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A1STRA.GT

This thesis represents a study ©f the fracture aeehaniaa ©f 
concrete,, The applicability ©f the Griffith theory of rupture to 
concrete is studied experimentally and analytically*

The effect of small, short wire fibers, upon concrete mortar 
is studied in tension, compression, and fatigue* An attempt is made 
to correlate the ’’cracking energy” of concrete in static and fatigue 
tests*

An historical review of other research in the area is also 
presented and discussed in light of the experimental results of this 
study*
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CHAPTER I

BffltODTOTXOH

In general materials can be classified b^ their mechanical 
properties and by their fracture characteristics e Concrete is included 
in the general class of brittle materials because it esdhibit© a lot? 
tensile strength, a relatively high eoppressive strength, and no uell 
defined yield before failure* It is not an “ideal” brittle material, 
however, because it is non-homogmeoua and does not follow Hooke’s 
law up to the failure point* Several theories have been advanced 
to esspl&in the failure mechanism of brittle materials and of these, 
the theory of A0 A* Griffith has attracted the widest following0 
Griffith’s theory has been found to work well for glass, and although 
very few substances' approach the qualities of an ideal brittle material, 
glass is probably the closest approximation to this material* Since 
concrete has seme of the brittle characteristic similarities of glass, 
it is possible that Griffith’s theory might also help essplain concrete 
fracture phenomena*

The purpose of this thesis is to study the application of the 
Griffith theory to the failure of concrete, and to determine what 
modifications, if any, are necessary in order that this theory might be 
made applicable to concrete* A by-product of this study might also be 
the answer as to whether or not concrete has a true brittle failure, or 
if the failure is actually of acme other type, such as a shear failure*
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2
It is assumed in the Griffith theory, that there is a starting 

flaw of some type in the material and that the failure criterion is 
then the evaluation of the stress required to make the crack propagate, 
or become longer. The starting flaw is assumed to have elliptical 
tips, because of the physical impossibility of a perfectly sharp crack 
tip which would cause an infinite stress under any load. This assump­
tion of a starting flaw is well founded for a material such as concrete 
because the probability of bond failures, shrinkage cracks, air bubbles, 
or cracks in the aggregate itself is so great as to become a near 
certainty. The theory is based on a critical strain-energy-release- 
rate which suggests that the crack will eastend when the straim-emergy- 
release-rate is at least 6@]u&l to the rate at which energy is absorbed 
as surface- tension in the formation of new surfaces,

Griffith's theory of rupture indicates that a tension failure 
will occur even in a uniaxial compression test, and he concludes that 
ideally the average compressive stress for failure is eight times the 
average tensile failure stress for the uniaxial stress condition. In 
this thesis an attempt will be made to substantiate this conclusion for 
concrete by providing a means for arresting the propagation of tension 
cracks, which should result in a tensile strength increase of the 
material, but which would hopefully not affect a true compressive 
(crashing) failure. Then, since Griffith says that the compressive 
and tensile failure stresses are linearly related, one check on the 
validity of his theory would be whether or not the same percentage 
increase in failure stress was noted in both eases for the specimens 
which contained the crack arrest mechanism.



Fine 11 fiber® wires are used in the concrete mixture as the crack 
arrest mechanism, and. the wires are given a random orientation by directly 
mixing them in with the fresh concrete in the mixer, Bata is obtained in 
tension and compression with both static and fatigue tests, in an effort 
to evaluate the fracture mechanism of concrete. The general effect of 
the fiber wires on the properties of concrete is also studied, A concrete 
mortar is used in the experiments because it more nearly approximates a 
homogeneous material than concrete made with the larger sises of aggregate.



e m m a  ii

HETOE OF UfEMTUHE

Failure of the Ideal Brittle Material
Isa a recent article in the ASGB Engineering Mechanics Jmraal, 

Joseph Glucklieh (4) belabors the fact that only recently have any 
serious attempts been mad© to ansmr the questions ”Hov? does concrete 
fail?" The basis for such an attempt has been availabl® since 191©, 
t5h©n A0 A0 Griffith (6) originated modem fracture mechanics eemeeptSo 
Until that time no workable theory had been advanced to ssspXain the failure 
of solid materials, Griffith, as had other theorists, limited his scop® 
to the ideal brittle material because of the difficulty of obtaining a 
mathematical model for anything but a homogeneous, linearly elastic 
material,

Griffith states that earlier attmpts at a theory of rupture 
were all based on an empirical assumption of seme type and gives as 
an egggmple the hypothesis that rupture will occur in a material if a 
specific tensile stress is exceeded (19), His theory, however, is 
based upon a fundamental concept— -that of surface energy in a solid.
He assumes that the energy used in fracture of a material is taken up in 
the formation of new surfaces and remains as surface tension in the 
material.

In a Griffith analysis, the problem is one of crack propagation, 
usually in which some type of basic flaw is assumed and an attempt is 
then made to outline the conditions which are necessary for "spontaneous"

4



5
propagation of the craek (7)» The Griffith theory itself arose from a 
study of the effect that polishing of the surface had on the strength 
of a material. Griffith used Inglis1 (13) equations for the stress 
distribution around the tip of a crack in two dimensions. He assumed 
the basic flaw to have an elliptical shape. Actually only the tip of 
the flaw must be elliptical for his analysis since this is where the 
formation of a new surface takes place.

The ideal material Griffith talks about is, of course, non- 
eseistant. His definition of a brittle material is one in which mo 
irreversible deformation takes place— in other words, an elastic ma­
terial which follows Hooke*s law up to the failure point. The material 
which comes closest to being ideal is glass, so Griffith performed his 
escperiments on glass and the results supported his theory.

Griffith found in his eaqjeriments (7) with glass that only with 
finely drawn fibers could he approach the theoretical molecular cohesion 
strength of the material. This was attributed to the idea that the 
probability of occurrence of critical flaws becomes greater with in­
creasing specimen sise.

Heal and Kesler (21) suggest a simple derivation which qualita­
tively illustrates the Griffith concept. Fig. 1 (a) shows a portion of 
an infinite plate with a properly oriented elliptical hole, nomaal to the 
direction of the tensile stress. For an extension de of the crack on 
either end of the basic flaw, they assume that the strain energy contained 
in the shaded area is the energy transfoxmed into surface tension in the 
crack. For a surface tension of T, the amount of energy required for 
new surfaces is 4Tde, assuming a unit plate thickness and realising that



each extension of dc for the crack results in 2dc new surface area. The 
strain energy contained in the shaded area is:

^*(7r(c+dcf-T7'ci ) = u n ’l(2cdc4-dc)
Since dc is a very small quantity we can neglect the dca term and equating 
the energies we finds

4Tdc = s M c  (1)

orcj - z l / E r ?UCR -  ^ V t r c  (a)
which differs from the Griffith equation for the critical stress required 
for "spontaneous propagation" of a crack of similar dimensions by a factor 
of VS. Glucklich (5)j however, suggests that the strain energy used in 
forming the new surfaces comes from an ellipse with major axis 4c as 
shown in Fig, 1 (b), In this case the energy of surface tension is the 
same (4Tdc) but the strain energy in the shaded area this time is

I ^ T T  (c+Ac) (zc+ 2<dc) -7T (c)(2c)) =  (4cdc 4- Z d c a)
Again neglecting higher ordered terms and equating the energies we have

4Tdc = (3) ■ Eor

^  -  V #
which is precisely Griffith* s equation.

The above derivations, however, are for the tension case. For 
the compression ease Glucklich (5) assumes that the critical crack is 
oriented parallel to the direction of the compressive stress (Fig, 1 (c))e 
In a later article Glucklich (4) states that the critical crack is not a 
vertical one but rather one which is oriented at 35° to the loading axis. 
He obtains the same equation for the critical stress, however, by using



(a) Ueal anj Keslers tens ion /nodsl.

. 1 1 1 1 1 1 j I

^b) 6lvck|ichc fens 10̂  model

t t t t t m  -

(c) (3|vcklichi Compress jo/) 
model.

