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Shear Strength Behavior of Soils
Reinforced with Weak Fibers

Chunling Li, M.ASCE'; and Jorge G. Zornberg, F.ASCE?

Abstract: Soils reinforced with randomly distributed fibers will have higher shear strength and improved mechanical properties compared to
unreinforced soil. Most of the previous research on fiber reinforcement focused on the behavior when the governing mode of failure is the
pullout of fibers from a fiber matrix. In recent years, fibers with relatively low tensile strength (e.g., fibers made from recycled products or natural
plant fibers) have been considered for soil reinforcement, but their mechanical response has not been studied extensively. In this paper, an
experimental testing program is conducted using intentionally selected weak fibers (paper strip). The intention is not to demonstrate the usage
of paper fibers as a reinforcement material, but to study the stress-strain behavior and shear strength envelope of fiber-reinforced soil when the
governing mode of failure is fiber breakage. DOI: 10.1061/(ASCE)GT.1943-5606.0002109. © 2019 American Society of Civil Engineers.
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Introduction

Fiber reinforcement is considered a promising ground reinforce-
ment technique in projects involving slope stabilization, embank-
ment construction, subgrade stabilization, and stabilization of thin
veneers such as landfill covers. Soils reinforced with randomly
distributed short discrete fibers were found to have higher shear
strength and improved mechanical properties such as higher resis-
tance to cracking and erosion (e.g., Tang et al. 2012).

Many researchers have studied the shear strength envelopes
of fiber-reinforced soil, considering the fiber/soil mixture as a
composite material. The general findings are that fiber reinforce-
ment increases the peak shear strength of soil, limits postpeak
strength loss, and changes the soil behavior to a more ductile one
(e.g., Gray and Ohashi 1983; Zornberg 2002; Yetimoglu and Salbas
2003; Consoli et al. 2007; Li and Zornberg 2013). The shear
strength envelope of fiber-reinforced soil has been reported to
be bilinear by many researchers (e.g., Gray and Ohashi 1983). Ac-
cording to the discrete framework proposed by Zornberg (2002),
the shear strength envelope of fiber-reinforced soil includes two
sections: (1) at low confining pressure where the friction angle
of fiber-reinforced soil shows increase over that of unreinforced soil
and (2) at higher confining pressures where the failure envelope
shows a higher cohesion intercept but a friction angle similar to
that of unreinforced soil. The break on the bilinear shear strength
envelope is identified as the critical confining pressure, and it
corresponds to the confining pressure at which the failure mode
changes from the pullout of fiber from soil matrix to the tensile
yielding of the fibers. Based on this assumption, an analytical
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expression of the critical confining pressure was derived (Zornberg
2002). A similar concept was also identified in other analytical
models (Michalowski and Zhao 1996; Michalowski and Cermék
2003). Consoli et al. (2007) reported a bilinear shear strength
envelope for sand reinforced with extensible fibers that yielded dur-
ing triaxial tests. Other researchers reported bilinear or curvilinear
shear strength envelopes for fiber-reinforced soil, even though fiber
breakage or yielding was not observed (Nataraj and McManis
1997; Maher and Gray 1990).

For the commonly used polymeric fibers available commer-
cially, the failure mode under confining pressures typical of
geotechnical projects is fiber pullout because of the relatively
high tensile strength and short length of the fibers. In recent years,
materials with relatively low tensile strength [e.g., shredded
carpet (Wang 1999) or natural plant fibers (Sivakumar Babu and
Vasudevan 2008; Prabakar and Sridhar 2002)] have been consid-
ered for use as potential reinforcement inclusions. The mechanical
response for fiber-reinforced soil when fiber breakage is the
governing failure mode has not been widely studied.

The main purpose of this paper is to evaluate the behaviors of
fiber-reinforced soil when the governing failure mode is tensile
breakage. For this research, paper fibers, which have relatively low
tensile strength, were used in a testing program to study fiber break-
age failure under representative confining pressures. Paper is not a
realistic fiber material to use in the field owing to its low strength
and weakening by moisture. The dimension of paper fibers used in
this study is different from those of typical fibers. However, to in-
vestigate the effect of fiber breakage on the behavior of fiber-
reinforced soil, the use of paper as a weaker fiber has some research
value. Stress-strain behavior, shear strength envelope, and the pre-
diction of critical confining pressure were evaluated. The purpose of
this study is not to demonstrate the use of paper fiber as reinforce-
ment but to use intentionally selected weak fibers to improve the
understanding of fiber-reinforced soil behavior when fiber breaks.
The results from this study may provide opportunities for design
optimization of fiber reinforcement to be used in future applications.

