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ABSTRACT

This study is an experimental evaluation of the mechanics of 

crack propagation in plain concrete. A review of the Griffith and 

Mohr Rupture Theories is presented and a correlation between the two 

theories is shown.

The width, depth, orientation, and propagation rates of fracture 

cracks in concrete under compression is reported. The data from these 

studies and from the experimental work presented herein are correlated 

with Griffith's Rupture Theory and a mechanism of failure is postulated.
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CHAPTER I

STATEMENT OF PROBLEM

Introduction

The mechanisms which produce failure in concrete have been

synthesized by many investigators in the past decade<, A limited amount

of laboratory correlation has been produced« The criteria which control 

the shape of the concrete stress-strain curve are still somewhat obscure«,

It has been implied by many investigators that the shape of the 

stress-strain curve is caused by, or related to, an irreversible yield

ing such as cracking. Progressive cracking with the increase of strain 

has been indirectly observed by measurement of changes of Poisson's 

ratio, by surface cracking, and by the use of the sonic method„

There is considerable evidence that microcracking occurs in 

concrete when loadede Recent publications by Hsu and Slate (1,2,3,4) 

indicate that microcracking occurs even before loading.

Microcracking has been observed by P. H. Evans (5) and many others 

to occur at loads much less than that required to cause ultimate failure 

of the concrete.

The microcracks have been attributed to tensile failure of some

part of the concrete mixture (1,2,6). M. F. Kaplan (6) concludes that

the A. A. Griffith (7) concept of a critical strain-energy-release rate 

is applicable to concrete. This theory suggests;that a crack is propagated



in a material due to a tensile failure at the tip of the crack. An 

evaluation of the hypothesis that concrete fails in tension, even 

though subject to unaxial compression loading, was the subject of a recent 

study at The University of Arizona (8). It was shown in this study 

that by increasing the tensile strength of concrete by means of small 

wire crack-stoppers there was an increase in compressive strength 

suggesting that the failure of concrete under a unaxial compression 

condition is due to tensile failure in the hardened cement matrix.

Objective

The observation and evaluation of microcracking in concrete and 

the correlation of these observations with the Griffith-Irwin theory of 

failure is the objective of this report. Other studies which are 

pertinent to this report are to be cited and a basic mechanism of 

fracture will be postulated.

Scope

The Griffith theory of failure and its application will be 

discussed as it is related to concrete. The modifications of this 

theory as presented by other authors will be cited to present a 

partial picture of what has been done in the past. It .is not within 

the scope of this report to show the mathematical manipulations involved 

in deriving the formulas used but to merely present them with the 

assumption that they have been derived correctly. This assumption is 

reasonable since for the past several years researchers have used • ■ 

Griffith's theory, as he stated it, on many types of materials with



good results„ Observations of the cracking process will be limited to 

microscopic pictures and observations plus those observations made with 

the unaided eye. A comparison of the observations with load strain 

curves will be used to obtain a mechanism of fracture with explanations 

of the various mechanisms as cited in other literature.



CHAPTER II

THEORIES OF RUPTURE

Introduction to The Griffith Theory of Rupture .

In the course of investigations into the effect of surface 

scratches on the mechanical strength of solids carried out at the 

Royal Aircraft Establishment (9), it was found that the commonly 

used hypotheses of rupture were inadequate -. Fatigue tests of steel 

and some other metals indicated that the range of alternating stress 

which could be permanently sustained by the material was smaller than 

the range within which it was sensibly elastic. It was inferred from 

these tests that the safe range of loading of a part having a scratched 

or grooved surface of a given type might be estimated with the use of 

these two hypotheses. Rupture may be expected if (a) the maximum 

tensile stress of (b) the maximum strain exceeds a certain critical 

value. It was thought that the necessary calculations for stress and 

strain could be performed by means of mathematical theory of elasticity 

since within the safe range of alternating stress the materials showed 

very little departure from Hooke*s Law. Tests conducted to verify these 

hypotheses resulted in discovering that the hypotheses were at fault 

or that the methods of computing the stresses in the scratches were in 

error by 200 or 300 per cent. To study the possibility that the stresses 

were computed wrong$ A. A. Griffith conducted an experiment using a soft 

iron wire scratched spirally with carborundum cloth and oil. The wire

4



was normalized to remove the initial stresses arid then subjected to a 

tensile load. Under load, the effect of the spiral scratches was to 

impart a twist to the wire due to a twisting couple arising from the 

stress system in the scratched wire. When the load was removed a 

permanent twist remained in the wire. Since the load was not of the 

proportions to cause over-all yielding of the material, it was 

inferred that the stresses reached the yield point in the scratches 

leaving a.permanent twist. Control specimens, scratched longitudinally 

and eircumferentially ^ve no permanent twist. This test confirmed the 

fact that the stress in the scratches had been computed correctly and 

showed that the ordinary hypotheses of rupture, as interp fed, were not 

applicable to this phenomena. Seeing the inadequacy of the ordinary 

hypotheses of rupture, A. A. Griffith presented his Theory of Rupture 

in 1920 (9).

The Griffith Theory of Rupture

Starting with the "theorem of minimum energy," which states that 

the equilibrium state of an elastic body, deformed by surface forces, 

is such that the potential energy of the whole system is at a minimum, 

Griffith added the theorem that if equilibrium is possible the position 

of equilibrium after rupture must be one which has a decreased potential 

energy from the unbroken state. .

In the formation of a crack within the body, work must be done 

against the cohesive forces of the molecules on either side of the crack. 

This work appears as a potential surface energy, and if the crack is 

wider than the radius of the molecular action, the energy per unit area



is known as the surface tension of the material. If the crack is of a 

width greater than the radius of molecular action, it is inferred that 

the increase of surface energy may be calculated accurately by the 

product of the increment of surface and the surface tension.