FIGURE 1

ILLUSTRATION OF THE GRIFFITH GOSCEPT
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projections onto and normal to the loading axis<> He also states that the 
crack can only propagate in a direction parallel to the loading axis since 
this is the only direction which does not have a compression component 
normal to it because such a component would tend to keep the crack closed,. 
In this case he supposes that the strain energy lost will come from the 
real ellipse which is the crack itself„ Glucklich admits that this is only 
an approximation but suggests that it is sufficient to show that the in- 
crement of work done is proportional to c rather than c as in the tension 
case* From this he obtains the relationship

Q:r r rb
where b is the half crack width,

4cT2 E

FIGURE 2 The tension case

4cT

rr b ccT
d

FIGURE 3 Glucklich’s comp­
ression case

Fig, 2 and Fig, 3 represent the energy requirement curves for the 
two cases. In both cases, if a unit thickness is assumed, the surface 
energy requirement is a linear curve with values of 4cT which is the total 
surface tension for any particular crack length. In Fig, 2 which represents



the tension ease, the strain energy release curve is parabolic and is 
governed by the equation

Ai< = rra^cJ- • s " 2 E
Griffith8s theory states that the critical crack length is that length 
at which the strain energy release rate (slope of the strain energy 
release curve) becomes equal to the rate at which energy is absorbed, 
in the formation of new surfaces . (slope of the surface energy require­
ment curve)o This is the crack which would “spontaneously" propagate 
to failure if oriented normal to the applied tensile stress given by E„ 

For the compression case,■however, Glueklich assumes that the 
strain energy release curve is linear (life 3), which could be the ease 
if the ©rack width lb remains constant* i@ them state® that there is 
no critical crack length in compression becaume there is a© value of @ 
which would cams® the slopes of the two curve® h@ become equal» The 
only way, them, to raise the slope of the strain energy release curve 
would be to increase the compressive stress*

Griffith (?) takes a different point of view* He says in parts
W© may infer that the general condition for rupture will 

be the attainment of'a specific tensile stress at the edge 
of one of the cracks*' If Is therefore merely a question of 
finding in which of the" cracks the'greatest tensile stress 
occurs, and the magnitude of that stress in terms of the 
applied traction®*

Griffith then uses Inglis8 (33) results to find an expression
for the stress on the edge of a small elliptic crack in a large plate
in terns of the applied tractions* 1© then imposes the condition that
the BMiBim stress attainable at the edge of the crack is a material
constant and arrives at the following laws of rupture (P sad Q are the
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applied stresses, assuming P greater than Q and tension positive)2

(1) If 3P4Q is positive, the condition for rupture iss
P=K

where K is a constant depending only on the properties of the material
and the dimensions of the cracks„
(2) If 3P-K3 is negative, rupture is determined by the equations

(P-Q)2 + 8K(P<!=0 
where K is the same constant as in condition (l) above*

Griffith states that in the first case the surface of rupture is 
perpendicular to the direction of P, but in the second case it is at
some angle which is oblique to the applied tractions and is given by
(Fig, 4) the equation:

cos 26 = -i(P-Q)/(P-IQ)

FIGURE 4 Angle of fracture for the Griffith case

Fracture Mechanics for Non-Ideal Materials 
Since Griffith8 s theory was developed for the "ideal" material, 

it is only natural to expect that some modifications would be necessary 
for an extension of the theory to an actual solid, G, R. Irwin (14,15)
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ms©t the basic theory in his work with metals, bat he proposes that an 
additional amount of strain energy is ased which does not go into the, 
formation of new surfaces, bat rather into irreversible yielding of the 
material0 According to Kaplan (17), if the surface energy term in 
Griffith8s formula (E%, 4), is replaced by the total energy absorbed 
in the process- of fracture, the modified theory is applicable to a 
wide range of materials*

Irwin defines the strain energy release rate for a material &®s
Gi= ~ lL 9 (7)E.

and further states that the strain energy release rate at the onset of  - &
unstable crack propagation, which he calls Sc, is a property of the 
material* Irwin also thinks of the quantity ©e as a driving force 
which forces the crack to east end* The tem Gc takes the place of the 
ST in Griffith's equation* Irwin defined also a stress intensity 
factor K which is given by: «

With these modifications the Griffith equation reduces to:

<tR =  K C ^  (»)
which is similar to a form in which Griffith expressed it in one of his 
.papers* Irwin (16) has developW. methods for calculating Gc and also 
shows how this quantity may be used in a practical problem. Most of 
Irwin's work has been with ductile metals, however, which would only 
behave- as brittle materials under certain conditions of loading or 
temperature* ©rowan (23) ha® also used the Griffith fracture mechanics 
concepts in his work with metals.
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Most re&em^hers: have foun<l that tension - failures occur in a 

direction normal to the largest load, except for very ductile materials 
which exhibit combination brittle-shear fractures in which the failure 
.surface takes the shape of the frustum of a cone (29)» In compression, 
however, the agreement is not as good, Seldenrath and Gramberg (27) 
performed experiments on rocks in which they found that fine-grained 
materials tended to fracture along axial planes, which would agree 
with Glueklieh8 s compression model, while coarser-grained rocks exhibited 
oblique fracture planes, which is in agreement with the Griffith theory. 
This is interesting since one might suppose that the ideal material might 
be the limiting ease of a finer-grained material, Seldenrath and Gram­
berg also found that they could produce much higher failure loads by 
varying the end conditions of their specimens,

Murrell (20) performed experiments on coal under a triaxial 
stress condition, and although he was using Mohr8 s Theory of Failure, 
he proves that Griffith's theory may be used to derive equations for 
Mohr failure envelopes which agree very well with those he obtained in 
his experiments. To take care of the triaxial stress condition, he 
suggests that if the stresses nP15 and ffQH as shown in Fig, 4 are as­
sumed to be the maximum and minimum principal stresses, the equations 
may assume the same basic form as for the biaxial ease. This, he says, 
is in agreement with Mohr's maximum shear condition which assumes that 
fracture is independent of the intermediate principal stress.

Fracture Mechanics for Concrete 
Kaplan (17) pioneered work on the fracture of concrete with his 

determination of Ge, the critical strain energy release rate, for concrete.
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Kaplan found that Ge for concrete is approximately ten times ttri.ce the 
value that the surface energy would, yield0 He used li*tmauer,g (2) 
results for the surface energy of tobemorite, which accounts for approx­
imately three-fourths of the weight of hydrated portland cement, and 
Axelsom and Piret0 s (1) results for the surface energy of quart® to 
arrive at an approximate value of @OS09S in,-lb, per square inch for 
twice the theoretical critical strain energy release rate. Concrete, 
however, does not exhibit plastic flow like metals, so to explain the 
difference between his observed values and theoretical values for Gc, 
Kaplan proposes that the energy is expended in the surface of micro- 
cracks which surround the tips of the main crack, and the main crack 
propagates by forming the interconnection between these micro-cracks, 
Kaplan found an average value of @e of just over ©,1© in,-lb, per 
square inch for the mixes he used. In his determination of Se, Kaplan 
used notched beams in flexure and although he did not obtain a good 
correlation with theoretical values for Ge, the results of his inves­
tigation indicate that the Griffith concept of a critical strain energy 
release rate being a condition for rapid propagation of a crack is 
applicable to concrete, Bommaldi and Batson (24) used plates in which 
they had cast cracks in their attempt to calculate Ge, The concrete 
plates they used were 2,511 by 24" by 32" long with the crack centrally 
located. The plates were tested in tension, a procedure commonly used 
in obtaining Ge for metals. The values of ®c which they obtained were 
scattered from ©,©3 to ©,©7 in,-lb, per square inch with a general 
tendency to smaller values for smaller crack siaes. Because of this, 
they assume an approximate value for Ge of ©,©2 in,-lb, per square inch
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T-Jould hold for the sises of flans nomally fommd in concrete, this value 
is only twice the theoretical value Kaplan derived from the surface energy 
and is probably a more realistic value that Kaplan’s experimental Ge» 
However5 the scatter of Bomualdi’s. results and the high values obtained 
by Kaplan indicate that much more work needs to be done in this area,

Hsu5 Slate, Sturasan, and Winter (9, 1@, 11, 11) substantiate the 
existence of micro-cracks in concrete, even with no applied load. They 
found shrinkage cracks and bond failures in the material using x-rays and 
optical microscopes on thin slices of the specimens. Their results 
indicate that no further cracking occurs up to about 4©$ of the ultimate 
load, when bond failure® begin.increasing. When the load reaches approx­
imately ?©% of ultimate, the cracks start to penetrate the matrix along 
the shortest and most direct paths available. This ultimately leads to 
failure,

©lueklich (5) uses the analogy of the multi-phase material to 
explain this progressive cracking,.. In this ease there are several energy 
release curves, one for each phase, and the energy requirement curve is 
concave upward, fhe critical point is the point at which the slope of 
the energy requirement curve and the slope of the highest energy release 
curve reach the value @c. At this point fracture will occur,

Glucklich (5) believes that for a tensile stress field the first 
crack to grow is the fatal crack while in compression, fracture is pre­
ceded by a process of progressive cracking which provides many alternative 
crack routes for failure. He states that in compression the strain energy 
release rate depends only on the stress while in tension it depends on both 
the stress and the crack length. This, he says, is the reason which causes 
a higher compressive failure stress.



