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Abstract: The stress–dilatancy relationship for fiber-reinforced soils has been the focus of recent
studies. This relationship can be used as a foundation for the development of constitutive models for
fiber-reinforced soils. The present study aims to investigate the effect of recycled polypropylene fibers
on the shear strength–dilation behavior of two lateritic soils using the stress–dilatancy relationship for
direct shear tests. Results show that fibers improved the shear strength behavior of the composites,
observed by increases in the friction angle. Fibers’ orientation at the sheared interface could be
observed. The volumetric change during shearing was altered by the presence of fibers in both soils.
Overall, results indicate that the stress–dilatancy relationship is affected by inclusions in the soil mix.
Results can be used to implement constitutive modeling for fiber-reinforced soils.

Keywords: polypropylene fibers; lateritic soil; shear strength; drained test; stress–dilatancy

1. Introduction

Aiming to reduce the production of waste generated worldwide in civil construction,
the use of alternative materials has emerged as an urgent need in view of the current
environmental challenges. Different alternatives appear in the geotechnical context for soil
improvement, namely natural and synthetic fibers, rubber fibers, construction waste, and
flakes [1–5]. The improvement of soil in many geotechnical applications (subgrades and
subbases, the reinforcement of soft soils, the control of a soil’s hydraulic conductivity, the
improvement of erosion resistance, the prevention of piping, backfill in retaining structures,
and shrinkage crack mitigation) has been done with the reinforcement of local soils with
fibers [6–9]. The use of fibers to reinforce soils has been used as a sustainable reinforcement
technique since it does not harm the environment and does not promote the removal of
large volumes of soil for later compaction.

Extensive research has proven that reinforcing the soil with short, randomly dis-
tributed fibers (e.g., polypropylene and polyethylene terephthalate fibers) can improve the
mechanical response of the soil, observed by an interception in the potential failure zone,
fiber tensile strength mobilization, and an improvement in the soil ductility [10–13], as well
as provide isotropic behavior and limit the development of weak planes [14]. Anagnos-
topoulos et al. [15] state that the bond’s interfacial strength due to mechanical interlocking
along the friction at the interface seems to be the dominant mechanism that controls the
micromechanical benefits of the reinforcement of soil with fibers.

Recent studies available in the literature regarding clayey soils mixed with short,
randomly distributed polymeric fibers provide evidence of the significant impact of
the inclusion of fibers on the soil shear strength [13,16–20]. Most of these studies as-
sessed the effectiveness of fiber reinforcement using uniaxial, direct shear, and triaxial
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tests [10,13,21–29]. However, comparing the numerous published studies on sand–fiber
mixtures, studies on clayey soils reinforced with fibers are limited despite the equal poten-
tial for geotechnical applications.

For Anagnostopoulos et al. [30], the existing studies on fiber-reinforced clays have not
yet established the fundamental mechanisms or the conditions that may affect the behavior
of these fiber mixtures. According to Freilich et al. [31], there is a need for advancing studies
in this field of knowledge due to the greater complexity related to the fiber interaction
mechanism in cohesive soils. In addition, most studies do not present a deeper analysis
regarding the stress–dilatancy behavior of soils reinforced with fibers. As stated by Li and
Zornberg [32], the main findings in fiber reinforcement research regard increases in the soil
shear strength and the post peak strength and changes in the soil ductility.

The stress–dilatancy relationship for fiber-reinforced soils has been the focus of some
recent studies. The concept of fiber space was introduced by Wood et al. [33] to describe
significant changes in the dilatancy of fiber-reinforced sands [34]. For Kong [35], when a
polypropylene fiber–soil assembly dilates in response to applied shear deformations, the
work done by the driving stress will be dissipated by not only particle sliding but also the
fiber deformation. Eldesouky et al. [14] conducted direct shear tests on polypropylene-
fiber-reinforced sands and proved that as the specimen approaches failure, fiber-reinforced
specimens have higher dilation angles than unreinforced ones, explained by an increase
in the shear zone that leads to higher dilation angles. Kong et al. [34] conducted several
triaxial compression tests to investigate the effect of uniformly distributed fiber reinforce-
ments on the stress–dilatancy relationship of Nanjing sand. The authors propose a new
stress–dilatancy relationship for fiber-reinforced sand based on Rowe’s stress–dilatancy
relationship [36] for granular materials and suggest that the results could be employed as a
foundation for the development of a constitutive model for polypropylene-fiber-reinforced
soils. According to Kong et al. [34], the extension of fibers due to rearrangement and
microstructure disturbances during shearing provides an important contribution to the
increase in strength; however, studies are not conclusive on the observed stress dilatancy
of fiber-reinforced soils.

