Effects of Reinforcement of Steel Fibers
on the Crack Propagation of Fissured Clays
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Abstract

In order to assess the possibility of using steel fibers in the fissured clays, uniaxial compression
tests were performed on both unreinforced and reinforced clay samples containing a pre-existing
crack. Test results showed that the steel fiber reinforcement increased resistance to cracks in-
itiation and their propagation, and therefore increased both stress at crack growth initiation and
peak stress at failure. The increase in resistance to cracks initiation and their propagation was re-
lated to the arresting or deflecting the crack propagation in clay samples by steel fibers. A theor-
etical interpretation of experimental results was made using fracture mechanics theory and
pull-out mechanisms in fiber reinforced materials. It was revealed that the steel fibers had bridg-
ing effect through their pull-out action that caused an increased resistance to the propagation of
the cracks in the samples. The predicted pull-out force based on theoretical analyses agreed reason-
ably well with the measured values obtained from pull-out tests.

i. Introduction

Clays forming part of zoned and homogeneous earth dams develop fissures or cracks
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during and after the construction of the dams. Vallejo!"’ has summarized the reasons by
which these materials develop cracks. With time these cracks may propagate and inter-
act in the earth dams as a result of gravity induced stresses. The propagation of the
cracks takes place when tensile stresses are effective in the cohesive material surround-
ing the fissures. If short steel fibers are added to the clays during their placement,
maybe these steel fibers will stop the propagation of cracks that develop later when the
earth dams are completed. No information exists to date in the geotechnical literature
on whether or not short steel fibers prevent the crack propagation, and hence improve
the strength of fissured clays.

It has been shown that reinforcement of concrete by short steel fibers improved ten-
sile strength, compressive strength, ductility, and crack propagation resistance. Since
the vast quantity of cracks in concrete was considered as a major shortcoming of
brittle materials, the short steel fiber was primarily used to increase the resistance of
concrete to crack propagation. Bentur et al.' observed four different types of crack
propagation around steel and glass fibers as shown in Fig. 1.

s mis

Fig. 1 Four types of cracking process{Bentur, 1985)

Types 1 and 2 were undeviated cracking patterns while type 3 and type 4 involved
shifting and branching. The undeviated cracking was found to be very rare. The changes
in the path of a crack due to fibers dissipates energy from the stressed system and ad-
ditional energy is consumed in the interruption. The dissipation of energy and extra en-
ergy consumed by interrupted crack yield a resistance to crack growth and ultimately
increases the strength of the composite.

Sato et al.” investigated reinforcing mechanisms by short fibers for the composite
strength by observation of failure process and plastic deformation of the composite
matrix. The reinforcing mechanism was considered to be affected by fiber parameters
such as surface area, number of fibers, fiber length and separation between the
neighboring fibers. The reinforcing mechanisms by short fibers are illustrated in Fig. 2.

The effects of interface, stress interaction, crack path, and plastic deformation were re-
sponsible for improving the composite strength and toughness whereas the fiber end
caused stress concentration and was primarily responsible for the decrease in the com-
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Fig. 2 Reinforcing mechanisms by short fibers(sato, 1988).

posite strength and toughness.

The purpose of present investigation is to assess the possibility of using steel fibers
in the fissured clays. In the present study, uniaxial compression tests are performed to
investigate the effects of reinforcement of steel fibers on the strength increase and re-
sistance to crack propagation of fissured clay samples. Also, theoretical interpretation
of experimental results using fracture mechanics theory as well as pull-out mechanisms
in fiber reinforced materials is presented to study how short steel fibers reinforce the

fissured clays through their pull-out action.
2. Laboratory Investigation

2.1 Test Materials and Sample Preparation

For this laboratory investigation, a commercial powdered kaolinite clay was used to
prepare fissured clay samples. The clay had a liquid limit of 58% and a plastic limit of
28%. The reinforcement consisted of short steel fibers which were smooth and deformed.
The fibers had sufficient ductility to permit 180 degree bends without rupture and were
available commercially as admixes for concrete reinforcement. The physical properties of
the steel fibers are summarized in Table 1.