Hoopes (8) studied the propagation of micro-cracks in small 
(3 and. 5 inch long) rectangular concrete specimens which he cut from 
larger standard-S inch by 12 inch cylindrical specimens with a diamond, 
saw. He used a 10QX microscope to observe the growth of cracks under 
load and found that the rate of crack growth is dependent upon the 
orientation of the crack, its position in the specimen, and the rate 
of loading. He concludes that a crack oriented at 3©° to the loading 
axis and located near the center of the specimen is the critical crack, 
which agrees well with the basic Griffith theory, Hoopes8 microscopic 
studies also revealed a greater tendency for bond failures with in­
creasing aggregate sise, ®ne interesting aspect of Hoopes8 study was 
that for specimens which failed along axial planes, the fatal crack 
grew from the ends where the specimen was in contact with the loading 
heads of the testing machine, while on specimens which exhibited? an 
oblique fracture the fatal crack grew frcm the center of the specimen.

The Influence of a Grack-Arrest Mechanism 
The unchecked growth of tension cracks in a material can lead 

to a Quick and premature failure, @ne means of preventing such a . 
failure is to provide an arrest mechanism which would in effect make 
a two-phase material. According to Slayter (18), in a true two-phase 
material, the existence of one phase will improve the properties of 
the other phase with the result that the performance of the composite 
material is superior to each of the components. An example of such a 
material is fiberglass, in which glass fibers are imbedded in a bond­
ing agent. The bonding agent prevents the extension of cracks from 
one fiber to another and provides for a transfer of load from one



segment of a cracked fiber to another with the result that the composite 
material exhibits a high tensile strength and resilience not found in the 
components acting as individual^

©ladap® (28) applied the idea to concrete and included random glass 
fibers in his mi$0 His tests showed that the glass fibers had a great 
effect on the modulus of rapture of young concrete, but that the effect 
decreased as the concrete matured and its modulus of rapture became 
more nearly equal to that of' the glassc

P» lomualdi and ©onion S» Batson (14) experimented with regu­
larly spaced arrays of small diameter wires in their concrete mortar beam 
.specimens. They found that there erists a critical spacing of the wires 
at which the flegmral strength of their beams markedly increased<, Eemualdi 
and Handel (15) later found the same to be true for randomly oriented 
short lengths of wire in the miXo The critical spacing they found was of 
the order of ©„3 to @<>5 inches» The regularly spaced arrays were found 
to increase the tensile strength of the beams in only one plane, that 
plane normal to the direction of the wires, while the randomly oriented 
wires were found to increase the strength in all planes»

The randomly spaced wires, however, were not all oriented in a 
direction .which would enable them to intercept a propagating crack, so 
Romualdi and Handel determined the average projection of the wires in 
any particular direct! on 0 The projection in the ̂ -direction of a general 
wire of length L in space (see Fig„ $) is given by:

L cos cos©
The number of possible orientations of the wire in any given segment of 
space such as that bounded by the coordinate plane® is given by:

• i / f  ,, ,
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The total number of projections in the x-direction is:

f 2 f  ̂  cos 6 cos © d<i> do = 1-73 -79Thus, the average projection in the x-direction is:
a / ^ ) L =  0.41 L

The average center to center spacing of the wires is given by:
s = /̂ v ^ r  do)

where V is the volume of the material and N is the number of wires in 
that volume«> If only 41$ of the wires are effective in any direction, the 
effective spacing of the wires for arresting the growth of a propagating 
crack is then: _____

V q .41U ' (ii)

£

X

FIGURE 5 A general wire in space

Fatigue Failure of Concrete 
It is a well-known fact that materials will fail at stresses 

below their static ultimate strengths if the load is repeated often 
enougho This phenomenon is known as fatigue. In order to predict



18
failure of materials tinder repeated loadings, curves know as S-l curves 
have been eonstraeted for experimental results by plotting maximum stress 
against the number of eycles required to produce failure* Zany of these 
curves have been found to plot as straight lines on semi-logarithmic 
coordinate paper.

For some materials there exists a stress below which am unlimited 
mumber of eycles will not produce failure. This stress is know as the 
endurance limit. For a material such as concrete, however, there may not 
be an endurance limit because of the miero-cracking which occurs at 
stresses as low as of ultimate. In this ease a fatigue strength at 
an arbitrary number of cycles is defined. In 19@3, Tan ©mum (30) 
conducted fatigue tests in compression on 2-inch neat cement cubes and 
determined a fatigue strength of 55% of ultimate strength at 7®0@ cycles 
of load. Tan ©mum (31) also found that the stress strain curve became 
linear after a few repititions of load although it was originally eonvest

linger and Gillespie (18) found in their research that the fatigue 
characteristic's of concrete in tension and compression yield an almost 
identical relationship to the number of cycles when the stress is reduced 
to a non-dimensionalimed fora by dividing stresses by the ultimate stresses 
in tension and compression, respectively. This led them to the conclusion 
that the fatigue failure of concrete is controlled by the same material 
constant in both tension and compression in accordance with the Griffith 
theory of rupture for static loadings, linger and Gillespie also studied' 
the effect of repeated.loadings on the modulus of elasticity of concrete 
which they defined in three different ways— a working tangent modulus, a
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secant modulus at mmdLmm stress> and a secant modulus at minimum stress. 
All three were found to decrease rapidly up to about 15 percent of the 
total number of cycles to failure. From this point up to approximately 
8C% of the total cycles# the moduli remained fairly constant with again 
a rapid reduction just prior to failure. The changes in the elastic mod­
ulus as load cycling progresses could probably be related to the degree of 
micro-cracking that has occurred in the specimen. Ism (9# 1®# 11# 12) 
has related the shape of the stress-straim' curve to micro-cracking and 
the tangent and secant moduli defined by linger and Gillespie are depem-

ETeal and Kesler (21) point out that micro-cracks form in concrete 
at from to of the ultimate stress and this is also the range in 
which most fatigue strengths for concrete are defined. This leads them 
to believe that a fracture mechanics approach to the problem of fatigue 
in concrete is a reasonable one.



©MPTEE III

ZZPERHEHTAL DETAILS

In order to test the applicability of the Griffith theory to 
concrete? it is'necessary to determine the relative behavior of concrete 
in tension and compression* Several methods of testing for concrete 
tensile and compressive strengths have been maed in the past* ©empressive 
tests for concrete are normally performed on cylindrical specimens ttith 
a length to diameter ratio of approximately two to one, and this was the 
test chosen for the compression specimens msed in this e^erdment* It 
was decided to mse S 3/SM by 6** cylindrical cardboard molds (nominal one 
^nart capacity) for casting the specimens, which wotxM them be fitted 
with thin smlphur-b&ae caps to ensure uniform contact with the heads of 
the testing machine*

An indirect means of applying a tensile stress to concrete is 
through a tensile splitting test in which the load is applied to & cyl- 

speclmen along opposite ends of a diametral plane (Fig* 6)* 
ms were cast in,the same cardboard cylindrical molds for a test 

series of this type*
As- a cheek on the tensile stress, a series of tests involving " 

"tensile briĉ aets®* was decided upon* The' brie%uets are east in molds 
which have enlarged ends and taper gradually to a minimum square 1" by 1" 
cross section at the center of the specimen (Fig* 7)*
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The next step in the design of the experiment involved choosing
a concrete mix and then choosing a means of increasing the tensile strength 
of that miXo The mix chosen was a concrete mortar since it provides a 
more homogeneous specimen and therefore should yield more consistent re­
sults „ Another reason for the choice of a mortar was the availability 
of data for comparison by other researchers in this area* To increase the 
tensile strength of the mix, short lengths of high strength steel wire 
were placed in the mix in a random fashion to act as "crack stoppers" 
in the hopes of intercepting a propagating crack and thereby checking its

A relatively weak mortar was chosen in an attempt to make the effect 
of the wires more noticeable^ Trial mixes were made using water-cement 
ratios of 0o70 and 0o75 by weight and the weaker 0o75 mix was decided upon„ 
Design of the mix involved filling a known volume mold (0,10 cu» ft0) with

FIGURE 6 FIGURE 7
Loading configuration for a 
tensile splitting test

Loading configuration for a 
direct tension test on a 
tensile bricquet



the aggregate, rodding 15 blows per layer 1b three layers in am effort 
to achieve a masdmiam density. The weight of the aggregate in the mold 
was dividW. by its specific gravity to detemine the volnme of the 
aggregate and thus the volume of the void spaces in the mold. The 
amount of eememt-water paste needed to. fill the void spaces was them 
determined, and increased by a workability factor to facilitate place­
ment of the miss in the molds.