A recent study by Dołżyk-Szypcio [37] using the stress–dilatancy relationship for
the direct shear tests developed by Szypcio [38] emphasizes that the stress–dilatancy
relationship is a function of moisture, the degree of compaction, and normal stresses and
can be affected by inclusions in the soil mix. Szypcio [38] suggests further experimental
investigation, especially for cohesive soils on different stress–strain paths. Regarding the
stress–dilatancy relationship of fine and cohesive soils, Yousefpour et al. [39] evaluated
the shear strength–dilation characteristics of silty and clayey sands and demonstrate
that the shear strength, dilation angle, and maximum friction angle decreased with an
increase in the clay content and increased with an increase in the silt content. According to
Yousefpour et al. [39], few studies are concerned with the relationship between the strength
parameters and the dilation of silty and clayey sands. The authors suggest that the direct
shear apparatus is a useful tool for the investigation of the shear strength and dilation
characteristics of fine soils.

As exposed by the literature, there is a need for investigations regarding the shear
stress–dilatancy behavior of fine soils and the influence of the inclusion of fibers on the
strength and dilatancy behavior of fine soil mixtures. Studies related to fine-grained
and clayey lateritic soils reinforced with polymeric fibers are scarce in the literature [4,5].
The present study combined an investigation of the shear strength–dilation behavior of
two lateritic fine soils reinforced with short, randomly distributed polypropylene fibers.
Analyses were conducted using the stress–dilatancy model for the drained direct shear
tests developed by Szypcio [38].

2. Materials and Methods

Two lateritic soils (clayey sand and clay), taken from the state of Sao Paulo in Brazil,
were chosen for this research since they represent typical soils that cover a large area in
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Brazil. The lateritic soils, due to their formation process, underwent leaching processes.
The clay fractions are essentially composed of clay minerals from the Kaolinite group and
hydroxides and hydrated oxides of iron and/or aluminum [40,41]. The clayey soil was
collected from the city of Santa Gertrudes, Sao Paulo and classified as CH soil according to
the Unified Soil Classification System [42] although a significant percentage of sand was
present. The clayey sand, classified as SC soil [42], was collected from the city of Bauru, Sao
Paulo. According to X-ray diffraction analysis [43], the predominant clay minerals in both
lateritic soils were Kaolinite, Illite, Gibbsite, and Hematite. In these soils, the formation of
aggregates of finer soil particles is common due to the action of iron and aluminum oxides
and hydroxides, a characteristic that explains the peculiar behavior of lateritic soils.

The soil samples were characterized by particle size analysis [44], specific gravity [45],
Proctor tests [46], and consistency limits [47]. The physical properties of the soils are
presented in Table 1. The particle distribution of the soils is shown in Figure 1.

Table 1. Characteristics of the natural lateritic soils used in this study.

Properties Values Specification

CH SC

Clay fraction (%)
Silt fraction (%)

Sand fraction (%)

50
14
36

14
5.8
80.2

ASTM D7928 [44]

Specific gravity of solids 2.90 2.65 ASTM D854 [45]
Liquid limit (%)

Plasticity limit (%)
Plasticity Index (%)

51
29
22

16
2

14
ASTM D4318 [47]

Maximum dry unit weight (kN/m3) 16.7 19.50
ASTM D698 [46]

Optimum water content (%) 24.0 10.6

Figure 1. Particle size distribution curves of SC and CH soils.

The fibers used in this research were characterized as short, discrete recycled polypropy-
lene (PP) fibers of light weight and high flexibility that were hydrophobic and inert. The PP
fibers had an average diameter of 18 micrometers, a specific mass of 0.9 g/cm3, an average
length of 18 mm, zero water absorption, and a breaking tensile strength of 610 MPa.

