figure 6-23) 

Examination of the photographs in figure 6-23 indicated that 

the three particles aligned in the direction of loading had acted 

as a unit and had been largely unaffected by the presence of the 

other two particles (which behaved as individual units). The pattern 

of' the strain distribution in the critical zones was s een to be 

closely similar to the one observed in the critical zones on plate 

MPA-3. Large shear-strain concentrations at the center of these 

critical zones were seen to occur fairly early in the loading seq-

uence (frames fc' and *d1) and at higher loads (frame Te', 'f1, !g') 

these were seen to move around the aggregate particles. As in the 

MPA plates, evidence of load spalling in these critical zones had 

indicated that micro-cracking had progressed to a very high degree. 

The residual strains after failure, seen on the last frame 

('h') showed that more damage had occurred in these critical zones 

than at any other place. 

Section 7. Discussion of Results and Conclusions 

a) Applicability of Plate-Model Test Results to Concrete 

Newman^l uniaxial compression tests have shown that the intro-

duction of coarse aggregate in a mortar matrix reduces significantly 
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the value of the minor principal composite strain required 

for fracture initiation (see figure 6-12). These tests v/ere performed 

on cylinders containing various quantities of single-sized ground 

glass spheres in a mortar matrix, and a relation was established 

between the volume fraction of coarse aggregate and the level of 

minor principal composite strain required to initiate fracture. 

The plate-model tests in the present series contained three 

different arrays of cylindrical aggregate particles with various 

spacings between particles representing volume fractions of coarse 

aggregate varying between 2.f°/o and G0%. The strain analysis in 

chapter V and the use of the fracture initiation envelope allowed 

the onset of micro-cracking to be predicted at certain points and 

at certain composite strain levels. Continuous strain readings on 

the plates during the tests to failure confirmed that fracture init-

iated at the level of composite strain predicted, and that the relat-

ionship between the composite strains required for fracture initiation 

and the percentage of aggregate was the same for all three particle 

arrays and similar to the relation obtained by Newman and three-

dimensional test specimens within the same range of volume fractions 

of coarse aggregate (see figure 6-13)* 

Since the points where discontinuity strains were measured on 

the plate-models were in the mortar matrix and since the relation 

between the composite compressive strain required for fracture init-

iation and the volume fraction of coarse aggregate was the same for 

the plate-models and the three-dimensional specimens, it was concluded 

that fracture in these three-dimensional specimens had also initiated 

in the mortar matrix^ The strain disturbances causing the low levels 

of composite strains at fracture initiation in the plate-models 

(the basic mechanisms of fracture initiation in such models) were 
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therefore considered most probably the same in "real" concrete. 

The three models tested by the author and the one tested by 

McCreath (which gave similar results) can therefore be considered 

to comprise a valid two-dimensional representation of particles in 

concrete (containing single-sized glass-spheres) and the process 

of crack initiation and propagation in these plates is certainly a 

good indication of processes occurring "inside" the glass-marble 

concretes under load for the region of volume fractions of coarse 

aggregate investigated in the plate-models. 

It must also be mentioned that the "elastic" strain analysis 

for the mortar matrix alone, used to study the discontinuity level 

of the plate-models, was therefore totally justified. The curves 

showing the strain disturbances (isochromatic^ isotenics) in the 

various models (figures 5-12 to 5-55) can also be expected to give 

a valid indication of the strain disturbances in concrete before the 

onset of micro-cracking. 

b) The Process of Crack Initiation and Propagation 

It can now be said with almost absolute certainty that if the 

presence of round aggregate particles in a mortar matrix reduces 

so significantly the composite strains required for fracture initiation, 

it is because the presence of hard aggregate causes local high tensile 

strain concentrations in the mortar matrix (concentrations of the type 

seen in the models tested - see figures 5-12 to 5-55) enabling it to 

reach earlier at certain points the level of strain required for 

fracture initiation. 

It should be noted that above a volume fraction of coarse aggreg-

ate of approximately 25%, there is relatively only a small change 

in the composite strains required to initiate cracking. A large 

change occurs between 0% (pure mortar) and 25%» It is not surprising 
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therefore that on the photographs taken during loading to failure 

and in the recorded strain data as well, only minor differences 

from one plate to another in the same series were seen since the 

volume fractions rexxresented ranged from approximately 2]% to 60%. 