Calculation of the potential energy may be made by the use of 

this theorem: In an elastic body deformed by specified forces applied

at its surface, the sum of the potential energy of the applied forces 

and the strain energy of the body is diminished or unaltered by the 

introduction of a crack whose surfaces are traction free. With the 

introduction of Hooke's Law, the theory reaches its usable form. The 

net reduction in potential energy is equal to the strain energy, hence 

the total decrease in potential energy due to the formation of a crack 

is equal to the increase in strain energy less the increase in surface 

energy.

• Professor C. E. Inglis (10) gave a mathematical solution to 

stresses in a plate due to the presence of a crack which in turn was 

used by Griffith to give stresses on the boundary of a crack.
z

x

FIGURE 1 STRESSES ON A PLATE
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In the plane stress case, where Q * R and P ■ 0, the stresses are

sinh 2a (cosn 2a - cosh 2a0)
**etm R ----------------------- 2 ~(cosh 2a - cos 2p) 

sinli 2a (cosh 2a + cosh 2a0 - 2 cos 2p)
I? S3 R 2

(cosh 2a - cos 2p)

sinh 2p (cosh 2a • coch 2a0)
^ n R ' " 2

(cosh 2a - cos 2p)

where and are elliptical coordinates defined by the family of 

confocal ellipses, = constant, and the orthogonal family of hyperbo

las, constant.

FIGURE 2 ELLIPTICAL COORDINATE SYSTEM



and are the orthogonal stresses on the elliptical and hyperbo

lic curves as shown in Figure 2,and is the associated shear stress.

o£0 is the parameter defining the boundary of the crack. The displace

ments are given by and 0^ with the relationship ,

era- ■
. . . m .— - v (p - 1) cosh 2a » (p i* i) cos 2p 4- 2 cosh 2<x̂

8b L -)

'

—  sa Q
' '• h

where b ^ 
C5" <msh 2a • cos 2p) 

and G is tiie modulus of rigidity of the material or
2(1 +■w 3 <* 4p for plane strain.

for plane stress,
G is the half length of the focal line,1'
p, •. is Poiestos’s ratio :
E . is Youag’s assdulus

The strain energy of the material within the ellipse a(a per unit thick

ness of the plate is ,

i -*'■
M ® — *

' 2



After substitution of the proper terms and performing the indicated 

integration, the energy tends toward

1 2G5*“ (p “ 1) e ”8- (p ❖ 1) cosh 2a0
2

when a becomes large„ Thus the increase in strain energy due to the

cavity %  , is given by
2 2. it G R

^ 88 (p i) eosh 2a c> ■

and when (%0 reaches 0 in the limit

(p -g- 1) s c2 s2

; ' ■ : ■; 8G
The potential energy of the surface of a crack per unit plate 

thickness is f *

: , ' U a* 4 C T

where T is the surface tension of the material.

The total decrease in potential energy of the system due to the 

presence of the crack is

(p 1) ir e2 I2
e t

8G
The condition that the crack may extend is
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Thus in the case of plane strain the breaking stress is

I 2 E T '
R. S3

* G (1 ~ ii2)

and in the case of plane stress the breaking stress is
'— ?'2 E T

In accordance with this theory Griffith inferred that the 

general condition for rupture was when a specific tensile stress was 

reached at the edge of one of the cracks. Griffith then set out to 

find which cracks contain the greatest tensile stress.

Using Xnglis1s solutions Griffith determined that the 

• stress on the edge of a crack with a particular orientation in a plane 

stress field was

<W2>-§lsi$ 2a.*f <P=>Q)(e2®0eos 2p <= 1) o©s 2^-4 CF=Q)e2os°@iB 2p sin M&- 
. eosb 2%= cos 2p
where -&■ is the angle the major axis of the elliptical hole makes 

with the x axis as shown in Figure 3. By differentiation, the values 

of and ̂  were obtained at which was a maximum. It was found

that ELg# i-s a maximum at two pairs of points on each crack. When

= 0 or $• these points correspond to the major and minor2
axes of the ellipse but for all other values of the two pairs are 

very.near the.ends of the major axis.

z
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FIGURE 3 ELLIPTICAL CRACK IN A BIAXIAL STRESS FIELD 

Since the greatest tensile stress is a constant the laws of rupture 

determined by Griffith are as follows when P Q :

I* If 3P + Q is positive the condition for rupture is

P - K

where & is a constant depending on the properties of the material 

and the dimensions of the cracks.

II* If 3P + Q is negative, rupture is determined by the

equation

(P - Q)' + 8 K (P + Q) = 0

where % is the constant mentioned in %



In the first case ^  = 0, so that the surface of rupture is

perpendicular to the direction of P, In the second case the angle is 

defined by

% (P - Q)cos 2 ^  Es ^ *
(P * Q)

Griffith concluded that as a result of this theory, the crush^ 

ing Strength would be eight times the tensile strength and that in 

crushing the fracture would be oblique. A further consequence of the 

theory is that cracks give rise to tensile stresses large enough for 

fracture even though the applied forces are both compressive, provided 

they are unequal.

According to the theory> the condition for rupture is of 

the form

where M is a material constant determined from experimental data.

Modifications By Glucklich 

Joseph Glucklich (11) synthesized from the results of Jones8 

sonic studies that the orientation of the cracks in an axial stress field 

is parallel to the stress field. Jones used a sonic pulse velocity method 

to determine the crack orientation. From this synthesis, proceeding as 

did Griffith, Glucklich found'the change in strain energy to be
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where b is the minor axis of an elliptical hole oriented with the major 

axis parallel to the: stress field. This equation gave the rupture 

stress in plane stress as

SET '

which is comparable to Griffith's theory0. For plane strain the 

Glucklich modification yields

and

2 E T _ '

* e (i - u2)

T

in tension

it b <i ° ji2)
compression^

which;is different from Griffith's theory. Griffith showed that in 

compression, the stress r  , necessary for rupture, was a function of the 

half crack length C where Glucklich has it as a function of b , the 

half crack width.