Figure 2 presents the PP fibers used in this study and the samples’ preparation. PP
fibers were randomly distributed into the soil mass at a fiber content of 0.1% and 0.25%
by soil dry weight. These fiber contents are representative of the contents used in soil
mixtures in other studies [16,19,31,48–51]. The soil was homogenized using the optimum
water content of the natural soil, which was obtained from the compaction test in normal
Proctor energy by calculating the amount of water in relation to the total weight of the dry
raw material (soil + fiber).
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Figure 2. Sample preparation: (a) fibers; (b) mixture with CH soil; (b) mixture with SC soil.

Fibers were randomly distributed in the soil matrix and a mechanical mixer was used
to reach a homogenous fiber distribution in the soil and to avoid any potential weakness
plane. Fibers’ mixture in the CH soil was done with humidified soil due to the difficulty
of moistening and homogenizing the dry soil with fibers. In the field, special attention to
the mixture’s production is necessary. Some remarks on the limitations of quality control
procedures can be found in Farloca et al. [52].

In order to obtain the target compaction parameters for each soil mixture, standard
Proctor compaction tests [46] were also conducted on the soils with fiber reinforcements.
Prior to compaction, prepared mixtures were preserved in air-proof bags for a minimum of
24 hours for moisture homogenization. The optimum compaction conditions were used as
the target compaction parameters for the direct shear tests.

This study involved drained direct shear tests that were conducted according to ASTM
D3080 [53] on the compacted soil specimens. The specimens (with and without fibers)
were compacted using the optimum water content and a 95% compaction degree. The test
was conducted on a shear box with dimensions of 100 × 100 × 25 mm, where the lower
part of the shear box is restrained, while the upper part is controlled by a motor to apply a
horizontal shear load in displacement-controlled mode. Since the tests were carried out in
different months, the research with clayey soil specimens was initially performed under
vertical stresses of 100, 200, and 300 kPa prior to shearing. Then, the research continued,
and the sandy soil specimens were consolidated under vertical stresses of 100, 200, and
400 kPa. Tests were conducted at a loading rate of 0.15 mm/min in all tests. We did not
use duplicated soil samples to study the effect of structure on the stress–strain behavior of
reconstituted soil samples. Only one test per normal stress level was conducted. During
the tests, loads and displacements in the axial and horizontal directions were recorded
automatically by a computer-controlled data collection system. Shear stress was recorded
as a function of horizontal displacement up to a total displacement of 15 mm in order to
observe the post-failure behavior.

3. Results and Discussion
3.1. Influence of PP Fibers on Compaction Properties

Figure 3 shows the compaction curves of both soil mixtures with 0.1% and 0.25% fiber
content, compared to the respective natural soils. The behavior of the maximum dry unit
weight did not change with the inclusion of fibers in the clayey soil, while the optimum
gravimetric water content increased by 0.5% for the 0.25% fiber content. The behavior of the
maximum dry unit weight did slightly reduce with the inclusion of fibers in the sandy soil,
while the optimum gravimetric water content did not change. The results of other studies
show similar compaction curves for soils with and without fiber reinforcement [54–56],
where no significant alterations were evidenced.
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Figure 3. Standard Proctor compaction curves for soil with fiber contents of 0.0%, 0.1%, and 0.25%: (a) CH; (b) SC.

3.2. Influence of PP Fibers on Drained Shear Strength

The results of direct shear tests considering each combination of lateritic soil and
PP fibers are presented in Figures 4 and 5, showing the variations in shear stress and
volumetric change with shear displacements. In Figure 4, the inclusion of fibers in the CH
soil improved the shear strength behavior of the composites, beyond which it remained
constant for 0.1% fiber content. The contribution of the fibers to the increase in soil strength
was superior for the highest fiber content (0.25%) and, after the mixtures underwent plastic
deformation, the resistance of fibers was mobilized, and hardening was observed. This
behavior is in accordance with the results presented in the research of Anagnostopou-
los et al. [15] that studied the shear strength behavior of polypropylene-fiber-reinforced
cohesive soils. The continuous increase in shear stress, mainly for the highest normal
stresses, was justified in Khatri et al. [57] by the mobilization of the tensile strength of
the fibers, which increases the deformation imposed on the material at failure. Regarding
the volume change versus shear displacement plots for the CH soil (Figure 4), the results
evidence, at all stress levels, a lower degree of contraction of fiber-reinforced specimens
than that of unreinforced specimens, directly related to the fiber content. This behavior
was also found in the research of Anagnostopoulos et al. [15]. Specimens exhibited a
trend of dilation occurring under drained shearing for lower stresses and contraction
occurring under higher stresses. The volumetric change was altered by the presence of
fibers, mainly at higher stress levels, and indicates that the presence of fibers considerably
limited the tendency for contraction. Similar results were obtained by Sadek et al. [58] and
Ibraim et al. [59]. According to Anagnostopoulos et al. [15], these results suggest that the
volumetric response, from contractive to dilative, could be a consequence of an apparent
densification of the composite matrix resulting from the interaction mechanism between
the fiber net and the soil particles.