For the fissured clay sample preparation, dry powdered kaolinite clay was mixed with

water to form a soft secil paste with a water content of about 35%. The clay-water mix-
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Table 1. Physical properties of short steel fibers

Type of Length Width Thickness Tensile Strength Elastic Modulus
Reinforcement (in) {in) (in) (Ib/in%) x 103 {Ib/in®) x 108
Steel Fiber Lo 0.048 0.01 601030 29

ture was then piaced into plexiglass molds which dimensions were 3 inch in width, 3
inch in length, and | inch in thickness. To facilitate easy removal of the samples, the
sides of the molds were lubricated prior to placement of the clay-water mixture. The
short steel fibers was then placed into the clay-water mixture at the desired location
and orientation. After placement of the short steel fibers into the clay-water mixture,
the assembly was seated on a porous plate and loaded to a maximum load of 33 pounds
for a period of 24 hours. The cracks were artificially made in samples immediately after
the samples were removed from the molds. The cracks with different orientations were
made in samples by a process of inserting and removing lubricated thin glass sheet
(1 inch in length, (L04 inch in thickness) along the samples’s thickness direction. The

samples were then allowed to dry in air.

2.2 Test Procedure

Tests were conducted using a standard uniaxial compression apparatus. Both load and
deformation were recorded throughout the tests. Also the load at crack growth in-
itiation was monitored and recorded. Photographs were taken of the samples to observe
the failure behavior of the reinforced clay samples after they were subjected to uniaxial
compressive loadings. From these photographs, the direction of crack propagation with
respect to the plane of the pre-existing crack as well as the cracking process at the in-
tersection between the propagating cracks and steel fibers were measured and observed.
The pre-existing crack had three inclinations with respect to the direction of the uniax-
ial compressive loading. These inclinations were 30, 45, and 60", Eight short steel fibers
were placed in the clay zones surrounding a pre-existing crack and oriented perpendicu-
lar to the expected crack propagation direction as shown in Fig, 3.

Vallejo''" presented an analytical method using fracture mechanics theory as well as
experimental procedures to determine such a crack propagation direction in samples
with a pre-existing crack. His laboratory results consistantly agreed with theoretical
predictions, and the angles of crack propagations measured at the tips of the
pre-existing crack were 82, 90, and 103° corresponding to the pre-existing crack incli-
nation of 30, 45, and 60°, respectively. In order to test the samples in their brittle state,
average water contents of 2.74% were used. In all of the tests, a constant testing speed

of 0.03 inch/ min was used.

2.3 Test Results
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Fig. 3 Fiber reinforced clay sample with a pre—existing crack

Fig. 4 presents relationship between stress and strain for fissured clay samples with
or without short steel fibers. In this sample, the inclination of a pre-existing crack was
30° and the water content was 2.77%.
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Fig. 4 Stress vs strain for sample with « = 30° and W = 2.77%

It can be seen that short steel fiber reinforcements improved the peak stress of
fissured clay sample at failure compared to that at the unreinforced clay sample. The
value of peak stress found were 153.86 psi and 167.73 psi for unreinforced and
reinforced fissured clay samples, respectively and therefore fiber reinforcements led to
9% improvement compared to the unreinforced fissured sample.
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Tests conducted on samples with a pre-existing crack inclined at 45 and 60°, as shown
in Fig. 5 and 6, showed similar results.
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Fig. 5 Stress vs strain for sample with Fig. 6 Stress vs strain for sample with
a = 45" and W = 2.81% ¢ = 60" and W = 2.70%

This observation suggest that stressstrain behavior of fissured clay tends to be
influenced by the presence of short steel fibers. The improvement in the behavior of
fissured clays by short steel fibers seems to be related to the propagating mechanics of
cracks in the sample.

When the unreinforced fissured clay sample was subjected to uniaxial compression,
the cracks developed from either the tips or the edges of the pre-existing crack in a di-
rection that deviated from that of the pre-existing crack. The cracks then propagated
very rapidly, upon further increase of loading, in a direction that was parallel to the di-
rection of loading. When the propagating cracks reached the upper and lower boundaries
of the samples, the sample failed and divided into two separate pieces as shown in Fig,
7{a). In the case of a fissured clay sample with short steel fibers, as shown in Fig. 7(b),
the crack development took place from the tips of a pre-existing crack and followed a
direction that deviated from the plane of the pre-existing crack.