Final miss proportion® msed are shown in Table I in the appendix. 
It was debated whether or not to add a quantity of water to the mix with 
the addition of the wire crack stoppers as did losmaldi and Sanday (26),' 
The above mentioned experimenters dipped a quantity of the wires in 
water to determine the amount "absorbed11 by the wire. However, this 
Quantity was evaluated in this study and found to be insignificant in 
reducing the amount of water available for hydration of the cement and 
no water correction was made.

Since concrete is noa-homogemeea# and non-ikotropic, any attempt 
to describe its properties will necessarily be of a statistical nature. 
With this in mind, enough specimens were cast to obtain a good average 
test result for each series of tests, loth static and fatigue tests 
were included,

A Type III "High-Early Strength" Portland cement was chosen for 
use in the paste because of the time element involved and also because 
much of the previous research of this type has been with Type III cement.



■ Experimental Procedures 
easting and Gmring of Specimens

ising the previously designed 6»75 water-cemeat ratio Mxi the 
concrete m.s mixed in the rotary one-sack mixer at the University of 
Arizona's Engineering Research Laboratories» The previously ‘'battered1* 
mixer tms loaded tsith the entire quantity needed for a particular series» 
When the fresh concrete %ms sufficiently well mixed, a known weight was 
taken out of the mixer for casting as control cylinders. The small 
wire crack stoppers were added slowly to the mix by shaking them through 
a screen into the turning mixer. When the wires were mixed in well with 
the concrete, the resulting mixture was also cast in cylindrical card­
board molds. It was felt that only by easting the control and “wire" 
specimens from the same batch could we be assured of consistent results 
for comparison of the effect of the tensile strength increase,

. The concrete, was not redded into the molds a® is the recommended 
procedure because it was felt that redding would tend to push the wires 
to the bottom in the wire specimens and destroy the intended random 
orientation. Instead, the cylinders were vibrated for five minutes on 
a vibrating table in an attempt to achieve greater density and reduce 
void spaces.

Specimens were allowed to harden in air for twenty-four hours 
and were then removed from the cardboard molds and placed in a moist 
curing room at 1Q0> relative humidity and a constant 73° Farenheit as 
specified by ASTI, After fourteen days of moist curing, the specimens 
were oven dried at 130° F, for fourteen days to drive off all excess 
moisture since it has been shown that dryness has a marked effect on 
fatigue strength.
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The tensile briequet specimens were caet in brass molda fran the 

same m:L1t as the cylindrical specimens, and were cured under «~C&ctly" the 

same conditions to minimise &lfT strength changes due to curing differences. 

Teeting Procedures 

Both the ccmpreaaion and tensile splitting teat series were per­

formed on a 200,000 lb. capacity Tinius-Olaen mechanical testing machine. 

Canpreaaion specimens were capped with a sulphur base capping canpound 

to insure uniform contact with the heads of the testing machine and thus 

distripute the load as even:cy- as possible. The upper head of the testing 

machine had ita bearing sUrface motmted in a spherical seat in case the 

cape on the specimens were not aact.ly" parallel. Load was applied to 

the canpreaaion specimens at. the' constant strain rate of 0.025 inches 

per minute, which was used for both the wire specimens and. the control 

specimens. 

Tensile splitting testa were performed by' placing the cylindrical 

specimens on their long aides between two bara which were shaped to fit 

the specimens. The load was then applied to the bars which caused a 

tensile stress on the plane between the bara. Readings were taken when 

a crack first appeared and the specimen was then unloaded and reloaded 

in a direction perpendicular to the first crack until a crack again 

appeared. 

The tensile bricquets were tested on a 60,000 lb. capacity Tinius­

Olsen hydraulic testing machine. Here the load vas applied at a constant 

load rate as opposed to the constant strain rate in the mechanical test­

ing machine. The load vas applied to the specimen by' standard bricquet 

clamps. Specimens were tested in the machine' a lowest range which is 

calibrated tor reading in two pound incrementa. 



Fatigue testing m s  done on a Riehle-Los Universal Fatigme Testing 
Machine, Specimens that were fatigued in compression were given sulphur 
base caps, as in the static compression series, to more evenly distribute 
the loads. In the fatigme series the lower head m s  mounted in a spher­
ical seat rather than the tapper head as in the static tests. Maximum 
loads were applied to the specimens at specified portions of the static 
ultimate load, while the minimum loads were kept at approximately one- 
thousand pounds, just enough to keep the heads of the testing machine 
from ’’hammering® against the specimen. All specimens were fatigued at , 
a 50® cycle per minute rate with a sinusoidally varying load. In the 
Biehle-Los machine the maximum fatigue load is controlled by the dis­
placement of a piston in the pulsator unit while the cycling rate is 
controlled by a variable resistor which causes a large fly-wheel in the 
pulsator to speed up or slow down.

In a separate test series to determine cumulative damage in 
fatigue of the specimens, a modified Tinius-§lsen eempressometer was 
attached to the specimen to measure strains as the cycling progressed.
In other test® a temperature bridge was used in which a thermo-couple 
was attached to the specimen to determine temperature variation as the 
cycling progressed.

An automatic counter kept track of the number of cycles of load­
ing and unloading. The machine could be set to shut off automatically 
when the specimen failed.



CHAPTER IV 

DISCUSSION OF RESULTS 

Static !!!!! - Compression Properties 

In the compression series of tests, a general increase in strength 

was found for the specimens containing the wire crack stoppers over that 

of the plain concrete specimens from the same mix., 'This increase was 

expect._.., but does no-. in itself prove that a tensile strength improve­

ment caused the increased resistance to compressive failure of the wire 

specimens~ This idea will be discussed later in conjunction with the 

results of the two series of tensile testso 

The compression series does, however, shed. some light on a few 

of the unanswered ftuestions left by a previous study' in this area (3}" 

Specimens containing one percent by volume of the 0 .. 006 inch diameter 

by half-inch long fiber wires showed an average increase of 15.,8% over 

the compressive strength of specimens from the Ame batch, but without 

the wire crack stoppers included., Specimens containing 2% by volume of 

the wire showed an increase in cam.pressi ve strength of 16., 4% over their 

plain counterparts.. Since the wires used in this experiment were all 

of the same size, this means that the 2% mix had twice as many wires 

per unit volume as the 1% mix, yet it showed an increase in strength of 

on~ 0.,6% over that of the 1% mix., 

In a previous study' (3) in which wire crack stoppers of a larger 

sise were used, it was found that specimens containing 1% by volume of 
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0,01 inch dimeter ̂ dres one inch long showed a percentage ccmpressive 
strength increase of 14,5% while those containing 1% by volume of ©o02 
inch diameter wires one inch long showed a compressive strength of only 
7%, fhis leads to the conelmsion that the effective spacing of the wires 
is the determining factor in the strength increase of the concrete and 
not the sise or stiffening effect. The greatest strength increases occur 
for the smaller wires, for a given percentage of steel, since there are 
more wires per unit volume for the smaller simed wires and therefore, a 
closer spacing. This is the same conelmsion lommaldi and Batson (14) 
and lommaldi and Handel (25) arrived at in their esqperiments on specimens 
containing eontinmoms parallel wires and randomly oriented wires, re­
spectively, Figures 8 and ̂  show how the strength increases for percent 
by volume and number of wires per unit volume,

i
The length of the wires does not seem, to matter as long as it is 

sufficient to develop a good bond with the concrete. Very good correl­
ation was found, for the control cylinders with the maximum variation 
from the average less than 1%, Specimens containing the wire crack 
stoppers showed a larger spread of strengths, which was expected dme to 
the statistical impossibility of the wires Msring? similar orientations 
in such a small sampling. Variations in this ease were as high as 7% 
from the average.