Regarding SC soil (Figure 5), the inclusion of polymeric fibers increased the shear
strength of the soil for higher normal stresses and the higher fiber content. The harden-
ing behavior observed for CH soil was not evidenced in SC specimens. Regarding the
volumetric change results, a trend of a decrease (contraction) in the volume variation
was observed at all stress levels, although the addition of fibers did not produce a trend
of a volume increase as in the CH soil. This behavior was also found in the results of
Silveira et al. [5], who used polyethylene strips in SC lateritic soil. Maher and Gray [60] and
Consoli et al. [61] state that the effect of the inclusion of fibers on the dilation and volume
change is more pronounced at higher loads and strain levels. Regarding the initial tangent
stiffness of the shear stress–displacement curves, the inclusion of polymeric fibers in both
CH and SC soils practically did not affect this property.
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Figure 4. Shear stress and volume change vs. displacement for CH soil with fiber contents of 0.0%, 0.1%, and 0.25%:
(a) 100 kPa; (b) 200 kPa; and (c) 300 kPa.

Figure 5. Shear stress and volume change vs. displacement for SC soil with fiber contents of 0.0%, 0.1%, and 0.25%:
(a) 100 kPa; (b) 200 kPa; (c) 400 kPa.

Figure 6 presents the soil–fiber specimens after shear tests, showing the fibers’ orien-
tation at the sheared interface in the CH soil. No deformation or breakage of fibers was
observed. Kumar and Singh [62] state that an improvement in the ductility of soil through
the stretching of the fibers causes an increase in the soil’s cohesion. According to Darvishi
and Erken [51], because of the extensible nature of the fibers, they are stretched in the soil
matrix during the shearing process, increasing the tension strength of fiber-reinforced soils.
Kong et al. [34] state that the extension of fibers due to rearrangement and microstructure
disturbances during shearing provides an important contribution to the increase in strength.
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For Anagnostopoulos et al. [15], this is a confirmation that fibers withstand tension within
the soil matrix without significantly deforming.

Figure 6. Fibers’ orientation during shearing in lateritic CH soil.

The shear strength envelopes for mixtures with 0%, 0.1%, and 0.25% fiber contents are
shown in Figure 7. The failure criterion adopted was the value of peak shear strength. The
results shown in Figure 7 evidence the friction behavior of SC soil and the high cohesion
(69.2 kPa) and friction angle (26.1◦) of the lateritic clayey soil. Indeed, compacted tropical
soils exhibit good shear strength behavior when unsaturated [63]. After the inclusion of
fibers, an increase in the cohesion and the friction angle was observed with increasing
fiber content in the CH soil. The results of Tang et al. [6] on clayey soil reinforced with
12-mm-long PP fibers showed that the values of cohesion and friction angles also increased
with increasing fiber content.

Figure 7. Shear strength envelopes of natural soil and soil with 0.1% and 0.25% fiber content: (a) CH;
and (b) SC.

The effect of the addition of fibers on the shear strength parameters of SC soil was
evidenced by an increase in the friction angle (Figure 7b), although it was not influenced
by the increase in fiber content. The improvement in the friction angle is most probably
associated with the mobilization of friction between the soil particles and the fibers [64,65]
and due to the relative size of the fibers and soil grains [15].

In order to evaluate the variation in the shear strength response with fiber contents
and normal stress levels, the following strength ratio parameter proposed by Darvishi and
Erken [51] was used:

R =
τ

τun
(1)
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where τ and τun are the stresses of fiber-reinforced and unreinforced soil at the peak shear
value, respectively.