Summary of Discrete Framework

Zornberg (2002) proposed a discrete framework for predicting the
shear strength of a fiber/soil mixture based on discrete characteristics
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Fig. 1. Representation of equivalent shear strength according to
discrete framework.

of fibers and soils. In this discrete framework, the mechanism of
fiber reinforcement was considered to be attributable to a distrib-
uted tension by the fibers within the soil matrix. The distributed
tension is governed either by the pullout resistance of fibers under
low confining pressures or by the tensile strength of fibers under
high confining pressure. The change of failure mechanism from
fiber pullout to tensile breakage occurs at a critical confining pres-
sure, at which the pullout resistance equals the tensile strength. A
bilinear shear strength envelope, as shown in Fig. 1, was proposed
for fiber-reinforced soil, which included a segment with increased
friction angle and cohesion intercept (below the critical confining
pressure) and a segment with increased cohesion intercept only
(above the critical confining pressure).

Experimental Testing Program

The behaviors of fiber-reinforced soil under pullout failure
mode have been widely studied by many researchers (Gray and
Ohashi 1983; Gray and Al-Refeai 1986; Zornberg 2002; Li and
Zornberg 2013; Tang et al. 2007). For this study, intentionally
selected low-tensile-strength fibers were used in a triaxial testing
program to study the behavior of fiber-reinforced soil when the
governing failure mode is fiber breakage. The fibers used in this
research were cut from commercially available printing paper with
a width of 8.73 mm and two different lengths (108 and 54 mm).
They were cut from a sheet of paper along the direction of width
or the direction of length. The dry mass of the paper was
18 g/sheet. A tensile testing program was conducted to study
the tensile strength of the material. The samples used in the tensile
tests had a width of 254 mm (I in.) and a gauge length of
203.2 mm (8 in.). The samples were loaded using a universal
testing machine at a strain rate of 2.5 mm/min. Fig. 2 shows the
stress-strain behavior of the paper fibers as observed in the tensile
test. The average tensile strength of the fiber material found was
2.83 N/mm.

The fibers used in three series of the triaxial tests (Series A, B,
and C) were 108, 54, and 54 mm long, respectively, and were
placed at volumetric contents of 0.23%, 0.46%, and 0.23%, respec-
tively. The soil used in this research was a clean sand classified as
SP (uniform sand) according to the Unified Soil Classification
System (USCS). The geotechnical properties of this soil are listed
in Table 1.

To prepare the specimen for triaxial testing, the weighted soil
and desired amount of fibers were thoroughly mixed by hand until
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Fig. 2. Tensile strength test result of paper fiber (fibers cut along width
direction of paper sheet).

Table 1. Mechanical properties of soil used

Property Value
Relative density, D, (%) 48
Dry unit weight, v, (kN/m?) 15.54
Effective friction angle, ¢’ (degrees) 31.6
Effective cohesion, ¢’ (kPa) 0
USCS SP
Percentage of fines by weight (%) <1
Average diameter, ds, (mm) 0.7
Maximum void ratio, €, 0.76
Minimum void ratio, e, 0.56
Coefficient of uniformity, C, 1.8
Coefficient of curvature, C. 1.0

visual inspection showed homogeneous fiber distribution. The mix-
ture was then transferred into a rubber membrane—wrapped mold. A
vibrating table was used to compact the sand/fiber mixture to a dry
unit weight of 15.4 kN/m?, which corresponds to approximately
48% of relative density. The prepared specimen had a diameter
of 152 mm and a height of 304 mm. The prepared specimens were
tested in dry conditions in a large-scale triaxial chamber. The drain-
age valve of triaxial specimen was opened to air, which led to test-
ing conditions similar to those of a consolidated drained test. A rate
of 2 mm/min was used for the loading process. The confining pres-
sures used in this testing program ranged from 21 to 738 kPa. The
number of broken fibers within each specimen was quantified after
the completion of each test. Table 2 shows the scope of the tests.