Figure 1© shows the.variation in strength of the concrete as a 
function of wire spacing for compression tests. The function chosen 
for this graph was the inverse square root of the effective wire spacing. 
There are two reasons for this— first, Griffith presents an equation for



as
the critical stress repaired for propagation of a crack of length SC as;

R  =  m  c
where 1 is the required stress and m is a material constant to be deter­
mined esqserimentallj® The straight line relationship determined in 
Fig, 10 suggests that the critical crack .length is related to the effec­
tive wire spacing. Included in Fig, 10 are the results of two separate 
investigations, Several of the points were derived from data silliaimed 
in a previous experiment, In all, three different mix strengths are 
represented, the reason for a non-dimensfonali^ed ’’strength ’ratio11, All 
of. the mixes had relatively high wat@r~eem.ent ratios, however, s© further 
investigation would be necessary to determine the range of mix strengths 
for which the linear portion of Fig, 10 is valid. For weaker mixes a 
prediction equation for ultimate strengths of wire-mort#r mixes would 
be as follows;

Where f ® is the static compressive strength of the plain mortar and the 
effective wire spacing is less than one-half inch. This equation is 
derived from the straight line portion of Fig, 10 by extrapolating back 
to an infinite wire spacing.

The second reason for choosing S@g.£ as ordinates in Fig, 1© is 
that Irwin presents an equation of the following form;

o  = K c f i
where K is the stress intensity factor, lomnaldi and Batson (14), in 
their work with regular arrays of wire reinforcing, suggested that the 
function of the wires was to lessen the stress intensity factor by pro­
viding a ’’pinching force” at the crack tip which reduces, the ̂stress
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concentration, Rosraaldi and Batson also detemined theoretically the 
variation in strength with wire spacing. Their result® indicate a 
critical wire spacing of free @.3 to @,5 inches. Shorn 1st ..Fig. 1# by 
a vertical dotted line is am effective spacing of ©,§© inches. It- is 
interesting to note the differences in strength ratio on either side of 
this lime. At effective spacing® larger than @»5@ inches5 there is 
almost no increase in the strength of the concrete while at lesser 
spacing® the specimens exhibited a very regular strength increase which 
substantiates the theoretical results obtained by Rosjaaldi and Batson,

It m ®  interesting to note the difference in the type of failure 
between plain and wire specimens. The plain control specimens exhibited 
the usual conical failures characteristic of the concrete compression 
test. This conical failure shape is caused by friction against the 
head® of the testing machine, which does not allow the ends of the 
specimen to expand a® much as the central portion. The wire specimens, 
however, were found to fail along an' angular plane, which lends credence 
to the idea that the wires were instrumental in checking the crack®. In 
this ease failure occurs only in the plan® of aarirom tension because 
their growth is severely hampered in any other ®one. Usually this plane 
of Bmdsram tension is caused by not perfectly parallel caps which in 
turn causes an imsymaetrieal loading.

These failures are essplained well by the Griffith theory, even 
though his theory of rupture m s  derived for the two-dimensional, or 
plane stress ease. Griffith obtains an equation for the angle of rap­
ture which reduces to an angle of 6©° from the horizontal in the ease 
of pure compression. The angle obtained in the test specimens agrees
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very well with the theoretical angle 5 a® evidenced bj the failures shown 
1m Figs,11 and. 12, A true compressive failure would be a crashing failure 
which is rarely the ease in concrete. This ale© lends support to the 
idea of a tensile failure because ©f the well defined failure surfaces 
which are usually the ease in concrete. Be specimens failed parallel 
t© the leading axis, as predicted by (Slmcklieh, but this could be because 
®f the leading conditions at the end of the specimen where the.heads of - 
the testing machine restrain any lateral expansion and thus keep vertical 
cracks from opening up.

Elastic Properties 
Several of the static compression specimens were fitted with a 

eompressometer to determine the variation in elastic properties for plain 
and. wire specimens. The stress-strain relationship, ©r the modulus of 
elasticity, for the test specimens was obtained for stress up to 3Si® psi. 
In this range it was found that difference® in the strees-straim curve 
between plain and wire specimens were negligible (Fig,13), Specimens 
from the 1% wire mix showed a modulus ©f elasticity of 2,57 se 1©^ psi 
both with and without the wire. The fact that the inclusion of the wires 
did not affect the initial portion of the.Stress-strain curve, and con­
sequently the modulus of elasticity, reinforces the assumption that the 
wire® would mot affect the properties of compression concrete, but rather 
their function is to intercept propagating tension cracks and prevent 
their extension.

Further study of the stress-strain curves as shewn in Figure 
show® that the effect ©f the wire® becomes noticeable at approximately 
70 ©f the plain failure load, or the region where Ism (9, 1®, 11, 12)



feraad that aiero-eraeks hegin t© erteni ini© the pasteo Ism, however, 
was working with eenerete which contained 3/4” aggregate while specimen# 
tested in this ' espei?imea#1.wejre made from a mortar which would, according 
to Scope's (8) findings, lessen the ©eemrrenee of initial bond cracks„
7a. this region the plain specimens began a rapid deterioration while 
wire specimens suffered fewer large cracks and thus ezperieneed. higher 
ultimate loads and mmeh larger strains before failure* . This agrees 
with the idea that the wires were instrumental in stopping ©rack growth 
initially, bmt as the specimen neared failure bond between cement paste 
.and the wires was probably all that held the specimens together*

Wire specimens from the ft£ mix allowed an average modulus of 
toughness (total area under stress-strain curve) increase of 114$ to

■■a
the ultimate load point while wire specimen® from the 1$ mix showed a 
modulus of toughness to ultimate stress increase of 33*6$ over that of 
the plain control specimens* Specimens would still carry load past the 
ultimate stress, however, but because of the separation of the specimen
resulting from the large it m s  felt that

lesults obtained in 
am apparent tensile strength

dj volume and 155$ for

lie Splitting
tensile splitting series of tests showed 

increase of 15®$ for the specimens
specimens containing 3$ wire fiber by

volume*
ten times those noted in the compression series of tests, it must be
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FIGURE 11 FIGURE 12
Plain specimens exhibit 
normal conic fracture.

Specimens containing wire show 
fracture planes at approximately 60°«
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FIGURE 13 
COMPARISON OF STRESS-STRAIN CURVES 
FOR CONTROL AND WIRE SPECIMENS
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mire mixes« The rati© ©f the mire eampression increase to that ©f 1% 
mire specimens is lo@3S while for the tensile splitting tests, the ratio 
is lo®3J, a variatlea of less than half of one percent. This isiioates 
that the failure mechanism in both tension and compression is related. 
Load-defozmation curves were obtained for plain control tensile splitting 
specimens, and the results of these tests mill be discussed later in 
conjunction with the cumulative fatigue damage series of tests. The 
validity of tensile splitting tests on. specimens which contain the crack 
arrest mechanism, will also be discussed later along with the results of 
the tensile ‘briegm.et test®.

Tensile Briceiuets
Tensile brie^uet specimens were made from the same 1$ wire mix 

as were the cylindrical specimens. However,, difficulties in placing the 
wire mix in the brie^uet molds gave specimens in which the cross section 
was usually not fully developed and the bricfpet specimens containing 
the wire® thus showed no strength increase over that of plain specimens 
from- the same mix. Since the brle%uet specimens were originally planned 
for use a® a check ©n the tensile strengths as determined by the tensile 
splitting test®, the absence of a strength increase compared to the 15©% 
to 161$ increases found in the splitting tests was indeed interesting.

In light of this another small batch of mortar was mixed from 
which both bric^uet and tensile splitting specimens were east in an 
effort to validify the results' obtained in the first tests, since the 
quality of the original brie%u@t specimens was questionable. The second
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batch was made using exaet:cy. the eame mix proportions aa in the :f'irat 

batch, but the specimens were moist cured for only seven days, canpared 

to fourteen for the first batch. Halt of the bricquet specimens were 

tested after air-drying tor three hours atter the seven da7 curing period, 

and the remaining halt were removed fran the curing room at the eame 

time and oven dried at llO ° F. In the air-dried specimens a tensile 

strength increase of 24.84% waa found tor the specimens with wire rel­

ative to plain bricquets tested at the same time under identical con­

ditions.' These specimens were found to contain 8.2% moisture atter the 

three hours ot air-drying. , 

The rEm&ining briccauet specimens were oven dried at a temperature 

ot 110 ° F. tor two days and then st-ored in a moisture tree atmosphere 

until they were tested three weeks later, as were the tensile splitting 

specimens,, fran the second batch. The oven dried bricquet specimens 

showed a tensile strength increase due to the Vires of 26.47%, a gain 

o:f' on:cy. two percent over the percentage increase found for the moist 

specimens. However, the average increase in strength of both the plain 

and Wire specimens due to the three week wait and moisture ranoval was 

27. 5%. Thi a increase cannot be t.ullJ" aplained by' additional curing 

because of the d1"7 condition of the specimens, and it does raise sane 

interesting questions about the effect of moisture on the fracture of 

concrete. 