Figure 8 presents results on the strength ratio in the evaluated lateritic soils with
different PP fiber contents and with normal stress levels. For the CH soil (Figure 8a,c), the
strength ratios were observed to be as high as 1.2 with increasing PP fiber content and
the CH soil showed decreased strength ratios under higher normal stresses. The SC soil
(Figure 8b,d) presented alterations in the strength ratio, such as a drop with higher normal
stresses, which was also observed in the sand–fiber mixture evaluated by Darvishi and
Erken [51]. In this case, reinforcement with fibers was more effective for specimens under
low normal stress and 0.25% fiber content.

Figure 8. Variation in the shear strength ratio with fiber content and normal stresses: (a) SC; (b) CH.

3.3. Influence of PP Fibers on the Stress–Dilatancy of Soil Mixtures

Figures 9 and 10 show a plot of the stress ratio (τ/σn) against the dilatancy results
of the natural soil and the fiber-reinforced mixtures for the different normal stress levels,
respectively, for SC soil and CH soil. As shown in Figure 9, at all test stages, the specimens
experienced high contraction rates (negative dilation angles) and the influence of the fibers
is evidenced by the stress–dilatancy behavior of the SC soil mixtures. The results on the
stress–dilatancy behavior of reinforced soil mixtures are in accordance with the results
of Eldesouky et al. [14] in which the contraction rates increased with an increase in the
fiber content. Figure 10 shows that adding 0.25% fiber content to the CH soil significantly
alters the stress–dilatancy behavior of the soil mixture as compared with the addition of
0.1% fiber content. In this case, the clayey soil was more susceptible to alterations in the
stress–dilatancy behavior of the soil than sandy soil.
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Figure 9. Influence of the inclusion of fibers on the stress–dilatancy behavior under direct shear conditions for SC soil:
(a) 100 kPa; (b) 200 kPa; (c) 400 kPa.

Figure 10. Influence of the inclusion of fibers on the stress–dilatancy behavior under direct shear conditions for CH soil:
(a) 100 kPa; (b) 200 kPa; (c) 300 kPa.
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Szypcio [38] developed a complex equation that represents the stress–dilatancy rela-
tionship for the simple shear condition, obtained from the frictional state theory. According
to Szypcio [38], the stress–dilatancy Equation (4) for the simple shear test can be used for
direct and ring shear tests, as follows:

τ

σ
=

√
3η cos Φ

◦
cos θ

3 + η
(

sin θ−
√

3sin Φ
◦
cos θ

) (2)

where:
η = Q− AD (3)

Q = M
◦ − αA

◦
(4)

M
◦
=

3sin Φ
◦

√
3cos θ− sin Φ

◦
sin θ)

(5)

for the drained condition,

A
◦
=

1
cos(θ− θε)

{
1− 2

3
M
◦

sin
(
θ+

2
3

π

)}
(6)

A = βA
◦

(7)

θε = arc tan


1√
3

δh
δs√

1 +
(

δh
δs

)2

 (8)

D = −
√

3
δh
δs√

1 + 4
3

(
δh
δs

)2
(9)

where Φ◦ is the critical frictional state angle, α and β are frictional state theory parameters,
h is the growth in the sample’s height during shear, and s is the displacement of the
shear box.

Based on the experimental data on non-cohesive soils, the stress–dilatancy relationship
calculated using the frictional state theory with Φ◦ = Φcυ, θ = 15◦, α = 0, and β = 1.4 is
acceptable [38]. Figure 11 shows an example of the stress ratio–dilatancy relationship for
the mentioned parameters.

Figure 11. Stress–dilatancy relationship developed by Szypcio [38] (modified).