Stress-Strain Relationship of Paper Fiber/Soil
Mixture

The stress-strain curves obtained for specimens reinforced with
paper fibers are shown in Fig. 3. The tests shown in the figure were
conducted under confining pressures of 60 and 490 kPa. Unlike
the specimens reinforced using polymeric fibers, the specimens
reinforced using paper fibers show a well-defined postpeak shear
strength loss. This is because the tension developed within the
paper fibers cannot be maintained once the fiber breaks. The speci-
men tested under 60 kPa still shows an improved residual strength,
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Table 2. Scope of experimental testing program

Soil Fibers
Number USCS Density Length, Fiber content,
Series  of tests Test conditions classification D, (%) 7, (kN/m?) Fibers Iy (mm) x (% by volume)
A 6 Triaxial compression, dry specimen, CD SP 48 15.54 Weak fiber inclusions 108 0.23
B 6 54 0.46
C 3 54 0.23

Note: CD = consolidated drained.
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Fig. 3. Stress-strain behavior of specimens reinforced using paper
fibers (Series A). Tests 1 and 2: o3 = 490 kPa; Tests 3 and 4: o3 =
60 kPa; reinforcement: 0.23% 108-mm paper fibers. Specimen rein-
forced using 108-mm-long fibers were not tested under confining
pressure of 735 kPa.
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Fig. 4. Percentage of broken fibers observed after each test.

while approximately the same residual shear strength as for unrein-
forced specimens was observed in tests conducted under confining
pressure of 490 kPa. That is, the postpeak shear strength loss
becomes more significant under a higher confining pressure level.
Of all the specimens tested, approximately one-third of the spec-
imens (mostly under relatively high confining pressures) showed
localized shear band after the tests. The other specimens showed
a bulging drumlike shape after the tests. However, the stress-strain
responses for both failed shapes show no distinct difference.
The number of broken fibers was counted after the triaxial tests,
and the percentages of broken fibers are shown in Fig. 4. As shown
in Fig. 4, the percentage of broken fibers was higher under higher
confining pressures. Some of the fibers were found to have broken
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into more than two pieces at high confining pressures. According to
Zornberg (2002), the areal percentage of fibers intersecting a failure
plane for randomly distributed fibers can be approximated by the
volumetric fiber content. Based on that, it was estimated that ap-
proximately 18% or 36% fibers would intersect a failure plane for
volume metric fiber content of 0.23% and 0.46%, respectively. It is
noted that the percentage of broken fibers from Fig. 4 is above the
theoretical percentage of fibers intersecting a failure plane for some
of the tests. This is understandable because the fibers away from the
shear band (if it forms) are also subject to the stresses induced by
the loads and may develop tension . However, the shear strength of
fiber-reinforced soil should only be affected by those intersecting
the failure plane, considering force equilibrium on the failure plane.

For the range of confining pressures used in this study, the fibers
in the triaxial tests exhibited two failure modes: fiber pullout and
fiber breakage. As illustrated in the section “Prediction Of Critical
Confining Pressure,” the pullout failure mode was more significant
under low confining pressures and the fiber breakage was more pro-
nounced under high confining pressures. The improved postpeak
response over unreinforced soil under low confining pressure could
be attributed to the contribution of those fibers subjected to pullout
failure, which could be maintained even after the pullout resistance
of the fibers was achieved. At high confining pressure when the
governing failure mode was fiber breakage, the residual strength
of the fiber-reinforced specimen dropped to that of the unreinforced
specimen after all the fibers intersecting the shear band broke. After
the fibers broke, tension might still have developed within the bro-
ken fibers, but their contribution to the shear strength would be lost
gradually, as evidenced by the fact that the postpeak shear strength
of fiber-reinforced soil was essentially the same as unreinforced soil
under relatively high confining pressures.