In the tensile splitting testa, the Wire specimens fran the sec­

ond batch showed a tensile splitting increase of l39% over that of their 

plain counterparts. 'fhua the tensile strength increase as measured in 

a "direct" teet is only fran one-fitt.h to one-sixth that obtained in the 



indirect tensile splitting test* Several reasons are possible to esplain 
this discrepancy* The tensile splitting test imposes a bi@3d.al stress 
condition on the material and while this does not significantly affect 
the failure of the plain concrete, it is possible that wires crossing 
the lone of maximum tension may have a mmeh greater bond strength due 
to the biaxial compressive stress field* That is, the compressive 
stresses normal t© the axis of the wire causes a friction force which' 
increases the normal bond between the concrete and the wires* This 
would help to prevent bond failure which is necessary to allow formation 
and separation of a crack*

The important fact, however, is that in the direct tension test, 
or tensile bricfuet test, the percentage strength increases were of the 
same order of magnitude as in the compression tests of the wire specimens* 
This agrees qualitatively with the Griffith theory of failure which would 
assume the same percentage increase in either ease because of the linear 
relationship of.the rapture conditions for the two types of failure* 
Griffith6@ theory predicts a constant ratio of eight to one for compres­
sive versus tensile strengths* The plain specimens from the first batch 
showed an average compressive strength of 4775 psi compared to an average 
brieqaet strength in tension of 533 psi* This is a ratio of 8,95 to 1 
which is slightly larger than that predicted by Griffith, However, if 
the four lowest values from the tensile bricquet tests are discarded, 
the ratio reduce® to 8,1® to 1, a very close comparison.

mailto:bi@3d.al
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Fatigue Strength 
Several series of fatigue tests were conducted on the specimens 

in an attempt t© define the mechanism ©f concrete failmre* The firpt 
series involved obtaining S-JSf carves f©r concrete specimens from the 
same batch3 both with ami. withoimt the wire fihers. A® mentioned, the 
testing was done on a Biehle-Les Baiversal lydranlic Fatigne Testing 
Haehim@0 Figure If shows the relationship between the maadmim compres­
sion and the number ©f cycles to failure for plain specimens and speci­
mens containing 1% of the fiber wires by volume0 The curves shown in 
the figure represent the results of a least squares carve fitting process 
applied through mse of an 111 ?©?<B digital empmter0 For this carve a 
straight lime relationship ©a semi-log coordinates was assumed<> ®nly 
points for specimens which withstood a minimum of ©me thousand cycles • 
wer® used im the input data* The curve was extrapolated back to a ene- 
• cycle intercept for comparison with the results ©f the static tests*
The intercept strengths wer© found to be slightly larger, approximately 
3oS% for both plain and wire fiber specimens, than those obtained im the 
static tests* However, it is important to note that the same ratio be­
tween plain and wire specimen strengths was found. The very small in­
creases found in the ene-eyele intercept, strengths are probably due to 
the fact that in the fatigue test, fracture occurs as the result of a 
higher rat® of loading.

The one-cycle intercept strengths were found to be 4958 psi for 
plain mortar specimens and 574$ psi for specimens containing the fiber 
wires* The percentage strength increase due to the wire is then 15,8%, 
which is exactly the same increase as found in the static compression



tests of the same mix. This constant ratio between failure strengths of 
the plain and wire specimens in both static and fatigue tests suggests that 
the failure mechanism is the same in both cases. Figure 16 shows that the 
S-N curves for wire specimens have a larger negative slope than correspond­
ing curves for plain specimens. Stressed in percent of the intercept 
strengths, the wire specimen failure strength is 6,4% less each time the 
number of cycles is increased by a factor of ten, while the plain specimens 
exhibit a loss of 6*#% in the same interval. Thus the beneficial effect 
of the wires becomes smaller for large numbers of cycles. The endurance 
limits at one million cycles are 66,5% and 64% of static ultimate for the 
plain cylinders and the 1% wire cylinders, respectively. However, the 
endurance limit for the wire specimens at one million cycles is still much 
greater in magnitude than that of the plain concrete specimens, Extrapo­
lation of the curves beyond the defined endurance limit of one million 
cycles shows that the curves would intersect at approximately 1©H cycles. 

Results of the fatigue tests indicate that slow crack growth 
progresses until a crack of sufficient sime to cause failure occurs. This 
disagrees with Glucklich6® model (5) in which he assumes no critical crack 
length for a compressive failure, but instead bases fracture on stress 
level only. Moreover, on many of the fatigue specimens it was possible 
to watch the slow growth of the crack on the outside of the specimen 
prior to failure. The cracks grew slowly until they reached a certain 
length, then propagated rapidly to failure.
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Gwmlatlve Fatigue 
The rmaining fatigue tests ifere divided into two series of attempts 

t© determine the amount of cumulative damage occurring to the specimens as 
the load cycling progressed. The first ©f these involved determination of 
the variation of the working modulus of elasticity as cycling progressed.
The ^working” modulus is defined by:

p —
*7---------- ;— -
vmc- ttstin

where and are the maximum and minimum stresses and strains for each 
cycle of loading. Figure l4,:;sh©ws the variation of expressed as a
ratio of the original̂  with the percent of cycles to failure. It is noted 
that the working modulus decreases rapidly at first, as did specimens 
tested by Linger and Gillespie (18), However, while their specimens 
exhibited a downward trend followed by a gradual levelling off to a con­
stant value, the specimens tested in this experiment showed a slight 
“strain hardening” where the modulus experienced an increase of approx­
imately $% after the initial decrease and before the levelling off of 
the modulus to a constant value for the next portion of the curve.

Plain specimens remained at this constant value usually to ap­
proximately 8@$ of the t@$al cycles where a. noticeable deterioration 
occurred. This deterioration became more rapid until failure, at which 
point the working modulus was approximately 7®$ of its original value.
In the wire specimens, the deterioration process began at approximately 
5Wo of the total cycles and progressed much more slowly than for plain 
specimens. The working modulus for the wire specimens was about half of 
its original value when failure occurred. Figure 17 shows more clearly
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the effect ©f the This figmre shows the results ©f tests on one
plain and ©me wire specimen which were fatigued at the same stresses and 
at the same rate ©f load cycling 0 Both specimens are from the same 
hatch with one containing ©me percent wire fibers by volume« The spec­
imen with the wire fibers exhibited a slightly slower initial drop in 
modulus and came back up to a value about higher than the plain 
specimen after the initial reduction. Both curves then remained linear 
for approximately the same number of cycles and the deterioration began 
at the same point approximately. The plain specimen experienced a 
rapid deterioration to failure while the wire specimen deteriorated 
much more slowly and failed at 2,23 times the number of cycles at which 
the plain specimen failed.

The strain hardening phenomenon noted in this experiment is 
difficult to explain. Possibly the magnitude ©f this dip is a function 
of the cycling rate similar to the manner in which the “upper yield 
point” for 1-7 steel varies with the loading rate. If this is the ease, 
the level portion of the curve would probably be the same for any cy­
cling rate but the magnitude of the initial dip would vary with cycling

/ Frate and possibly disappear for very slow cycling rate®. This phenom­
enon could also be due to a “creep” effect, where the paste yields 
initially in an attempt to reduce the load by redistribution and is 
subsequently hardened by the strain reversal® it is subjected to.