According to the proposed model, parameters α and β represent the mode of defor-
mation in the shear band. Parameter α translates the reference curve obtained for α = 0
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upward for α < 0 and downward for α > 0. Parameter β significantly influences the stress
ratio–dilatancy relationship for dilation and contraction during shearing. For almost all
tests, in the initial phase of shearing, the relationship between τ/σn and δh/δs is not linear,
while in the pre-peak and post-peak phases of shearing, a linear relationship τ/σn—δh/δs
is observed, and parameters α and β can be calculated by use of an approximation tech-
nique [37,38]. In the study of Dołżyk and Szypcio [37], the pre-peak and post-peak phases
of shearing were obtained with parameter intervals of 0.1 < α < 1.1 and 2.1 < β < 6.0 (large
direct shear box) and α = 0 and β = 1.4 (small direct shear box), showing a higher degree of
non-homogeneous deformation in the shear band in the large box apparatus.

The results on stress–dilatancy relationships for the SC soil and the fiber-reinforced
mixtures are shown in Figure 12. The best fit obtained using Equation (2) well approxi-
mates the experimental relationship at failure (pre-peak experimental data) for Φ◦ = 32◦,
−0.15 < α <−0.1, and 2.0 < β < 2.4. According to Figure 12, the increase in parameter β after
the inclusion of fibers in the SC soil demonstrates the influence on the stress ratio–dilatancy
relationship during shear, which was superior for the higher fiber content. As also observed
by Dołżyk and Szypcio [37], this indicates that the stress–dilatancy relationship is affected
by inclusions in the soil mix.

Figure 12. Influence of the inclusion of fibers on the stress–dilatancy relationship under direct shear
conditions for SC soil: (a) 100 kPa; (b) 200 kPa; (c) 400 kPa.

An approach for cohesive soils was used to understand the stress–dilation behavior of
the CH soil. According to BS8002 [66], for fine soils, the critical frictional state angle can be
estimated based on Atterberg limits as follows:

Φ
◦
= 42− 12.5 log(PI) for 5% < PI < 100% (10)

where PI is the soil plasticity index.
In the natural clayey soil (Figure 13), the best fit obtained using Equation (2) well

approximates the experimental relationship at failure (pre-peak experimental data) for
Φ◦ = 25.2◦, −0.9 < α < −0.8, and 1.0 < β < 1.1. In general, the stress–dilatancy behavior of
the clayey samples was not affected by the inclusion of fibers, which was observed by the
parameters with the same fit. However, the pre-peak and post-peak phases of shearing
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showed different behaviors when comparing the natural and fiber-reinforced samples.
These results can be used to develop constitutive models for fiber-reinforced soils.

Figure 13. Influence of the inclusion of fibers on the stress–dilatancy relationship under direct shear
conditions of CH soil: (a) 100 kPa; (b) 200 kPa; (c) 300 kPa.

4. Conclusions

This study investigated the effect of recycled polypropylene fibers on the shear
strength–dilation behavior of two lateritic soils using the stress–dilatancy relationship
for direct shear tests. The following conclusions can be drawn:

1. The inclusion of PP fibers improved the shear strength behavior of the composites in
both soils, while the soils’ initial stiffness was practically not affected;

2. The contribution of the fibers to the increase in the soil strength was superior in the
clayey soil and for the highest content (0.25%), observed by a substantial increase
in the friction angle. The resistance of fibers was mobilized, and soil hardening was
observed. Fibers’ orientation at the sheared interface could be observed;

3. The volumetric change in the clayey soil was altered by the presence of fibers under
drained shear mainly at higher stress levels. The results indicate that the presence of
fibers considerably limited the tendency for contraction. A trend of a decrease in the
volume variation was observed for higher normal stresses in the sandy soil; and

4. The Szypcio [38] model demonstrated the influence on the stress ratio–dilatancy
relationship during shear, which was superior for the higher fiber content in the
sandy soil. In the clayey soil, the pre-peak and post-peak phases of shearing showed
different behaviors when comparing natural and fiber-reinforced samples. Overall,
the results indicate that the stress–dilatancy relationship is affected by inclusions in
the soil mix.
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37. Dołżyk-Szypcio, K. Direct Shear Test for Coarse Granular Soil. Int. J. Civ. Eng. 2019, 17, 1871–1878. [CrossRef]
38. Szypcio, Z. Stress-Dilatancy for Soils. Part IV: Experimental Validation for Simple Shear Conditions. Stud. Geotech. Mech. 2017,

39, 81–88. [CrossRef]
39. Yousefpour, V.; Hamidi, A.; Ghanbari, A. Shear Strength-Dilation Characteristics of Silty and Clayey Sands. J. Eng. Geol. 2020,