The ratio of compressive strength to tensile strength for 

Glucklich's modification is 10 where Griffith says this ratio is 8.

Another difference is that the Glucklich crack is parallel to the 

compression field where the Griffith crack is oblique.

Griffith used glass in his experiments to verify his results; 

Irwin, Orowan and others (13) extended Griffith's theory to less brittle 

materials than glass. In essence this extension consisted of incorporat

ing types of energies other than the surface tension T ip the energy 

balance. These other energies might be from plastic,flow, viscous damping 

and'etc, '



In order to avoid the almost impossible task of investigating 

the requirement per unit of new surface of each of the energies involved, 

it was suggested to measure experimentally the rate of release of strain 

energy at the onset of the crack propagation, i.e., at incipient crack 

growth. This value, designated by Irwin, is the energy released

for the formation of a unit of new surface; since it is a measure at a 

moment of equilibrium, it is also the total energy requirement.

Glucklich shows these to be

in tension, where 

extension, and

in compression.

In homogeneous materials such as metals and some plastics G^ 

may be regarded as a material constant. Concrete, however, is a 

multi-phase or nonhomogeneous material and due to differences in 

the surface tension values for the cement gel, the sand aggregate 

and the coarse aggregate, it has veveral values of G^ .

If the two energy functions used by Griffith are plotted, they 

will appear as shown in Figure 4.

2 x 6  R2
6 SB --   ^

is the half length of the crack at impending

Q S3C
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A W

C c

FIGURE 4 GRIFFITH'S ENERGY CURVES

It seemed apparent to Glucklich that the cracks which would 

extend first at a given stress would be those whose energy function

* R2 C"
A W

was of the same slope as the required energy function

J W » 4 C T

If Glucklich1s energy-release functions in compression are plotted 

they will appear as shown in Figure 5. From this plot Glucklich suggest

ed that the stress R must be altered before a crack will grow. The crack 

will not stop growing, he suggests, until the energy requirement

A W 4 C T

is changed.
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W

4CT

C
FIGURE 5 GLUCKLICH'S ENERGY CURVES

The energy curves for a material having two G^ values are 

pictured in Figure 6 .

Energy Requirement 
Curve

Strain Energy Release 
Curves 0 0

FIGURE 6 THE FORCED GROWTH OF A CRACK IN A MATERIAL

HAVING TWO G VALUES USING GLUCKLICH'S ENERGY CURVES, c

Glucklich explained that in a material such as this a crack of half 

length Co would not grow until the stress was raised to Rq . The 

energy release rate and energy requirement would then be equal and 

thus the crack would extend to C^ where it would be stopped because of 

the increase in the energy requirement. The application of this 

hypothesis to a multi-phase material is apparent.
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Glucklich summarizes that two types of growth are possible in 

concrete: slow and fast; slow, when the stresses are low and the energy

release just matches the energy requirement;and fast, when the stresses 

are high yielding energy-release rates sufficient to meet and exceed all 

energy requirements.

MOHR1S THEORY

Karl Culmann (14), in his paper of 1866 "Die Graphische Statik", 

showed that stress in two dimension can be represented by a circle.

Mohr (15,16) made a more complete study of this subject. Considering 

a two-dimensional case with the principal stresses and

as shown in Figure 7, he shows that the normal and shearing components 

(F* and 'Z* of the stress acting on a plane mm defined by the angle 

are given by the coordinates of the point R defined by the 

angle 2 $ on the circle constructed as shown in Figure 8 .

^  n

PRINCIPAL STRESSES ON A PLANE
FIGURE 7

MOHR’S TWO-DIMENSIONAL STRESS 
CIRCLE 

FIGURE 8
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The diameter of the circle AB is equal to and its ends. A

and B define the stresses on the principal planes perpendicular to tZJ' 

and . Proceeding in a similar way in the three-dimensional case

with principal stresses £7'', & 2_ * (7̂  , Mohr found that the stress 

components acting on the planes passing through the principal axes may 

be represented by the coordinates of points on the three circles shown 

in Figure 9.

MOHR'S THREE DIMENSIONAL STRESS CIRCLEFIGURE 9

The largest of the circles has a diameter equal to the difference 

between the largest and the smallest of the principal stresses and 

defines the stresses acting on the planes passing through the axis of 

the intermediate principal stress (7^ . Mohr showed also how the

stresses acting on planes intersecting all three principal axis can be 

represented by the coordinates of certain points of the diagram in 

Figure 9, and proves that all those points lie in the shaded areas.
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Mohr uses his representation of the stress circle to devise a 

strength theory which can be adapted to various stress conditions. He 

assumes that of all planes having the same magnitude of normal stresses, 

the weakest one, on which yielding or fracture is most likely to occur, 

is that with the maximum shearing stress. Under this circumstance Mohr 

considers only the largest circle which he calls the "principal circle".

He suggest that such circles should be constructed when experimenting 

for each stress condition in which failure occurs. If there is a 

sufficient number of such principal circles, an envelope of those circles 

may be drawn, as in Figure 10, and it can be assumed with sufficient 

accuracy that, for any stress condition for which there is no experimental 

data, the corresponding limiting principal circle will also touch the 

envelope. Thus, the stresses and the plane of failure in an unknown 

stress condition can be found.

FIGURE 10 PRINCIPAL STRESS CIRCLES AND THE MOHR ENVELOPE
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The equation for a Mohr8s principal stress circle is given by

where and ^  are the normal and shear stresses respectively. ' P

are used to derive an .equation for the envelope to the principal stress 

circles, which is found to be a parabola. It is shown that the fracture 

angles derived from the envelope according to Mohr's hypothesis are 

identical with those given by Griffith.

but it may suggest that for the triaxial stress system, the equations 

may assume the same basic form if P and R • are taken to be the major 

and minor principal stresses.

The equation of a major principal stress circle in the Mohr 

diagram is given by

and R are the major principal stresses.

Griffith-Mohr Correlation

In the following analysis the Griffith equations .