{a) Unreinforced Sample {(b) Reinforced Sample
Fig. 7 Crack propagation of clay samples with & = 45" and W = 2.81%
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When the propagating cracks reached the short steel fibers, they were shifted at the
intersection between propagating cracks and short steel fibers. Finally, they propagated
in a direction parallel to the direction of loading and led to sample failure. Tests con-
ducted on samples with a pre-existing crack inclined at 30 or 60°showed similar pattern
of cracking process at the intersection between propagating cracks and fibers.

Fig. 8 presents the relationship between compressive stress at crack growth initiation
and a pre-existing crack inclination in brittle samples with an average water content of

2. 74%.
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Fig. 8 Relationship between compressive stress at crack growth initiation and crack inclination

This figure shows that the compressive stress at crack growth initiation in reinforced
fissured samples is greater than that in unreinforced fissured samples. This observation
suggest that the presence of short steel fibers may suppress the crack initiation at the
tips of the pre-existing crack, and hence increase the stress at crack growth initiation.

3. Theoretical Analyses

3.1 Fracture Criteria for a Sharp Crack

Erdogan and Sih'"® have analyzed crack propagation in a plate with a central
pre-existing crack of length 2a inclined at an angle of 2’ to the direction in loading
under uniaxial uniform stress as shown in Fig. 9.

They state that the crack extends in a radial direction from its crack tip and the di-
rection of crack growth is normal to the maximum tangential stres a. The polar

components of stress ., o, and 7, at a point near a single sharp crack, referring to Fig.

9, are given by:
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Fig. 9 Stress components of clay sample with a pre —existing crack

ﬁ" {chosﬁ- 1'1'+'.~'-;1nz——] -+ Kusm 5 [1—3sin’ ]} {1)
\/% {Kicos*e 3K“sin% cost—g—} (2)
\/%; {Kisin - 8 cosg—g— + K“cos% [1—- '%sng]} (3)

where the stress intensity factors K, and K, are given by:

K, = oV na sin‘e (4)
K, = oV %a sing cosa {5)

If a crack in a plate propagates in the direction in which o. given in Equation (2),

reaches its maximum, the direction of crack propagation, 8°, is given by:

deas d’se

de=0,-&-5;<0 {6)
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Applying the conditions expressed by Equation (6) together with Equation (2), the
following equation is obtained and given by:

K|Sil’le + K|1 [33039 - l] = 0 (7)

Replacing the value of K, and K, given by Equations (4) and (5) into the above

equation, the following expression can be obtained and given by:

tany sin® + (3cos6 - 1) = 0 (8)

There are two solutions of for a given of «, one a positive value, when the applied

stress is compressive, and the other a negative value, when the applied stress is tensile.

3.2 Puil —0Out Mechanism in Fissured Clays Reinforced by Steel Fibers

Using the fracture criteria for a sharp crack as well as with a knowledge of pull-out
resistance of the fiber, a theoretical analysis is presented to study how short steel fiber
reinforce the fissured clays through their pull-out action.

Consider a prismatic sample of fissured clay reinforced with short steel fibers in the
clay zones surrounding the pre-existing crack of length 2a and subjected to a uniaxial
compressive stress o as shown in Fig. 10,

|
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Fig- 10 Force equilibrium in fiber reinforced clay with a pre—existing crack
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According to Vallejo'V, crack extension in unreinforced fissured clays takes place in a

direction in which g, , given by Equation (2), reaches its maximum value. That is,
crack extension cccurs when the maximum tangential stress reaches a critical value, a_,,.