13, 177–205.
40. Townsend, F.C. Geotechnical Characteristics of Residual Soils. J. Geotech. Eng. 1985, 111, 77–94. [CrossRef]
41. Giacheti, H.L.; Bezerra, R.C.; Rocha, B.P.; Rodrigues, R.A. Seasonal influence on cone penetration test: An unsaturated soil site

example. J. Rock Mech. Geotech. Eng. 2019, 11, 361–368. [CrossRef]
42. ASTM D2487-17 Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification System); ASTM

International: West Conshohocken, PA, USA, 2017; pp. 1–10.
43. ASTM D4452-14 Standard Practice for X-ray Radiography of Soil Samples 2014; ASTM International: West Conshohocken, PA, USA,

2014; pp. 1–14.
44. ASTM D7928-17 Standard Test Method for Particle-Size Distribution (Gradation) of Fine-Grained Soils Using the Sedimentation (Hydrome-

ter) Analysis; ASTM International: West Conshohocken, PA, USA, 2017; pp. 1–25.
45. ASTM D854-14 Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer; ASTM International: West Conshohocken,

PA, USA, 2014; pp. 1–7.
46. ASTM D698: Standard Test Methods for Laboratory Compaction Characteristics of Soil Using Standard Effort (12 400 ft-lbf/ft3 (600

kN-m/m3)); ASTM International: West Conshohocken, PA, USA, 2012; Volume 3, pp. 1–13.
47. ASTM D4318-17e1 Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils; ASTM International: West

Conshohocken, PA, USA, 2017; Volume 4, pp. 1–14.
48. Diambra, A.; Ibraim, E. Modelling of fibre–cohesive soil mixtures. Acta Geotech. 2014, 9, 1029–1043. [CrossRef]
49. Li, C.; Zornberg, J.G. Interface shear strength in fiber-reinforced soil. In Proceedings of the 16th International Conference on Soil

Mechanics and Geotechnical Engineering, Osaka, Japan, 12–16 September 2005; Volume 3, pp. 1373–1376. [CrossRef]
50. Rowland Otoko, G. Stress–Strain Behaviour of an Oil Palm Fibre Reinforced Lateritic Soil. Int. J. Eng. Trends Technol. 2014,

14, 295–298. [CrossRef]
51. Darvishi, A.; Erken, A. Effect of Polypropylene Fiber on Shear Strength Parameters of Sand. In Proceedings of the 3rd World

Congress on Civil, Structural, and Environmental Engineering (CSEE’18), Budapest, Hungary, 8–10 April 2018; p. 13.

http://doi.org/10.1007/s10706-019-01057-y
http://doi.org/10.1016/j.geotexmem.2016.09.001
http://doi.org/10.1093/ijlct/ctz028
http://doi.org/10.1007/s10706-018-0512-0
http://doi.org/10.1061/(ASCE)1090-0241(2001)127:3(258)
http://doi.org/10.1680/geot.8.P.159
http://doi.org/10.1016/j.wasman.2010.09.018
http://www.ncbi.nlm.nih.gov/pubmed/20951022
http://doi.org/10.12989/gae.2015.8.1.053
http://doi.org/10.1007/s10706-012-9593-3
http://doi.org/10.1061/(ASCE)GT.1943-5606.0002109
http://doi.org/10.1016/j.sandf.2016.08.003
http://doi.org/10.1007/s11440-019-00834-6
http://doi.org/10.1098/rspa.1962.0193
http://doi.org/10.1007/s40999-019-00417-2
http://doi.org/10.1515/sgem-2017-0008
http://doi.org/10.1061/(ASCE)0733-9410(1985)111:1(77)
http://doi.org/10.1016/j.jrmge.2018.10.005
http://doi.org/10.1007/s11440-013-0283-y
http://doi.org/10.3233/978-1-61499-656-9-1373
http://doi.org/10.14445/22315381/IJETT-V14P257


Sustainability 2021, 13, 12603 15 of 15

52. Falorca, I.; Pinto, M.I.M. Effect of short, randomly distributed polypropylene microfibres on shear strength behaviour of soils.
Geosynth. Int. 2011, 18, 2–11. [CrossRef]