2(P - R) + 8K (P + R) = 0 (1)

(2)

Griffith's equations were derived for a biaxial stress system

( t y  - S) 2 + 2- 2 - r2 (3)



where
P + R

and
P - R (5)

4 4K

According to Griffith1s theory9 if P - R >  0 C the relationship 

between the principal stresses at fracture depends upon whether 

3P 4 R S  0 or <■ 0. The two cases will be considered separately.

I. Let 3P 4 R tg 0

The appropriate relationship is given by equation (1), which 

from equations (4) and (5), can be rewritten as

® r + 4Ks « 0 (6)y \  ̂/
2If r is eliminated by using equation (6), equation (3) may be written 

as

{ O' ~ s) 2 4 ^  = - 4Ks (7)

Taking the partial differential of equation (7) with respect to s 

gives

- s = 2K (8)

and by eliminating s between equations (7) and (8) the equation of the 

envelope to the principal stress circles becomes

2 2 "g" 4 4 K < ^  » 4K
This equation is the equation of a parabola.



The fracture angles derived from this envelope by the application 

of Mohr's theory will now be shown to be identical with the angles of 

fracture defined by the Griffith equation (2 ).

It can be shown from Figure 11,that the gradient of the envelope 
at an arbitrary point such as E is given by 

d T'
  = - cot 2 (10)
d O'

FIGURE 11 MOHR'S GRAPHICAL REPRESENTATION OF STRESS 

AT FRACTURE WITH A NONLINEAR ENVELOPE OF FAILURE. 

From the Mohr theory is the angle of fracture.

From equation (9)

d 2K

so that from equation (10) and (1 1)

(ID
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If O' is eliminated between equations (7) and (8) then

2-2 - - 4K2 - 4Ks (13)
Therefore, from equations (6), (12) and (13)

2
2 r cos T.-&- = _ _ _  (14)

4s

cos 2 ©- - - —  1-^— — - I (15)

and from equations (4), (5) and

1 Z P - R
2 \ P + R

Since P - R >  0 and 3P 4- R ^  0 it can be shown that 

1
(16)

2 \ P  + R
From equations (10) and (11) it can be seen that, since K is 

positive, cot 2-£? is positive for positive values of „ Therefore, 

from equations (15) and (16), it follows that for positive values of ^

1 /P - r \
cos T.-&- - - -— — I '— -—  j (17)

2 \P + R /
Equation (17) is identical with the Griffith equation (2).

II. Let 3P + R 2: 0

In this case Griffith's relationships are given by

P = K (18)

and

0 = 0  (19)



From equation (9) the radius of curvature of the envelope at any 

point is given by -

of the envelope ■ ( = 0 , cr* - K) is 2I<9 and the stress circle for

which P « K and R * -3K is the circle of curvature at the apex of

the envelope„ All stress circles for which P = K and R >  - 3K lie 

within the circle of curvature at the apex and are also members of the 

family of circles of which the envelope is the locus.

and it can be shown from this equation that 3P + R -<-0 except when 

P.- K (corresponding to the apex of the envelope). The fracture-stress 

circles for which 3P 4- R 0 are those for which P ». K and

R $1- 3KP and since they all touch the envelope at its apex ( ^  = 09 

^  = K) the angle of fractures according to Mohr's theory, is zero. 

This- is in agreement with the Griffith equation (19).

(20)

Therefore, the magnitude of the radius of curvature at the apex

The solution to Griffith's equation (1) for R in terras of

P is

R = - 4K + P - 4 KP (21)



CHAPTER III 

MICROCRACKING STUDIES BY HSU,

SLATE, STURMAN, AND WINTER <1, 2, 3, 4)

The primary purpose of this study was to determine and record 

the type, location, extent, and progress of internal microcracking in 

plain concrete cylinders as they were concentrically loaded in com

pression to each of various strains. A secondary purpose was to relate 

the shape of the stress-strain curve to the type and extent of micro

cracking.

Specimen Preparation

The cement used was Portland, ASTM Type 1. The sand and gravel 

were purchased from a commercial plant which obtain their products from 

glacia deposits near Ithaca, New York. The gravel was lightly crushed 

to a maximum size of 3/4 inch.

The mix was proportioned to 100 parts cement, 291 parts sand„

382 parts gravel and 64 parts water by weight. The slump of this 

mixture was 2 -1 /2  inches.

All the specimens were 4 x 8  inch cylinders cast in steel molds. 

Steel hardware cloth, 1/4 inch grid, was embedded 1/2 inch from the top 

and bottom surfaces of each cylinder. This was to insure against a 

premature failure at the weaker ends of the cylinder, thus assuring that 

failure would occur in the central portion of the cylinder.

25
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After the cylinders were cast, they were placed in a curing room 

for 197 days at 76-83 degrees F and 96-100 per cent relative humidity.

The strength of the specimens averaged out 3150 psi. This strength was

computed from the peak of the stress-strain curve of each specimen6

The day before testing, the specimens were removed from the 

curing room and prepared for testing. A Hydrostone cap, approximately 

1/8 inch thick, was placed at each end, and two 2-1/2 inch long, paper

backed SR-4 resistance strain gages were mounted with Duco cement to

the surface of each cylinder parallel to the long axis"at mid-length and 

in diametrically opposite positions. These gages were wired into a 

four arm bridge circuit from which the output was put into the abscissa 

of an x-y recorder.

To minimize the friction restraint at the ends of the cylinders 

during loading, the ends were greased lightly over the surface of the 

Hydrostone, and a layer of waxed paper placed over the grease. This 

treatment of the ends promoted the vertical splitting type of failure.

The "hour-glass" type of failure was believed to be an artificial mode 

of failure due to the end restraints and was not desired.

Testing Procedure

The testing arrangement is shown in Figure 12. The load cell 

was on SR-4 type, from which the output was fed into the ordinate of 

the x-y recorder'. Stress-strain curves were drawn automatically during 

the test due to this instrumentation set-up.