The second portion of.theeuiftilativ@ fatigue damage study was 
instigated because it was noted that during fatigue tests a distinct 
change in temperature was apparent. It was felt that this might provide 
an insight into the evaluation of cumulative fatigue damage, "-in order



t© qualitatively evaluate this phenomenon, a temperature bridge x-rlth a 
thermocouple attached t© the specimen m g  used in addition t© the eom- 
pressometer t@ compare and evaluate both temperature and strain relation­
ships in the specimen as cycling and cumulative fatigue damage progressed 
The thermocouple m s  taped to the specimen with the tip placed in grease 
in i»rder to transfer the heat more efficiently0 Figure 16 shows the 
variation in specimen temperature with percent of cycles to failure0 It 
was found that specimens containing the fiber wires showed much larger 
temperature increases than did the plain specimens» In both types of 
specimen a “levelling off11 period was noted prior to the terminal period 
at which marked increases in temperature occurred as failure became im­
minent c One of the wire specimens was allowed a twelve hour recovery 
period after it was subjected to loading cycles„ When cycling
was resumed the temperature of the specimen climbed rapidly back to its 
former level and then increased slowly until just before failure when a 
five degree increase occurred.

Plain specimens showed a very regular temperature increase until 
a short levelling off period occurred at about two-thirds of the total 
cycles. The levelling off period could denote the beginning of increased 
propagation of microcraeks in the specimen, in which ease the energy of 
fatigue is being absorbed by the formation of new surfaces by the crack 
instead of being released as heat energy. This period also coincides 
with the period of rapid reduction in the elastic modulus as noted in 
Fig, 16, The level period for wire specimens, which occurred for a 
larger number of cycles, would then indicate that more extensive micro- 
cracking occurs in these specimens because the arrest mechanism of the 
wires will not allow propagation to failure.
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Figure 19 shows the variation in the ^working” modnlmg of elas- 
tieity with specimen temperature,. The initial portions of the curves 
naadbihit the "strain hardening" phenomenon previously described. The 
curves then show that no decrease in Ê - occurs while the temperature 
increases in the m«b'portion. Both plain and wire specimens then show 
a slight decrease in Eg followed by another level portion during which 
the temperature increases. The wire specimens show clearly how the 
modulus decrease® at a nearly constant tsaperature.

The results of the taaperature-medulus correlations indicate 
that a definite qualitative relationship esiste between micro-cracking 
and temperature change. Ism, Sturaan, Slate, and Winter (9, 19, 11, IS) 
have proved that micro-cracking decreases the slope of the stress-straim 
curve (̂ ,) and experimental results show that most of the working modu­
lus decrease occurs at relatively constant temperatures in fatigue.
The relationships noted above, however, are probably a function of the 
cycling rate because if the cycling rate were slow enough, it is doubt­
ful that any measurable temperature changes would occur as long as the 
room temperature remained constant,

6racking Energy
The critical strain energy release rate, proposed by Irwin to 

take the place of the aurfaee energy used by Griffith in his equation 
for rupture ©f a solid, is the rate at which strain energy is being 
released in a material at the onset of unstable crack propagation. Thus 
in order to obtain a value for 6e, it is necessary to know the sise of 
a critical flaw in the material before it begins to propagate and to 
have seme means of determining the initial increment of strain energy
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released, and the increment of netr area formed as the crack begins to 
grow spontaneously,, Satisfying both of these requirements presents 
considerable problems« In their attempts to determine © for concrete, 
both Kaplan and lomualdi east “aaero-eraek®ts into their test specimens 
and made use of the dimensions of these cracks in their determination 
of ©co However, both investigators admitted the existence of slew 
crack growth prior to failure which could not be evaluated, and both 
investigators worked backward from equations which utilised the applied 
stress instead of measuring an actual energy release. It is also 
questionable whether or not the stress concentrations at the tips of 
their artificial macro-cracks would be of the same order of magnitude 
as the stress concentration at the tip of the micro-crack in a material, 
where the radius of the tip may be as small as the dimensions of the 
molecules involved, Intil these difficulties' are overcome, it is un­
likely that am accurate value for @e will be obtained. However, other 
procedures might be used since it is usually possible to determine the 
new surface area of the crack after failure, and the total amount of 
energy that went into failure of the specimen. It would then seem that 
an approach to the problem using a strain energy release "rate" in 
which the total energy released and total new surface area are related 
is in order. This quantity could them be compared with observed values 
and theoretical values for ®e to determine the relationship, if any, 
between the two quantities.

In order to test the applicability of am approach of this type, 
the energy absorbed in cracking was determined for two completely differ­
ent types of test— a tensile splitting test and a compression fatigue



test— ©a plain specimens from the same batch. It m s  felt that any 
meaningful c©rrelatiens obtained from smch diverse leading conditions 
wonld be a good indication of the relative merits of the approach. The 
energy absorbed m s  determined in a different manner for the two types 
of test.

To determine the energy absorbed in a tensile-splitting test, 
loaii-defleetiioa curves were obtained as the plain cylindrical specimens 
were loaded to failmre and "unloaded, A typical load-deflection emrve 
is shown in Pig, 2®, As the load m s  increased, the emrve, which was 
initially concave mpward, became linear and remained so mp to the point 
at which the specimen "split". The load then dropped off to a much 
lower valae which was the compressive load in the two halves of the 
specimen, Ipon unloading, the emrve dropped back along a less steep 
slope from which the strain energy that went into compression of"the 
specimen was determined. The shaded area in Fig, $© is then the total 
amount of energy that went into splitting of the specimen. The average 
of smch areas for the two control specimens tested in this experiment 
was 2®,4 imeh-potmds. The total new surface area is twice the length 
times the diameter, or 4®,5 square inches for the 3 3/8 inch by 6 inch 
specimens used in this phase ©f the research. This value is an approx­
imation since the fracture surface is not exactly smooth. The cracking 
energy is then approximately ©,48 inch-pounds per square inch, which is 
five times Kaplan's value and twenty-five times Eommaldi's value for 6e,

In the compression fatigue tests for plain concrete specimens 
from the same mix As used in the tensile splitting tests, an initial 
average temperature increase of one degree Farenheit per thousand lead



53

Ouloadlm Curve

.006,00
PEFOZMA ThO/J C /V, J
FIGURE 20

CRACKING ENERGY ABSORBED IN TENSILE SPLITTING TEST



eyeles wai fenmd fos* speeimems eye led at $©@ cycles per minute with a 
aaadateai stress ©f 415® psi as sh©WB im Fig, IS, If a specific beat of 
©oS@ calories per gram per degree centigrade is assmaed for concrete 

is ©<>2®j %martg is ©,196, glass is 0,1988 from Physics 
!, the mmber of calories retired to raise the temperature of 

a specimen ©me degree Farenheit is 868,6 since the average weight of 
specimens was 4»®S potinds. This is a total of 789 ineh-pounds of energy 
for the whole specimen or 14o7 imch-pomnds of energy per cubic inch 
necessary to raise the temperature ©me degree. The average work done 
©m the specimen during one cycle of loading is then ©,789 ineh-poumds,

•' assuming all of the mechanical energy put into the specimen is converted 
to heat energy as reflected by the initial uniform temperature rise that 
occurred. To obtain am approximate value for the amount of material 
being stressed above the "elastic limit", the entire heat energy is con­
sidered to be the result of hysteresis in the overstressed portion of 
the cylinder exhibiting the most resistance to load. An approximate 
value for the hysteresis energy was obtained by using the modulus of 
toughness for the concrete mix studied, reduced by the amount of strain 
energy which would be released by a linear unloading from the ultimate 
stress along a line parallel to the initial portion of the loading curve. 
This value, shown by the shaded area in Fig, 21, represents the energy 
loss in one hysteresis cycle from aero to maximum and back to aero stress. 
In this ease the value obtained for a static stress-strain curve was 
1,44 inch-pounds per cubic inch. The strain energy loss per hysteresis 
cycle was then divided into the average per cycle energy necessary for 
the one degree per thousand cycle temperature rise in order to yield an



equivalent volume of material within the test specimen which is stressed 
to ultimate and unloaded during each cycle. The value thus obtained 
represents the volume of material which is affected by stress concentra­
tions in the specimen. In this case a volume of §,547 cubic inches was 
determined,, this amount of material might be thought of as am inclusion 
in the cylinder which is more rigid than the rest of the material and 
had to take more stress to strain the same amount as the softer surround­
ing material.