53. ASTM D3080/D3080M-11. Standard Test Method for Direct Shear Test of Soils under Consolidated Drained Conditions; ASTM Interna-
tional: West Conshohocken, PA, USA, 2011; Volume 4, pp. 1–9. [CrossRef]

54. Gelder, C.; Fowmes, G.J. Mixing and compaction of fibre- and lime-modified cohesive soil. Proc. Inst. Civ. Eng. Ground Improv.
2016, 169, 98–108. [CrossRef]

55. Kumar, P.; Singh, S.P. Fiber-reinforced fly ash subbases in rural roads. J. Transp. Eng. 2008, 134, 171–180. [CrossRef]
56. Mirzababaei, M.; Miraftab, M.; Mohamed, M.; McMahon, P. Unconfined compression strength of reinforced clays with carpet

waste fibers. J. Geotech. Geoenviron. Eng. 2013, 139, 483–493. [CrossRef]
57. Khatri, V.N.; Dutta, R.K.; Venkataraman, G.; Shrivastava, R. Shear strength behaviour of clay reinforced with treated coir fibres.

Period. Polytech. Civ. Eng. 2016, 60, 135–143. [CrossRef]
58. Sadek, S.; Najjar, S.S.; Freiha, F. Shear strength of fiber-reinforced sands. J. Geotech. Geoenviron. Eng. 2010, 136, 490–499. [CrossRef]
59. Ibraim, E.; Diambra, A.; Muir Wood, D.; Russell, A.R. Static liquefaction of fibre reinforced sand under monotonic loading.

Geotext. Geomembr. 2010, 28, 374–385. [CrossRef]
60. Mohamad, H.; Maher, M.H.; Gray, D.H. Static response of sands reinforced with randomly distributed fibers. J. Geotech. Eng.

1990, 116, 1661–1677.
61. Consoli, N.C.; Thomé, A.; Girardello, V.; Ruver, C.A. Uplift behavior of plates embedded in fiber-reinforced cement stabilized

backfill. Geotext. Geomembr. 2012, 35, 107–111. [CrossRef]
62. Bera, A.K.; Chandra, S.N.; Ghosh, A.; Ghosh, A. Unconfined compressive strength of fly ash reinforced with jute geotextiles.

Geotext. Geomembr. 2009, 27, 391–398. [CrossRef]
63. Futai, M.M.; Almeida, M.S.S.; Lacerda, W.A. Yield, Strength, and Critical State Behavior of a Tropical Saturated Soil. J. Geotech.

Geoenviron. Eng. 2004, 130, 1169–1179. [CrossRef]
64. Yetimoglu, T.; Salbas, O. A study on shear strength of sands reinforced with randomly distributed discrete fibers. Geotext.

Geomembr. 2003, 21, 103–110. [CrossRef]
65. Shao, W.; Cetin, B.; Li, Y.; Li, J.; Li, L. Experimental Investigation of Mechanical Properties of Sands Reinforced with Discrete

Randomly Distributed Fiber. Geotech. Geol. Eng. 2014. [CrossRef]
66. BS 8002:1994. Code of Practice for Earth Retaining Structures; British Standards Institution: London, UK, 1994; pp. 1–114.

http://doi.org/10.1680/gein.2011.18.1.2
http://doi.org/10.1520/D3080
http://doi.org/10.1680/grim.14.00025
http://doi.org/10.1061/(ASCE)0733-947X(2008)134:4(171)
http://doi.org/10.1061/(ASCE)GT.1943-5606.0000792
http://doi.org/10.3311/PPci.7917
http://doi.org/10.1061/(ASCE)GT.1943-5606.0000235
http://doi.org/10.1016/j.geotexmem.2009.12.001
http://doi.org/10.1016/j.geotexmem.2012.09.002
http://doi.org/10.1016/j.geotexmem.2008.12.004
http://doi.org/10.1061/(ASCE)1090-0241(2004)130:11(1169)
http://doi.org/10.1016/S0266-1144(03)00003-7
http://doi.org/10.1007/s10706-014-9766-3

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Influence of PP Fibers on Compaction Properties 
	Influence of PP Fibers on Drained Shear Strength 
	Influence of PP Fibers on the Stress–Dilatancy of Soil Mixtures 

	Conclusions 
	References