The mode of propagation of the micro-cracks was different in 

the present series of plates from those McCreath had observed-

In the plate-models tested by the author, flaws, discernable using 

the fluorescent dyeing technique were not found in the zones where 

micro-cracking had initiated. Instead, gradual extension of these 

zones of internal micro-cracking until they reached the aggregate 

particle boundaries was detected. It was considered that the pres-
3 

ence of the sharp flaws due to load that were visible in McCreath's 

models (these flaws initiated at the center of symmetry of the aggreg-

ate particle array and moved to and around the aggregate inclusions) 

was due to the geometry of the particular particle array used which 

probably caused only relatively small zones to be subjected to micro-

cracking. Flaws thus had an opportunity to develop at these points 

after sufficient micro-cracking had occurred. In certain models 

of the xxresent series, zones of spalling of the mortar were noted 

when micro-cracking had had the possibility to develop to a high 

degree. In others micro-cracking had not reached the required level 

and there was no apparent disruption. 

If the four models tested are now considered to represent fairly 

well single-sized glass-marble concretes, at least in the range of 

tests covering volume fractions of coarse aggregate from 2.7% to 60%, 

the basic process of crack initiation and propagation in such concretes 

can be described as follows. At a certain applied stress or compo-

site strain level, micro-cracking initiates because of the high strain 

concentrations (mostly tensile) zones in the matrix, caused by the 
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hard aggregate particles. As the load increases further, the zones 

of micro-cracking in the matrix expand according to their position 

v/ith respect to the surrounding aggregate particles and a sharj) crack 

can occur at a certain point of sufficient strain intensity. Further 

load increases cause the material to become completely changed since 

some zones of mortar reaching the aggregate-mortar interface are 

completely disrupted. In other zones sharp cracks have possibly formed 

and moved towards the aggregate particles. Large cracks then form 

and they propagate a.long the easiest route in this "new" material 

which may or may not include the zones originally predicted to be 

critical. The propagation route definitely includes the aggregate-
24 

mortar interface which is the weakest link in the material • The 

material then "breaks down" very shortly after the above stage when 

these large cracks have completely disrupted the specimen. 

In the plate-models, "break down" occurs suddenly when large 

cracks form(as seen in model MPB-4, for instance). But in glass-

marble concrete, because of the increased complexity of the material 

compared to a simple plate-model made mostly of mortar, more time is 

required for these large cracks to travel completely through the 

material. 

It must be emphasized that in a concrete containing graded and 

more angular aggregate where the complexity of the material is even 

greater, large cracks might form well before the stage of complete 

disruption is reached. 



CHAPTER VII 

TESTS ON THREE-DIMENSIONAL CONCRETES 

Section 1. Introduction 

It was seen in the previous Chapter that the compressive strain 

of the composite material required for fracture initiation in single-

sized glass-marble concretes (and in the plate-models) decreased 

with increasing volume fraction of coarse aggregate. This was found 

to be due to high strain concentrations (mostly tensile) in the 

mortar matrix caused by the presence of hard aggregate particles. 

It was felt that these strain concentrations would be higher, and 

thus the composite strains required for fracture initiation lower^ 

if an angular aggregate was used instead of a round one. 

It was therefore, decided to test in uniaxial compression (to 

determine the composite strains at fracture initiation) a series of 

cylinders (10" x A" diameter) containing various volume fractions 

of single-sized coarse gravel aggregate in a mortar matrix. To allow 
13 

a valid comparison with Newman's glass-marble concrete test results 

it was decided that, with the exception of the coarse aggregate part-

icles, these cylinders would have the same characteristics as Newman* 

test specimens. 

Section 2. Testing Procedure 

a) Materials 

Six groups of three cylinders were cast. All the cylinders in 

one group contained the same volume fraction of coarse aggregate in 

a mortar matrix similar to that in the glass-marble concrete spec-

imens and the plate-models (Cf. Chapter III, section 1.) Each 

group had a different volume fraction of coarse aggregate as follows: 

0%, TO/6, 20 A 30 A AO % and 30%, 
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The coarse aggregate was a Thames valley river gravel within 

the B.S.S. sieve size range -

b) Casting 

All cylinders in each group were cast and compacted at the 

same time and in the same manner. Casting was carried out in three 

approximately equal layers, each layer being vibrated separately 

on a vibrating table. The time of vibration varied according to 

the characteristics of the various mixes in order to achieve the 

maximum possible compaction. At higher volume fractions generally, 

longer vibration times were needed. Vibration was concluded when 

an insignificant number of air bubbles were seen at the surface of 

the mix. 

c) Air Content 

At the same time as each group of specimens were cast, the 

air content of a similarly compacted portion of the mix was determined 
g 

by means of the pressure pot method • The percentages of air found 

are given in the following table: 