An evaluation of the energy necessary to produce fracture by 
crack propagation may then be determined for the fatigue tests if it is 
assumed that in the "level*1 portions of the temperature-cyele curves, 
the mechanical energy, is now being used in the formation of micro-crack 
surfaces. The material volume which represents the rigid inclusion is 
assumed to be spherical in shape and absorbs the mechanical energy put 
into the system in the formation of a disc-shaped crack through the 
center of the inclusion. The value obtained for the cracking energy 
by assuming that the energy per cycle previously spent in the temperature 
rise is now used in the formation of a cracki is ©,49 ineh-pounds per 
square inch. This nearly esmet correlation is probably a coincidence 
since the equivalent volume is probably made up of several small inclu­
sions which are more highly stressed rather than one large one, but the 
results indicate that the same order of magnitude of cracking energy 
would prevail for a larger number of inclusions although, the exact 
numerical value would depend upon the shape, siie, and number of such 
inclusions.
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1,44

FIGURE 21 Hysteresis loop for plain concrete specimen



CMPTEH ?

s m m m  m) cghclusiohs

The purpose of this thesis m s  to ©tMy the fraetm6® mechanism, of 
concrete, and to determine the applicability of the Griffith theory of 
rupture to concrete,, Griffith0 g theory assumes that failure is caused by 
propagation of basic flaws due to tensile stress concentrations at their 
tips0 Experimental data m s  obtained from, tension and compression tests • 
of concrete mortars<, Both static and fatigue test series were included* 
Half of the specimens contained a eraek-arrest mechanism consisting of 
mall fiber wires mixed into the mortar with random orientation* Attempts 
were made to relate the failure of concrete in tension, compression, and 
fatigue* Attempts were also made to determine cumulative fatigue damage 
of the test specimens by means of changes in the "working" modulus of 
elasticity which occur during the fatigue cycling,

A relationship for the strength increase which can be esgpeeted in 
w±re=mortar misses m s  determined empirically for effective wire spacing® 
less than a half inch. The general effect of the included random wires 
on the strength and elastic properties of concrete mortars used in the 
@ip®rimmt were also discussed,

A review of the basic fracture mechanics concepts involved was 
presented as was a short historical review of other research in the area 
of the failure of brittle materials, and the effect of a cmck-arrest 
mechanism. Important points in the Griffith theory of rupture were
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presented a M  disemssei. in light of other relevant and contradictory 
theories of failure <, For a more complete review of ideas on the failure 
of materials and concrete in particular, the reader is referred to the 
bibliography at the end of this thesis,

Sonclttaions
Several eonelmsions are possible concerning the failure mechanism 

of concrete as evidented by experimental results obtained in this study. 
It is hoped that these results and conclusions presented t-ti.ll add to the 
basic understanding of concrete failure, Conclusions resulting from this 
study are as follows§

1, Concrete fails qualitatively according to the Griffith theory 
©f rupture since rupture angles noted are in good agrement 
with his theory and strength increases for compression cylinders 
and tensile briequets due to the included crack-arrest mechanism 
were of the same order,

20 A. tensile briequet test is a more reliable test of the tensile 
strength of concrete mortars, especially with wire fibers, than 
tensile splitting tests because of the uniaxial stress condition 
and because ratios of tensile to compressive strength are more 
nearly equal to theoretical values obtained from the Griffith 
theory of rupture,

3» The compressive strength increase of wire-mortar mimes is a 
function of the effective wire spacing, with the relationship 
given by: R= (i.og+SjglFKV-̂ efF
for the range of mortar strengths used in this experiment. In



this @%w,ti@m, 1 is the mltim&te strength ©f the ti.re-mortar mix5 
ami. f * is the statie v@,<iBpre@sive strength of the plain mertar. 

is the effeetiye 'sir® ^aeiag,
4- The theoretical -’eritieal8’ sire spaeing ieterminei by Rmmalii

ani Batson (24) ®f @.3@ to @<,5® in,, iAieh they verified for beams 
in fl^nre cent aiming regularly spaced arrays of wire ami later . 
found.t© be true (25) for random short lengths of 'wire in fLssmral 
beams, also applies to standard compression eylinirieal specimens 
as evidenced by the results presented in Figo 1®»

5® The game material constant governs the compressive failure of 
concrete in both static and fatigue tests as evidenced by the 
relationships obtained for strength increases due to the wires in 
the static tests and the ’’one-eyele” intercept strengths extrapo­
lated from the S-l curves in the fatigue tests®

6® The majority of the strain energy lost in hysteresis is converted
to heat energy in fatigue, and it is possible to determine the 
increase of miere-eraeking at rapid cycling rates .where the 
strain energy is converted to surface energy rather than heat 
energy by noting the absence of temperature increases®

7® The beneficial effect of the wire eraek-arrest mechanism, diminishes 
at lower stresses as the stress approaches the endurance limit 
since, as seen from Fig, 15, the slope of the S-l curve for wire 
specimens is greater negatively than that of the plain specimens®

S® The close agreement between the energy-releas® rate found for two 
completely different types of test by relating total energy used 
and total new surface area of the concrete indicates that a



’’cracking energy81 rate as determined above comld be considered 
a ’’material property" of concrete*



CH&PTER VI

EBCOMMEEDATIOHS FOR FURTHER STUDY

Every experimental project is necessarily limited in scope because 
of material, time, and financial considerations,, Because of this, many 
interesting aspects of the problem can be touched upon only lightly or 
may be neglected completelyo It is for this reason that a chapter con­
cerning ideas for further study is included in this thesis. Following is 
& list of topics tjhich deserve a closer look in order to answer questions 
posed by this ^perimental study;

1, Research should be undertaken to determine how the ©npirical 
equation derived for the wire-mortar strength increase found 
in this experiment is affected by a wider range of mix strengths, 
as mixes used in this experiment were purposely designed for low 
strength in an effort to make the effect of the wires more no­
ticeable, .

20 More experiments should be undertaken with tensile bricquets to 
determine if a relationship between effective wire spacing and 
strength increase similar to that determined for compressive 
increases of wir©-mortar specimens exists in tension,

3, An investigation of the initial decrease and subsequent increase 
of the working modulus of elasticity, as fatiguing progresses at 
varying cycling rates, is proposed to ascertain if the nstrain- 
hardening81 phenomenon noted is a function of the material or of



©a© ©f the most pressing needs in the field ©f concrete fracture 
mechanics is an accurate and reliable means of determining the 
critical sfcrain-energy release rate for a given concrete specimen0
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Ill DESIGNS

II o

III.

Determine volume ©f void® by filling 0.1 cubic foot mold with ®and
Wt. 14.®® lbs. Sand sp. gr. — 2.51Tar® 4.15 lbs.
let 9.85 lb®, per ©.1 ft? or 98.5© lbs./ft.^

Volume of aggregate ~ 98.5® = 0.626 cm. ft.
2.52 (62.4)

Volume of voids 38 1.000 - 0.626 35 0.374 ft.^/ft.^
Assume paste will fill volume of voids and calculate quantities 
required per cubic foot.
Ww. W-,_ . + c - 0.374
.4 3.15 ( 62.4)
Assume w/e ratio ©f ©.75
We - .374 (62.4) / ©.75 + --3- - 22.1 lb./ft.33ol5
Ww = @.75 we - ©.75 (22.1) = 16.6 lb./ft.3 ■
W@ - 98.5® lb./ft.3

r© ratio of
Wc = .374 (62.4) / ®.7© + — 3— . = 22.6 lb./ft.35 o

= ©.70 We - @.7 (22.6) = 15.8 lb./ft.3
Ws = 98.5 lb./ft.3

T© ensure a workable mix apply workability factor of 1.25 to paste 
in a) and 1.35 in b).
a) We - 22.1 (1.25) - 26.5 lb. Vp = 1.25 (.374) = .467

%  = 16.6 (1.25) = 20.8 lb. V = .467 + .626 = 1
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Corrected Values
Wc - 24,3 lb./ft,3 Cement
W* = 19,0 lb,/ft„3 Water
Ws - 90.1 lb./ft.3 Sand

1 Wc = 22.6 (1.35) = 30.5 lb. Vp = 1.35 (.374) = 0.505
W* - 15.8 (1.35) = 21.3 lb, V = .505 + .626 = 1.131

Corrected Values
we = 27.0 lb./ft.3 Cement

= 18.8 lb„/ft,3 Water
Wa = 87.0 lb./ft„3 Sand

'ial mixes were made using the values obtained 
s follows 2

, in III with results

Mix w^c K Slump Seven day strength
a <,75 1.25 1.80 in. 2790 psi
b .70 1.35 2.25 in. 3390 psi

TABLE I

FINAL MIX PROPORTIONS
lb./ft.3

Cement 24.3
Water 19.0
Sand 90.1
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