Prediction of Critical Confining Pressure

Results obtained from Series A and B were used to validate the
prediction of critical confining pressure. Specimens for Series A
were prepared using 0.23% (by volume), 108-mm-long paper fibers
as reinforcement, while specimens for Series B were prepared
using 0.46%, 54-mm-long paper fibers. The percentage of broken
fibers after the completion of each test is shown in Fig. 4. The re-
sults show that the percentage of broken fibers increases with in-
creasing confining pressure. However, the percentage of broken
fibers appears to reach a relatively constant value at high confining
pressures.

For randomly distributed fibers intersecting the failure plane, the
embedment lengths of these fibers range from O to half-length.
It is expected that the fibers with the largest embedment length will
break first under low confining pressures. Those fibers with smaller
embedment lengths will require a higher confining pressure to
break. Inspection of broken fibers shows that for specimens pre-
pared using 108-mm-long fibers, fibers broke approximately at
midlength under a confining pressure of 21 kPa. An increased
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number of fibers with shorter embedment length than half-length
was found to break at a higher confining pressure, 210 kPa.

The relationship between the embedment length and critical
confining pressure is evaluated in what follows. For fibers that
break in tension, the pullout resistance should be greater than
the tensile strength of fibers. The normal stress that should be
exceeded for an individual fiber to break is as follows:

le
Ofult — 4 (Tf) Cicc
l,
4(?) Ci ¢tan ¢’

where Uy,,, = normal stress acting on fiber surface; o ,;, = ultimate
tensile strength of fibers; /, = fiber embedment length; ¢’ =
cohesion intercept of unreinforced soil; ¢’ = friction angle of
unreinforced soil; dy = diameter of fibers; ¢; . = coefficient of in-
teraction for adhesion (= adhesion of fiber—soil interface/cohesion
intercept of soil); and ¢; 4, = coefficient of interaction for friction
angle (= tand/tan ¢, 6 = interface friction angle). The interface
shear strength between fibers and soil may be tested by
pulling a long uncut fiber embedded in soil (Li 2005; Tang
etal. 2010). Cj, and C; ;, values may be assumed based on similar
geotextile—soil interface shear strength results as a preliminary
estimate if no fiber—soil interface shear strength test data are
available.

As mentioned earlier, the embedment length of random fibers
ranges from O to half the fiber length (/;) and average one-fourth
of [;. For randomly distributed fibers, the average of o, f, (defined
as 0, 4y.) can be assumed to equal the normal stress acting on the
failure plane of fiber-reinforced soil o,, (i.e., 0, 4,. = 0,) (Zornberg
2002). The lowest and average on required for fiber to break, from
Egs. (2) and (3):

!
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where 7 is defined as the aspect ratio (= I;/d;). The following
expression is used to determine the aspect ratio of fibers with a
noncircular cross section:

Ay
@

T’:

where A; ; = surface area of a single fiber; and A s ; = cross-sectional
area of a single fiber. For paper fibers

b

f
== 5
K 2Ty )

Eq. (3) is the same expression of critical confining pressure
derived in the discrete framework (Zornberg 2002). The value
calculated using Eq. (3) represents the most probable confinement
at which the fiber breakage will take place. If ¢’ equals zero,
min(o,, ;) equals half of ave(o, ;).

Fibers with a shorter than average embedment length
(i.e., I, <%Il;) will break under a higher confining pressure
than ave(o, ). Theoretically, the confining pressure required
for the number of broken fibers to reach the upper bound,
max (o, ;) is infinity, which corresponds to the case of le = 0.
In practical terms, max(o,, ,,,) corresponds to the confining pres-
sure beyond which the failure is governed by fiber breakage.
The max(o,, ;) determined from the shear strength envelope is
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approximately five to six times the min(c, ,;,). It is expected that

both modes of failure (fiber breakage and fiber pullout) will take
place for normal stresses between min(o,, ..;,) and max(c;, ;)
The number of broken fibers should be smaller than the number
of fibers acting in tension.