% Coarse Aggregate % Air in Mix % Air in Matrix 

o 4.05 4.05 

10 4.25 4.70 

20 3.45 4.30 

30 3.00 4,30 

40 2.90 4.85 

50 2.15 4.30 

Table 7-a 

Examination of the above showed that the air content in the 

mortar matrix had not significantly varied from one mix to another. 
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It was therefore concluded that the mortar matrix phase could be 

regarded as similar in properties regardless of coarse aggregate 

content. 

d) Curing 

The cylinders were cured in the standxird manner described in 

Chapter III. This procedure was also followed for the curing of 
13 

Newman's specimens. 

e) Preparation of Specimens for Testing 

When the cylinders were removed from the water after 27 days, 

the ends of each were ground using an Abwood grinding machine with 

a diamond impregnated polishing wheel. The resulting ground faces 
<i 

were found to be plane and parallel to within /^QOO a n 

and perpendicular to the axis of the cylinder. 

A few days prior to testing, the surface of each specimen 

was carefully scraped to remove all latence before attaching the 

strain gauges. Four 60 mm electrical resistance strain gauges 

(PL-&0 were placed at equal distances from each other around the 

mid-circumference of each cylinder. Two opposite gauges were aligned 

axially and two laterally. Care was taken to avoid the zones where 

there were cavities in the concrete surface due to air bubbles 

emprisoned during casting. The gauges were fixed on the concrete 

surface with P.S. adhesive and left to cure for at least 24 hours 

before testing. 

f) Loading System and Strain Recording 

Each cylinder was tested to failure in uniaxial compression 

in a 300 ton force Amsler loading frame. A spherical seating unit 

(6n diameter) was placed on top of each specimen to ensure axiality 

of applied load. 
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Pressure to the loading frame ram was controlled by an 

Amsler Kydro-Pacer. It was thus possible to apply to each cylinder 

a constant rate of applied compressive axial strain of approximately 

300 micro-strains per minute• 

The strains from the four gauges and from a pressure trans-

ducer (calibration shown on figure 6-2) connected to the Amsler 

pressure control cabinet were continuously recorded by a Peekel 

data-logger reading at a speed of one channel per second. They 

were recorded in the following order : the first axial gauge, the 

first lateral gauge, the pressure transducer, the second lateral 

gauge and the second axial gauge. In this way, a minimum time (and 

therefore strain) interval was kept between the two readings of the 

lateral gauges. These two values and the two values of the axial 

strain were averaged, every cycle of five readings being considered 

as a single load stage corresponding to the pressure transducer 

reading. 

Section 3* Compressive Composite Material Strain 

at Fracture Initiation 

A method allowing the strains at fracture initiation (or 

discontinuity) on three-dimensional concrete specimens to be deter-

mined with precision was discussed in chapter IV and an example of 

the use of this method was described. The method was based on cal-

culations of volumetric strain differences between, the points on the 

volumetric strain (AV/VO) against minor compressive principal 

strain (£-.) graph and a chosen best straight line representing 

the linear portion of the curve on the graph. Fracture was said 

to have initiated when these volumetric differences showed that a 

significant increase in the volumetric strain (more than 2 micro-strains^ 

made the data points deviate from linearity. It was also mentioned 
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that, in the linear portion of tlio curve, the data points were 
+ 

usually found to lie at random in a - 2 micro-strain band caused 

by possible errors in the strain recording techniques. 

This method v/as also used on the present series of specimens 

to determine the stage at which fracture initiation occurred. 

Unfortunately, on four specimens out of 18, it was impossible 

to determine a valid discontinuity point either because the strains 

in the linear portion of the curve showed an unusually large degree 

of variation or because in certain cases a sudden decrease, rather 

than increase, in the volumetric strain was noted. It was considered 

that the strain gauge readings on these cylinders did not accurately 

represent the behaviour of the concrete specimen as a whole. 

In two other cases, the discontinuity strains for one specimen 

in a group of three were found to be extremely low. It was con-

sidered that this was probably due to poor adhesion and consequent 

slipping of a gauge on the concrete surface. It was felt very un-

likely that such a variation in the discontinuity properties of 

three specimens having similar failure stresses (within group var-

iation of less than b%) could occur. The other two values of the 

strains at discontinuity showed a very close agreement and their 

average was considered representative for that group. 