Aluminum channels9 as shown in Figure 12, were designed to absorb 

the energy released from the testing machine when the load on the concrete 

began to drop off. . It was thought that this would allow the cylinders 

to strain further along the descending branch of the stress-strain 

curve, before disruptive failure occurred. In spite of this arrangement 

larger strains of 0.0024 to 0,0030 proved to be difficult to get.

The strain rate was maintained at 62.5 inches per inch per 

minute throughout all the tests. Test were also run at 625 and 6,25 

inches per minute but there seemed to be no appreciable difference in 

the over-all results.

The cylinders were strained in a wet condition. The only 

drying was that which occurred in the day previous to the test. Each 

cylinder was loaded to its predetermined strain. The load was quickly 

released and then the specimen was immediately processed for examination 

of internal cracks.

Observat ion Te chn jque s

Preparation

After testing, each cylinder was immersed in water for at least 

24 hours and sliced with a diamond blade masonry saw. The specimens 

were soaked in water to prevent the oil coolant used with the saw from 

penetrating the cracks and pores of the concrete. A slice perpendicular 

to the axis of loading 0.150 inches thick was cut from the cylinder 

directly through the center of the strain gages. Observations were ipade 

to see what cracking occurred during the cutting process. It was 

found that with slices of 0.150 inches thick there was very little
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cracking due to sawing but for much smaller slices, the saw did cause 

cracking»

Microscope Technique

The slices were washed carefully and then allowed to air dry 

at approximately 60 per cent relative humidity. Red ink was poured 

and brushed over the surface and allowed to dry for 10 to 20 minutes.

The specimen was then ground lightly (No. 180 silicon carbide and 

water on a glass plate until the surface became light pink). The 

specimen was then slowly dried and placed under a microscope.

The specimens were examined with a stereoscopic microscope 

using 40X magnification and a microscope lamp which projected light 

incident at about 45 degrees to the specimen surface,

With few exceptions, cracks had become red lines from staining.

The aggregates were usually harder than the mortar, therefore, grinding 

often caused the coarse aggregate to project slightly above the mortar 

and protect a small region of mortar around the aggregate which might 

hold some excess dye. Thus in order to determine a crack at the mortar- 

aggregate interface (bond crack), it was necessary to find a deep red, 

continuous, thin line along the surface of the aggregate. Occasionally 

a crack was observed which did not contain dye and it was supposed that - 

the oil coolant had penetrated the crack and prevented the deposit of 

the red dye. Some of the bond cracks appeared fuzzy and sometimes it was 

difficult to determine whether they were true cracks or just very porous 

material. Where large grained aggregates, such as granite, were observed 

the aggregate surface was so rough that a thin red line was difficult to
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define, Therefore 9 a great deal of care 9 patience, and. experience was 

needed to define the cracks and map thexru Some eight hours per 

specimen were taken to complete an accurate map of the cracking.

X-Ray Technique

The specimens were sliced from the cylinders as described 

before, and then X-rayed wet or dry, as desired.

An industrial X-tay "unit was used, with a rating of 150 kilo

volts, The tube had a tungsten target, a focal length of 3 ft., an 

inherent filtration equal to approximately 0,5 mm Al, and a limit of 

6 milliamperes at 150 kv. An exposure of two minutes at 40 kv, and 

5 milliamperes was used. A fine-grained X-ray film was used, to make 

possible enlargements of the images. The film was developed as in

structed by the manufacturer, however, developing time was increased 

or decreased to increase or decrease contrast, as desired. The plates 

were examined on a light box and a A or 10X hand lens was sometimes 

used to magnify a portion of the image for a close study. The equip

ment used was thp only available equipment and no study was made to 

determine the optimum operating conditions.

The X-ray technique gave a somewhat three dimensional picture 

of the cracking in a specimen. Cracks, originating from any cause, 

were observed directly as black lines on the X-ray plate. From the 

study of the plates it was seen that a bit of experience was needed 

to recognize the cracks from the shadows.
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Conclusions , From Observations

An attempt to exclude all crack retarders from these specimens 

was made. Therefore8 no conclusions concerning the behavior of concrete 

in"reinforced, concrete structures can yet be drawn.

Microcracks'can be divided into three types. Cracks at the 

mortar-aggregate interface (bond cracks)9 cracks through the mortar, 

and cracks through, the aggregate.

A small amount of cracking was observed through aggregate parti

cles, even at high strains just prior to disruptive failure. This was 

true even though the same concrete showed large amounts of failure 

through the aggregate when a failed cylinder was observed by eye after 

the conventional "hour-glass" failure. It was implied that the restrain

ed ends may force final shear failure through some of the coarse aggre

gate,after an extensive network of other cracks had been formed prior 

to the final disruptive failures.

It was observed that bond cracks existed even before the concrete 

was subjected to any load while the mortar cracks remained negligible 

until a later loading state. Several phenomena were suggested as to 

this preload cracking. These included settlement of fresh concrete, 

hydration of cement paste, drying shrinkage, and carbonation shrinkage.

The existence of tensile stresses at the mortar-aggregate interface due 

to mortar volume change has been established by an elastic analysis and • 

will be discussed later.

Bond.cracks increase in length, width, and number with increasing 

strain in both the ascending and descending portions of the stress-strain
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curve. The increase is negligible at loads lower than 30 per cent of 

the ultimate load. This corresponds to the linear portion of the stress- 

strain curve.

In general bond cracks occur first around the larger aggregates.

Mortar cracks begin to increase noticeably and form continuous 

crack patterns at about 70-90 per cent of the ultimate load.

Mortar cracks always bridge between nearby bond cracks, and 

usually where distances between coarse aggregates are relatively small. 

Also, the mortar cracks tend to bridge between bond cracks on large 

aggregates in preference to those on small aggregates. Thus a continuous 

crack has a minimum proportion of its length through the mortar.

The total extent of mortar cracking is considerably less than 

that of bond cracking at all stages of straining. Thus, the size and 

proportion of coarse aggregate should have an effect on the strength 

of concrete.