The o, ,,; obtained from Eq. (2) or (3) corresponds to the aver-
age normal stress at the fiber—soil interface. This has been assumed
to equal the normal stress acting on the failure plane of the fiber-
reinforced specimen (Zornberg 2002). It should be noted that the
normal stress acting on the failure plane is not the same as the con-
fining stress in a triaxial test setup. To compare the o, ., derived
from Eqs. (2) and (3) with experimental results, the corresponding
minor principal stress (or confining pressure in triaxial compression
tests), 03’_””, can be calculated using the relationship between 03’
and o, as follows:

1 1
O'g = 0’,’1 [tan ¢éq (tan (ﬁéq _W) + l:| +c’ <tar1 Qséq —W)
eq eq
(6)

Prediction of the critical confinement can be verified using
the experimental results obtained in this investigation. For the
108-mm-long paper fibers used, the aspect ratio calculated from
the foregoing expression is 7 = 508. Accordingly, min(o}, ;)
and min(o} ;) are estimated to be 43.2 and 25.4 kPa using Eqgs. (2)
and (3), respectively. Although the lowest confining pressure at
which the breakage of fibers initiates cannot be determined pre-
cisely because of the limited number of tests, an approximate value
of min(o; ) can be inferred from the lowest confining pressure at
which broken fibers were identified. Of the 108-mm-long fibers,
9% broke in tension in tests conducted using a confining pressure
of 21 kPa. This confining pressure is close to the predicted value
of min(o-é.crit)'

For the 54-mm-long fibers, the value of min (o, ,,;,) calculated
from Eq. (2) is 86.2 kPa, which corresponds to a min(o} ;) of
55.2 kPa using Eq. (6). The test conducted using a confining pres-
sure of 60 kPa led to 6% broken fibers. No fiber breakage was iden-
tified in the test conducted under a confining pressure of 21 kPa.
Consequently, min(c3 ;) is expected to be below 60 kPa. These
test results indicate that Eq. (2) gives a reasonable prediction of the
lowest confining pressure at which fiber breakage initiates.

Shear Strength Envelope under Fiber Breakage
Failure Mode

An analytical expression of equivalent shear strength for fiber
breakage failure mode is derived in the discrete framework
(Zornberg 2002). The suitability of relationships is evaluated in this
section.

The shear strength envelope obtained from Series A is shown
in Fig. 5. The specimens in this series were placed at x = 0.23%
using 108-mm-long paper fibers. Confining pressures ranging
from 21 to 490 kPa were used in the test. The nonlinear shear
strength envelope was fitted using three straight-line sections. Fig. 5
compares the experimental shear strength envelope with that
predicted by the discrete framework. As shown in the figure, fiber-
reinforced soil shows an increased friction angle under low confin-
ing pressures. On the other hand, an increased cohesion intercept
with approximately the same friction angle as the unreinforced soil
is observed under high confining pressures. These observations
are consistent with the response predicted by the discrete frame-
work. Overall, good agreement can be observed between the pre-
dicted shear strength and experimental results for the case of low
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Fig. 5. Comparison of predicted and experimental shear strength
results obtained from Series A (x = 0.23%, I; = 108 mm).

confining pressures and for high confining pressures. That is, the
discrete framework gives a reasonable prediction of the equivalent
shear strength if the failure mode is purely by fiber pullout or by
breakage. However, for confining pressures in the vicinity of the
predicted ave(o,, ;) (i.e., where both modes of failure take place),
the shear strength envelope shows a smooth transition zone rather
than a sharp break at the critical confining pressure as idealized by
the discrete framework.

According to the discrete framework (Zornberg 2002), under
low confining pressure when failure is governed by fiber pullout,
the equivalent shear strength is governed by the product of fiber
content and aspect ratio (x - 7). Under high confining pressure
when failure is governed by fiber breakage, the equivalent shear
strength is a function of fiber content () but is independent of fiber
aspect ratio (1)). The sensitivity of equivalent shear strength to fiber
content and aspect ratio for soils reinforced with paper fibers is
also examined. Tests on Series B and C were conducted in addition
to those on Series A to verify the analytical expressions of equiv-
alent shear strength defined by the discrete framework (Zornberg
2002). The volumetric fiber content () selected in Series B was
0.46% and the length of fibers was 54 mm. This gives the same
value of (x - 1) as in Series A. The fibers used in Series C were
also 54 mm long. However, the fiber content selected in Series C
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Fig. 6. Comparison between shear strength results for specimens re-
inforced with 0.23%, 108-mm fibers; 0.46%, 54-mm fibers, and 0.23%,
54-mm fibers.

was 0.23%, which is half the fiber content used in Series B.
The shear strength results of Series A, B, and C are presented
in Fig. 6.