Figure 7-1 shows typical relationships between volumetric 

strain (&V/VO) and axial strain (£.,) for four cylinders containing 
j 

various volume fractions of coarse aggregate. In figures 7-2, 7-31 

7-4 and 7-5, the same relationships are plotted to a larger scale. 

(For clarity, only selected load stages are plotted). On these 

figures, the points of fracture initiation are shown together with 

the best straight line fitting the linear portion of the relation-

ships. In table 7-B, the strains at discontinuity are given together 
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TABLE 7-B 

GRAVEL CONCRETE TEST RESULTS 

SPEC. % VfC.A. ('V£.x. ( V f . x . (°3)f.i. C°3>ult 
(micro-strains) (micro-strains) (p.s.i.) (p.s.i.. 

1-1 0 352 -1808 690t 10,920 
1-2 0 338 -1745 65OO 11,070 

1-3 0 388 -1874 6910 10,880 
Mean 0 359 -1809 6770 10,960 

2-1 10 (65)* (-439)* (1770)* 8,830 
2-2 10 223 -1152 4620 8,940 
2-3 10 201 -1179 4520 8,630 
Mean 10 212 -1165 4570 8,800 

3-1 
3-2 
3-3 
Mean 

20 

20 

20 

20 

119 
(51)* 
126 

122 

-771 
(-270)* 
-685 
-728 

3300 
(1240)* 
3230 
3265 

8,130 
7,920 
8,190 
8,080 

4-1 30 - - 8,760 

4-2 30 - - 8,780 

4-3 30 111 -669 3690 8,380 

Mean 30 - - - 8,640 

5-1 
5-2 
5-3 
Mean 

40 
40 
40 
40 

59 
47 
66 
57 

-402 
-395 
-366 

-388 

2020 

2260 

2160 

2150 

7,790 
7,520 
7,750 
7,690 

6-1 

6-2 
6-3 
Mean 

50 
50 
50 
50 

49 -328 2160 8,100 

8,320 

7,930 

8,120 

* Results considered erroneous and not included in means 
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with the discontinuity and failure stresses for each specimen. 

In figure 7-6, a graph showing the relation betv/een the minor 

principal composite material strain at fracture initiation and the 

volume fraction of coarse aggregate is given. Specimen groups 4 

and 6 are not shown on this graph since only one result per group 

was available and this was not considered sufficiently represent-

ative. 

Section 4. Discussion of Results and Conclusions 
13 

On figure 7-7? Newman's test results were plotted in a 

similar manner to figure 7-6, allowing a comparison to be made 

between the fracture initiation properties of glass-marble concretes 

and gravel concretes. as expected, it was found thai in the gravel 

concretes, fracture had initiated at a significantly lov/er value 

ume fractions of coarse aggregate considered. 

It was therefore concluded that the angularity of the aggregate 

particles in such gap-graded mixes had a significant influence on 

the level of composite strain at fracture initiation and it was 

considered likely that the use of more angular aggregate (crushed 

rock for instance) would cause even greater decreases in the dis-

continuity strains of concrete. 

It must be noted that the aggregate type and surface texture 

and not only the aggregate shape v/as dissimilar for the gravel and 
24 

glass-marble concretes. However, Alexander, Wardlaw and Gilbert 

have shown the bond quality to be related primarily to the type of 

aggregate and in particular to SiO^ content, rather than the sur-

face texture. The E-Glass used in the glass-marble concretes and 

the gravel aggregate both have similar and very high S^Og co^e11^* 

Thus it was considered valid to conclude that the shape of the 

of the minor principal composite material for all vol-
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particlco and not the bond quality was the main factor causing the 

values of the axial strain at fracturo initiation to be different 

for the two typos of concrete. 

It was further concluded that the causes of internal cracking 

in gap-graded concrete containing an irregularly shaped gravel 

aggregate were therefore, most probably similar to those in glass-

marble concrete (i.e. high tensile strain concentrations in the 

mortar matrix) since it was found that, as far as fracture initia-

tion was concerned, these two types of concrete showed similar 

trends in the relation between strains at fracture initiation and 

volume fraction of coarse aggregate (see figure 7-7). However, the 

strain concentrations were higher and thus cracking occurred earlier 

in the gravel concretes because the aggregate particles were angu-

lar instead of round. This had been expected since the presence 

of discontinuities in a material usually causes higher stress con-

centrations as the shape of these discontinuities becomes more and 

more elliptical (or angular) 
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CHAPTER VIII 

CONCLUSIONS 

In the present thesis, a particular type of concrete, consisting 

of single-sized glass spheres imbedded in a mortar matrix, v/as consid-

ered. Plate-models, representing thin two-dimensional slices of 

such a concrete were tested in uniaxial compression and the process 

of crack initiation and propagation v/as examined. These plate-models 

contained threo different aggregate particle arrays, with various 

spacings between particles to represent various volume fractions of 

coarse aggregate. 