Therefore g, in Equation (2) for unreinforced fissured clays takes the form:

(oy)e: = —\/—:13—? iK, '0053% — 3Ky sin % cos’ ?} {9

where the stress intensity factors K; and K, are given by:

K, = ¢+ ra sin‘a (10)
K = ¢+ ra sinx cosy (11)

For reinforced fissured clays, the crack extension in fissured clays with short steel
fibers is assumed to be goverened by same criteria as those for unreinforced fissured
clays. Therefore, 65 in Equation (2) for reinforced fissured clays takes the form:

(on)us = ﬁ K, c053% — 3K, sin% cos" (12)

where the stress intensity factors K, and K, are given by:

K" = ¢+ na sin‘a {13)
K, = ¢ + ma sina cosa (14)

The stress intensity factors for both unreinforced and reinforced fissured clays can be
obtained by observing the compression stress at crack growth initiation, ¢ and s, from
uniaxial compressive tests on fissured clays with and without short steel fibers.

Using (oy)e: and (og)an, the stresses that the short fiber is subjected to can be

expressed as follows:

o = (op)a — (6y)an (15)
Then the load that the short fiber is subjected to is given by:

F; = amr’ (16)
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where 1 is the effective radius of the fiber.
At limit equilibrium conditions, the force F; in the short fiber is assumed to be equal
and opposite to the bonding force F, (by assuming uniform shear stress distribution

along length of fiber) can be expressed as follows:
Fo = 7rsAgs (17)

where 7y, is the average bonding stress and Agg is the effective embedded surface area

of the fiber.
That is:

F, = m.2ar/ (18)

where / is the embedded length of the fiber. Therefore, at limit equlibrium conditions,

the average bond stress Tgs can'be expressed as follows:
r
Trg = “2701 (19)

This equation enables the evaluation of the average bond stress 7y in terms of stress

in the fiber o, theoretically,

4. Theoretical Interpretation of Experimental Results

Fig. 11 presents comparison of the measured pull —out force of the fiber obtained from
the pull-out tests on deformed fiber and the theoretical prediction using fracture cri-
teria for a sharp crack and pull-out mechanisms in fiber reinforced materials. The
measured value of pull-out force was 0.65 pounds and the theoretical pull-out force was
calculated using Equation (19) with the distance of 1 x 10 ‘inch from the tips of the
pre-existing crack.

It can be seen that the measured pull-out force show good agreement with the theor-
etical prediction. A possible explanation for this result seems to be related to the con-
tribution of the fibers to increasd stress associated with initial cracking as well as peak
stress at failure through their pull-out action. Short steel fibers may provide closing
stress to propagating cracks as well as suppression of initial crack growth, and thereby
increase such stresses. In other words, the fibers bridge cracks and provide closing
stress on the crack until it is actually pulled-out of the clays.

This finding is a good indication of assesing the possibility of using short steel fibers
in the earth dams. If short steel fibers are added to clay during their placement and
placed with an optimum orientation with respect to the crack propagation direction,
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Fig. 11 Comparison of experimental and thecretical pull —qut force

these short steel fibers may arrest or deflect the propagation of cracks that develop
later when the earth dams are completed, and hence may improve the strength of

fissured clays.

5. Conclusions

From the laboratory investigations and theoretical analyses designed to study the ef-
fects of reinforcement of steel fibers on the crack propagation of fissured clays, the fol -
lowing conclusions can be drawn:

(1) When the fissured clay samples reinforced by the short steel fibers were tested
under uniaxial compression, reinforcement by steel fibers increased resistance to cracks
initiation and their propagation, and therefore increased both stress at crack growth in-
itiation and peak stress at failure.

{2} The crack growth initiation from the tips of the pre-existing crack was
suppressed by the short steel fibers and the propagating cracks were shifted at the in-
tersection between propagating cracks and short steel fibers. These observations indi-
cate that suppressing and shifting of cracks are an important mechanism through which
fibers increase the resistance to cracks initiation and their propagation.

(3) The pull-out force predicted by theoretical analyses using fracture mechanics the-
ory and pull-out mechanisms in fiber reinforced materials agreeded reasonably well with

measured values obtained from pull-out tests. These results indicate that the steel
fibers have bridging effect through their pull-out action that causes an increased resist-

ance to the propagation of the cracks in the samples.
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