The results obtained from Series B and Series C (Fig. 6) show
that for the same fiber length, the increase in the equivalent
shear strength under high confining pressure is approximately
proportional to the fiber content with the shear strength of fiber-
reinforced soil being parallel to the unreinforced shear strength
envelope. This observation is consistent with the prediction of the
discrete framework.

For specimens prepared using a constant value of (x - 1), the
shear strength envelopes obtained from Series A and B are approx-
imately the same under low confining pressures, which is also con-
sistent with the discrete framework. Under high confining pressure
when the failure is governed by the breakage of fibers, the shear
strength envelopes obtained from Series A and B are found to
be similar, which is different from the prediction by the discrete
framework (Zornberg 2002).

A comparison of the results obtained from Series A and C shows
that the shear strength envelope under high confining pressure is
also dependent on the aspect ratio (Fig. 6). With the same fiber
content used, specimens prepared using 108-mm-long fibers in
Series A are found to have a higher shear strength than specimens
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Fig. 7. Comparison of stress-strain curves of specimens prepared using
same fiber contents at different aspect ratios.

prepared using 54-mm-long fibers when the failure is governed by
the breakage failure mode. This is inconsistent with the discrete
framework (Zornberg 2002). Such inconsistency can be attributed
to the stress-strain behavior of the paper fibers, unlike what was
assumed in the discrete framework. Plastic yielding was assumed
in the discrete framework when the tension within fiber reached the
maximum tensile strength. However, the paper fiber used in this
study showed brittle rupture behavior when the tensile strength
is reached. The individual fibers within the fiber-reinforced speci-
men could reach tensile strength at a different strain level. As the
fiber breaks, the tension within the fibers cannot be maintained.
Consequently, the average tension within individual fibers at a
given strain level is smaller than their tensile strength. If breakage
of individual fibers takes place within a narrow range of strains,
the stress-strain curve is expected to show a high peak strength
but also a steep postpeak strength loss. In contrast, if the breakage
of fibers takes place in a wide range of strain, the stress-strain
curve will show a low peak shear strength and a flatter postpeak
portion.

Fig. 7 compares the stress-strain behavior of specimens rein-
forced using same fiber content (0.23% by volume) but different
fiber lengths (54 and 108 mm). The tests were conducted under
a confining pressure of 490 kPa, which is beyond the predicted
Op.crir- The specimen reinforced using longer fibers shows higher
peak strength, but a more significant postpeak shear strength loss
with increasing strain. This shows that the fibers break within a
narrower range of strains in specimens reinforced with long fibers,
which is closer to the assumptions of the discrete framework
(i.e., all fiber tensile strength is mobilized at peak strength). There-
fore, the predicted equivalent shear strength envelope is more
accurate for soils reinforced using longer fibers.

Summary

The behavior of fiber-reinforced soil for conditions leading to
breakage of fibers was investigated in this paper. The exper-
imental testing program included triaxial compression tests
on soils reinforced using fibers with a low tensile strength (paper
fiber). The following conclusions can be drawn from this
investigation:

1. The presence of two failure modes (fiber pullout and fiber break-
age) that define the equivalent shear strength of fiber-reinforced
soil, as identified by the discrete framework (Zornberg 2002), was
observed in this study.
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2. The shear strength envelope of fiber-reinforced soil does not
show a sharp break at the critical confining pressure, as indi-
cated by the discrete framework (Zornberg 2002). Both types
of failure mode (fiber breakage and fiber pullout) take place
within a certain range in the vicinity of the critical confining
pressure. The minimum and average critical confining pressure
at which the breakage of random fibers initiates can be predicted
using the revised equations from this study.

3. The effects of fiber content and aspect ratio on the equivalent
shear strength under fiber breakage failure mode was examined.
For the paper fibers used in this study, soil reinforced using
longer fibers was found to have a higher shear strength than soil
reinforced using shorter fibers at a given fiber content. The
equivalent shear strength predicted by the discrete framework
is a good approximation of the test results obtained for speci-
mens reinforced with longer fibers.
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