From the plate-model tests, it v/as found that cracking always 

initiated in the mortar'matrix, at a value of the minor (most compres-

sive) principal strain of the composite material much lower than that 

required for fracture initiation in pure mortar. The presence of 

the hard aggregate particles was found to cause high tensile strain 

concentrations in the matrix and thus to enable it to reach at low 

values of the composite material strain the strains required for 

fracture initiation. 

The tests to failure of the plate-models further shov/ed that, 

after initiating in the mortar matrix, micro-cracking always propag-

ated to, and around, the aggregate particles. Detailed conclusions 

of these tests are given in chapter VIsection 7« 

It must be mentioned, in addition, that another series of plates, 
3 

with a different particle array, had been tested by McCreath result-

ing in the same conclusions. 

It was found that for all plates the relation between the volume 

fraction of coarse aggregate and the minor (most compressive) princ-

ipal composite strain at fracture initiation was quantitatively sim-
13 ilar (sec figure 6-13) to the relation obtained by Newman for uni-
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axial tests on three-dimensional specimens of the concrete at least 

in the region of volume fractions covered by the plate-models. Thus 

it was concluded that these plate-models gave valid indications of 

the behaviour of the concrete with respect to the phenomenon of crack 

initiation and propagation. 

It was felt that the above study represented a first step in 

the solution of the general problem of understanding the fundamental 

behaviour of concrete under load. 

Tests carried out on gap-graded gravel concretes further showed 

that the behaviour of such concretes was similar to that of glass-

marble concretes, although it was found that angular particles 

instead of round ones caused fracture to initiate at lower values 

of the composite material strain (see figure 7-7)• 

Therefore, in view of the above evidence, it can probably be 

concluded that the process of crack initiation and propagation in 

the plate-models basically represents that process in plain concrete 

under uniaxial compression. 

Future Research 

In the present study, the" phenomenon of crack initiation and 

propagation was examined, but only in gap-graded concretes under 

uniaxial compression. Therefore, to fully understand the behaviour 

of normal plain concrete under load, many other parameters, concerned 

with both the material and loading characteristics, remain to be 

studied. These parameters-can be grouped as follows: 

- Matrix properties. 

- Environmental Conditions. 

- Aggregate grading and type. 

- Loading rate, type and history. 
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As far cis the cracking process is concerned, the matrix proper-

ties and environmental conditions are considered by the author to 

bo of secondary importance. 

Of prime importance is firstly the grading of the aggregate 

which is the basic difference between concrete in normal usage and 

the concrctes considered in the x,:rGSGnt work. A gradation of aggreg-

ate sizes may cause higher strain concentrations, and thus earlier 

cracking, due to the superimposed effect of the large particles on 

the smaller ones. It may also influence the crack propagation 

process. In addition, the type of aggregate is considered of impor-

tance because it is the main factor affecting the aggregate-mortar 

24 

bond strength . Only high silica content aggregates were considered 

by the author in his investigation. It is felt that different types 

of aggregate and therefore different bond qualities may influence 

the process of crack propagation in concrete. 

Secondly, it is considered that the effect of a predominantly 

tensile stress field should be investigated because in such a state 

of stress, the mechanism of fracture is probably different than in 

uniaxial compression. This is considered more important at this stage 

than complex states of stress (triaxial etc.). 

Finally, as concrete is used in structural members and as such 

is submitted to long term and repeated loadings and to variable load-

ing histories, it is felt that the response of concrete to such loads 

must also be investigated. It is important to determine how the crack-

ing process will be affected and also how it will affect the behaviour 

of concrete in such cases. Up to now, little work has been done on 
, . ,27-28 thxs subject 

For the purposes of the future research suggested above, the 

author does not recommend the use of plate-models as described in 
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chapters V and VI because, if the parameters considered by the author 

to bo important we re to be included in plate-model tests, the spec-

imens required would become too complex and difficult to test. The 

validity of the results obtained would therefore be doubtful. It 

is thus suggested that three dimensional tests only be carried out, 

at least if the parameters considered important by the author are 

to be investigated. 

It should also be emphasized that investigators should always 

bear in mind the aim of this type of engineering research : better 

knowledge of the material to rationalize it's use and improve it's 

qualities as a building material. 
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