With these observations and those made by Gilkey (17), it is 

determined that microcracks are primarily associated with the aggregate- 

mortar interface, and this accounts for the differences in the behavior 

and strengths between paste, mortar, and concretes with various pro

portions and sizes of aggregates at the same water-cement ratio.

On the descending branch of the stress-strain curve concrete is 

extensively cracked and the amount of cracking becomes greater as the 

slope becomes steeper.



Microcracking Before Loading

The fact that random- bond cracking occurred prior to loading was 

unexpected and is of considerable interest, because these bond cracks ' 

are probably co-responsible for the low tensile strength of concrete 

and certainly have some bearing on the physical properties of concrete. 

The appearance of these cracks can be explained if the bond at the inter

face between aggregate and mortar is weaker than the strength of the 

mortar itself and if tension and/or shear stresses of sufficient magni

tude exist to cause this interface bond to fail.

Aggregate-mortar Interface Bond Strength

From research conducted at Cornell University (3)a the interface 

bond strength was found to be a factor of several variables. Listed are 

the variables studied at Cornell.

1. Mineralogieal characteristics of the aggregates.

2 . Water-cement ratio of the cement paste (or mortar).

3. Surface, roughness of the aggregates.

4. Age of the cement paste.

5o Moisture content of the specimens at the time when the 
strength is being considered.

6» Moisture content of the aggregates at the time when the 
specimens were poured.

7. Type of cement.

8. Size of the aggregate.

Tests showed that in general the paste-aggregate tensile bond 

strength varies from 41 to 91 per cent of the tensile strength of paste 

depending on the rock types the surface roughness of aggregates, and
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the wafcer-cement ratio. As far as the surface roughness goes, its 

influence on the bond strength varies with the rock type, For most 

rocks a saw-cut surface can be used to represent the surface roughness 

of commercial aggregate with an error not more than - 15 per cent.

Paste aggregate tensile bond strength decreases rapidly with 

increasing water-cement ratio. For sandstone (considered oin "inert" 

aggregate), the ratio between paste-aggregate tensile bond strength 

and tensile strength of paste is independent of age but for limestone 

(a "reactive" aggregate) the ratio increases with age.

The moisture content of the specimen at the time of testing 

greatly influenced the paste-aggregate tensile bond and tensile 

strengths. The per cent of dry to wet paste-aggregate tensile bond 

strength, companion tensile strength of paste, and compressive strength 

of paste were 7 to 23, 42, and 115 per cent, respectively.

For the mortar-aggregate, the tensile bond.strength was affect

ed in the above way, except that with the increase in the water-cement 

ratio the strengths, decreased quite slowly.

There, seemed to be an optimum cement-sand ratio for the mortar 

to obtain maximum bond strength.

Tension and Shear Stresses Due to Mortar Shrinkage or Expansion

Thomas T. C. Hsu at Cornell University studied the effect of

mortar shrinkage on shear and tensile stresses by means of a mathe

matical model ( 2 ). He assumed a two dimensional model of a concrete 

system. Figure 13 . When the mortar shrinks, the aggregate particles'.



will move toward each other. It was assumed first that the particles 

were fixed in space and that the stress set up was equal to

/

where £  is the known free shrinkage strain of the mortar9 E its 

modulus of elasticity, and its Poissdn* s ratio. : A uniform normal 

stress is set up along line OA, while the shear stress equals zero 

due to symmetry. The system was then released and the aggregates 

permitted to move toward each other. A stress field

is induced by the relaxation of the system whose intensity is directly 

proportional to the displacement AA* - k,. The k is indirectly

governed by the equilibrium condition for residual stresses in absence 

of external loads. From Hsu's evaluation the stress coefficients shown 

in Figure 14% 15, 16.% and 17 were determined.

These conclusions were drawn. Large tensile stresses exist 

at the aggregate-mortar interface when the clear distance between, 

the aggregates is less than about 0.2 times the aggregate radius.

It is conjectured in Hsu's report that these interface tensile stresses 

cause the described microcracks to appear, chiefly due to volume..-change 

during hydration. If the cement expands during hydration, bond cracks 

should occur without any possibility of mortar cracks; if the cement 

shrinks during hydration, bond cracks should occur with possible 

simultaneous mortar cracks.



Similar stresses will also be caused by volume changes due to 

wetting and drying or temperature changes and are believed to be responsi 

ble for the observed disintegration of concrete when subjected to cycles 

of such changes.
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CHAPTER IV
EXPERIMENTAL STUDY

, Previous studies* notably those of T* T, C. Hsu (19 2) have 

presented a micro study of the cracking process in concrete with little 

correlation to any established theories of failure without offering any 

other analytical criteria.

Hsu's (1) results provided little material for direct correlation 

with a strength theory. Therefore, it was desired in the study present

ed herein to obtain data such as to provide a definite strength theory 

correlation.

Studies of the crack and failure of concrete have in the past 

been rather indirect. Even Hsu did not actually observe the cracking 

process in motion. The reasons for certain compressive fracture modes 

in concrete have been attributed to some little known stress condition 

resulting from friction at the testing machine-specimen interface. Only 

intuition seems to guide the researcher as to what the mode of failure 

should be. The study presented herein was conducted with the express 

purpose of directly observing the cracking process in motion and thus ' 

provide a more positive way of explaining a particular mode of failure.
In Griffith's theory certain material constants were used which 

were determined experimentally. Hsu did not provide any crack orientation 

data9 propagation rates, or material constant data* probably because his 

method did not provide the quantitative means. To obtain the crack

40
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orientations and propagation rates plus the material constants necessary
/

to facilitate a correlation with the Griffith's theory9 it was decided 

to test, to failure, compression-concrete specimens of rectangular 

cross-section* These specimens would be small enough so that any 

major surface cracks would extend through the width of the specimen. 

Observations with a high-power microscope would reveal the cracks and 

measurements on them could be effected. .

= .j Specimen Preparation

The cement used was Portland, ASTM Type I. The sand and gravel 

were purchased from a' commercial plant which obtain their products from 

stream beds in the Tucson, Arizona area. The gravel was crushed to 

obtain a maximum size of 3/8 inch»

The mix was proportioned to 71.4 parts cement, 100 parts sand,

100 parts gravel, and 28.5 parts water by weight. This gave a water 

to "cement ratio of 0.4. The slump of this mixture was 1 inch.

'. The concrete was cast in standard 6 x 12 inch steel cylinder

molds. The material was rodded or compacted by hand into these molds 

in accordance with ASTM testing procedures for compression specimens of 

concrete.

The cylinders, after hardening, were immersed in water for 27 • 

days. After this curing period, they were placed in the open air inside 

the laboratory. , The average strength of the cylinders at the end of 

17 days in the open air ( 43 days total age ) was 9250 psi in compression ■ 

and 717 psi in tension.



42

At the end of one year after casting, the test specimens were cut

from the center of the cylinders. A diamond saw was used to cut the

specimens to 3/16 x 1 inch cross sections and lengths of 3 and 5 inches. 

The ends of the specimens were cut square so that the load could be 

applied directly to the end surface of the specimen. The larger faces 

of each ..specimen were lightly ground with emery paper and water. The 

specimens were completely dried in an oven at 250 degrees F, allowed 

to cool and the surface blown with a jet of air to remove all dust 

remaining in the surface cracks.

Testing Procedure 

An Instron testing machine with its decade speed reducer was

used to load the specimens at a rate of 0.001 inches per minute. The

testing arrangement is shown in Figures 18 and 19. The testing machine 

had an x-y recorder built into its system so a load-deflection curve 

was automatically plotted as the specimen was loaded. Each specimen 

was placed on a ball-bearing base with an aluminum plate inserted between 

the loading heads and the specimen surface and loaded at the specified 

rate.

Observation Techniques 

The specimens were examined before loading with a Unitron 

microscope using a 200 X magnification and a microscope lamp which 

projected the light through the objective lense normal to the observed 

surface. A camera was mounted on the microscope so that photographs



FIGURE 18 LOADING ARRANGEMENT



FIGURE 19 INSTRON TESTING MACHINE 

WITH UNITRON MICROSCOPE IN PLACE.
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could be taken of the cracks. The cracks appeared as very dark or black 

lines in the photographs. Some of the cracks were not distinct until a 

yellow or green filter was used on the projected light* All photographs 

were taken with the yellow filter to improve contrast. Patience was 

needed when following or tracing a crack through a specimen because it 

was very easy to move the specimen out of focus and miss the crack.

Observations during loading were made with the above mentioned 

microscope mounted on a heavy duty tripod. Because slight movements 

were greatly magnified in the microscope, a clear picture of a 

progressing crack was hard to obtain. Observations made by eye through 

the microscope were the primary sources of information although some 

photographs were taken. Calibration of the microscope was done by 

taking pictures of a Starrett thickness gage.and then taking direct- 

measurements from the photographs.

Results

Observations Made Before Loading

Careful examination revealed cracks around about 30 per cent 

of the larger aggregate, i.e., the aggregate larger than 0.03 inches in 

diameter. -This smaller aggregate seemed to have no bond failure at all.

The bond cracks observed were no wider than 0.0004 inches and seemed 

to extend around one third of the circumference of the aggregate. Very 

few cracks were seen in the hardened cement matrix, but of those seen, 

all seemed to start at a bond crack and run perpendicular to the bond 

crack for some arbitrary distance. Some of the cracks in the cement
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matrix connected with other bond cracks. All these cracks, as best as 

could be determined, were about 0.01 inches deep.

Observations During Loading

The cracks during loading can be divided into two types; those 

from an end splitting type of failure and those from a "shear11 plane 

failure. Each of these types can be divided into three areas; cracks 

normal to the applied load, cracks parallel to the applied load, and 

cracks oblique to the applied load» Two sizes of specimens were used 

with the hope of getting a shear failure in both.

The longer 5 inch specimens failed at their centers along a 

horizontal line. By noting the bending of the specimen and the place 

where the failure occurred, it was concluded that these specimens 

failed from buckling. Fortunately the tension face of the specimen 

was, in most cases, toward the microscope and therefore observations 

were made of the tensile failure crack. Those cracks, both bond and 

cement mortar, which were oriented parallel to the applied load seemed 

to remain static. At. times there was observed a slight widening. The 

cracks oriented oblique to the applied load began to extend slowly, 

moving at only about 0.008 inches per minute. Near 40 per cent of the 

maximum load, these cracks extended at a much faster rate, about 0.02 

inches per minute. The cracks perpendicular to the applied load, 

at the center, extended rather fast, 0.05 inches per minute and widened 

to as much as 0.0008 inches. Near the top and bottom, these perpen

dicular cracks seemed not to move because tension due to buckling
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was not very great and the compression* which was probably predominate, 

did not promote propagation in these areas*

The shorter, 3 inch specimen,.fractured in two ways; local failure 

at the ends or splitting, and "shear*1 on an angle to the direction of 

the applied load. The vertical cracks in these specimens varied in 

their action as to where they were located. Those cracks located near 

the ends propagated faster than those at the center of the specimen*

Their speed varied according to what mode of failure would prevail.

When splitting prevailed the end cracks moved considerably faster than 

the cracks at the center, the faster rate being about 0*05 inches per 

minute.

The horizontal cracks in both cases of the above failure 

patterns began to decrease in width and not propagate.

The oblique cracks varied in their rate of propagation mainly 

according to the per cent of ultimate load * It seemed that those cracks 

oriented between 25 and 35 degrees from the direction of the applied 

load propagated at the highest rate when failure in the "shear" plane 

was pending* The maximum rate of propagation of the cracks was about 

0*02 inches per minute * When failure did occur, it was about 30 

degrees from the direction of the applied load* Only twice during these 

tests did failure occur along the crack being observed* When, 

observing these cracks the rate of propagation just before failure was 

too fast to obtain a measurement *
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The load-deflection curves provided little information other 

than at what per cent of load certain cracks began to extend. The 

material constants were not obtainable because not enough data was obtain

ed to evaluate the crack lengths when failure was pending. This would 

take a large amount of data which was beyond the scope of this study.



CHAPTER V 

DISCUSSION AND CONCLUSIONS

Discussion of Experimental Results 

The Griffith Theory of rupture is primarily based on the basic - 

assumption that stress concentrations around flaws in a material cause, 

a tensile failure in the material. These flaws have been pointed out 

as being cracks of an elliptical shape. The micro examination of 

concrete specimens before loading by Hsu and by this author definitely 

revealed cracks as a primary flaw in concrete. Griffith also specified 

that those cracks oriented in a specific direction would be the cracks 

which would determine the strength of the specimen. The results obtained 

from this experimental study showed that those cracks oriented between 

25 and 35 degrees from the axis of the applied load propagate faster 

than any other cracks when failure in "shear11 was pending. According 

to the Griffith Theory, this angle, in the particular experimental 

application discussed herein, was 30 degrees from the axis of the 

applied loading. A definite correlation seems to exist between 

experimental results and the analytical results obtained by application 

of Griffith8s Theory for the compression failure of concrete.

One problem that still faces the investigator is why cracking 

occurs parallel to the axis of loading. . In a published discussion of 

a paper by T. R. Seldenrath and J. Gramberg (18) entitled "Stress-Strain 

Relations and Breakage of Rock," J . D. Jenkins (19) points out that the

49
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stress distribution in a specimen as a result of the end loading plates 

has the greatest effect on the splitting type of failure* In Figure 20, 

Jenkins (19), shows the stress' distribution revealed by a photoelastic 

study within a specimen loaded with sheets of rubber between the ends of 

the specimen and the loading heads. The highest fringe orders are in 

the center of the specimen and analysis shows that high tensile stresses 

exist across the vertical axis throughout the whole length of the 

specimen. These stresses produce vertical tensile failure.

Consider now a specimen loaded with a metal head in contact with 

the specimen’s surface. The photoelastic pattern resulting from this 

arrangement is illustrated in Figure 21,(from Jenkins (19) ). Analysis 

of this result shows that in the end thirds of the specimen tensile 

stresses are set up across the vertical axis, and that these stresses 

are equal to about one-half of the applied compressive stress. It does 

seem, therefore, that fractures described by Hsu as the "hour-glass" type 

which he called artifical may not be an artifical mode for concrete in 

compression but rather the characteristic mode. Bearing in mind that 

the concrete cylinder used by Hsu was not of the same shape as the 

rectangular cross-sectioned used for the photoelastic analysis, it still 

seems that according to both Griffith and Mohr the failure of a specimen 

in pure compression should be on a 30 degree angle with the axis of 

loading. The two theories were correlated in this report producing the 

same, angles of failure for the same stress condition. However, Mohr 

assumed a maximum shear at failure and Griffith assumed a maximum tension 

at failure.



FIGURE 20 PHOTOELASTIC PATTERN:

RUBBER BETWEEN SPECIMEN AND LOADING HEADS (19).



FIGURE 21 PHOTOELASTIC PATTERN:

FOR SPECIMEN IN DIRECT CONTACT WITH LOADING HEADS (19).
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When the failure occurred as a result of buckling» the cracking 

was normal to the direction of the applied loading in accordance with

Griffith's Theory for a unaxial tension field. In this case the failure

was postulated to occur normal to the tensile forces.

The crack propagation rates as observed in this study were

only relative to the rate of loading. The propagation rates probably

would be faster for a faster loading rate.

Summary and Conclusions 

A mechanism of fracture of plain concrete in compression can 

be postulated. During the curing stage concrete undergoes some volume 

changes which induce stresses. These stresses in turn produce cracks 

due to bond and shear failure. The majority of the cracks occur around 

the aggregate and between closely spaced aggregate. When a load is 

applied$ the cracks begin to propagate at a rate which is governed by 

their orientation in the stress field, their place in the specimen, 

and the rate of loading.

Considering first the crack position, it was found that an 

incomplete bearing at the ends, even though the ends were polished, 

caused the cracks nearer the loading head to propagate fastest and to

produce a splitting type of failure. When a truer end was used the y

cracks at the center of the specimen oriented at 30 degrees from the 

axis of loading propagated fastest to produce failure at an angle 

30 degrees from the axis of loading.



The latter type of failure was considered the type of failure 

of a concrete in pure compression since it agreed with analytical data 

obtained from both Griffith’s Theory of Ruputure and Mohr’s Theory of 

Rupture *



APPENDIX
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FIGURE A1 CALIBRATION PHOTO: STARRETT THICKNESS GAGES;
0.0015, 0.002, 0.0025, 0.003 AND 0.004 INCHES.

FIGURE A2 CRACK IN HARDENED CEMENT MATRIX BETWEEN 
TWO PIECES OF AGGREGATE BEFORE LOADING.

i



FIGURE A3 WIDENING AND EXTENSION OF 
OBLIQUE CRACK.

FIGURE A4 CRACKS OBLIQUE AND PARALLEL TO AXIS OF 
LOADING NEAR LOADING HEAD DURING LOADING.



FIGURE A5 CRACKS OBLIQUE AND NORMAL TO AXIS OF 

LOADING NEAR CENTER, PENDING SHEAR FAILURE.
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FIGURE A6 CRACKS NORMAL TO AXIS OF LOADING ON TENSION FACE OF 

A SPECIMEN, PENDING BUCKLING FAILURE.



FIGURE A7 CRACK BEFORE LOADING.

FIGURE A8 CRACK DURING LOADING.



FIGURE A9 THE THREE MODES OF FAILURE.
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