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Abstract
Inspired by plant roots, polypropylene fibers can be employed to improve the shear strength of soils. Since the previously 
applied studies focused on the drained and undrained strength of fiber-reinforced soils (FRS), the dual effects of the different 
strain paths and fiber contents on the strength properties have been neglected. Recently carried out investigations indicated 
that strain paths have significant effects on the behavior of soils, where a stable behavior in conventional tests can be 
changed to a completely unstable behavior. In this paper, the effects of the flexible fibers on the monotonic behavior of 
sands under different strain paths were investigated for the first time. There is not any previously applied study about the 
coupled volumetric–shear strain behavior of FRS and this research was aimed to explore such a behavior. Strain paths were 
conducted by applying controlled volumetric and shear strains, where the ratio between these strains was kept known for the 
undertaken tests. It is shown that the fiber inclusions can reduce the wrecking effects of strain paths until a threshold value 
of fiber content, while more fiber contents (more than the threshold value) can reduce their favorable influences. Effects of 
fiber content on the steady state and phase transformation stress ratios, maximum experienced shear stresses, and generated 
excess pore pressures were evaluated considering different strain paths, as well.

Keywords  Geosynthetics · Fiber-reinforced sand · Polypropylene · Strain path · Simple shear

Introduction

Mechanical properties of soils like strength and stability can 
be improved using soil reinforcement techniques. Applica-
tion of geosynthetics such as geotextiles and geogrids is one 
of the conventional methods to enhance the strength of soils 
in a certain direction; however, in these approaches, weak 
planes can be generated on the interface of soils and geo-
synthetics. Inspired by the roots of plants, short fibers with 
a random distribution can be employed in soil improvement 
projects to increase the strength of soils against shear and 
tension stresses and to reinforce them against the generation 
of weak planes. The efficiency of the roots of plants on the 
stability of slopes and reinforcement of soils have been well 
discussed by previously applied studies. Consequently, same 
as the roots of plants, randomly distributed flexible fibers 
can be employed to improve the stability of slopes, as well 
as to remediate liquefiable sites.

Most of the applied studies on the mechanical behavior 
of fiber-reinforced soils (FRS) have reported a consider-
able enhancement in the peak strength, post-peak strength, 
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and deformability of soils. Consoli et al. [1] investigated 
the strength of fiber-reinforced sands using the ring shear 
apparatus to evaluate the behavior of these soils under large 
strains. It has been revealed that application of the polypro-
pylene fibers can significantly improve the shear strength 
parameters of sands for large deformations. Ibraim et al. [2] 
assessed the influences of randomly distributed polypro-
pylene fibers on the strength of clean sands against static 
liquefaction. It has been shown that the application of the 
fibers can improve drainage conditions in the sand samples 
and can reduce the potential of liquefaction in these soils. 
Diambra et al. [3], using compression and extension triaxial 
tests, revealed that the fibers are most effective in increasing 
the strength of sands in the compression mode of shearing, 
while for extension mode, the effects are not considered. 
These results indicate the importance of the direction of fib-
ers with respect to the applied loads. Hamidi and Dehghan 
[4], using triaxial compression tests, investigated the effects 
of the fibers on the strength properties, stiffness, and defor-
mations of the cemented sands gravely. Using the drained 
and undrained tests, it was demonstrated that the applica-
tion of fibers could increase the peak strengths and residual 
strengths of samples. In addition, it was shown that larger 
volumetric strains could be tolerated with samples reinforced 
by fibers; however, the tangent elastic modulus of samples 
at the onset of loading was decreased for the tested samples. 
Eldesouky et al. [5] evaluated the effects of fibers on the 
dilative behavior of sandy soils using direct shear tests. It 
was shown that an increment in the moisture content of soils 
could reduce the effects of fibers on the shear strength and 
dilation of samples. Eskisar et al. [6] investigated the influ-
ences of fibers on the strength of sands against liquefaction 
using undrained cyclic triaxial tests. Parameters such as fiber 
content, length of fibers, and density of soil were employed 
to assess effects of them on the liquefaction of samples. Li 
et al. [7] evaluated the effects of fiber reinforcement on the 
strength of the biologically treated sands. Mirzababaei et al. 
[8] investigated the effects of fiber inclusions on the physical 
and mechanical properties of clay samples. Yildiz et al. [9], 
by developing a large-scale direct shear apparatus, investi-
gated the influences of plant roots (as natural fibers) on the 
strength of sands. Zhang and Russell [10] studied the effects 
of fibers on the static liquefaction of sands by conducting 
some consolidated undrained triaxial tests (under compres-
sion shearing mode). Ghadr and Bahadori [11] applied some 
hollow cylindrical torsional shear tests to investigate the ani-
sotropic behavior of fiber-reinforced sands, and some other 
researchers assessed the influences of randomly distributed 
fibers on the shear failure of soil [12, 13]. Cardoza and Lalita 
[14] evaluated the effects of roots (as natural fibers) on the 
cohesion and friction angle of granular soils (with different 
grain sizes and distributions) using direct shear tests. It was 
shown that the existence of roots could increase the cohesion 

of soils significantly and can lead to an increment in friction 
angle as well. Lv et al. [15] utilized different types of fibers 
to provide additional reinforcement in bio-cemented sands. 
Besides the applied experimental studies on the effects of 
natural and synthetic fibers, the development of constitu-
tive models to simulate the mechanical behavior of fiber-
reinforced soils has been carried out by researchers [16–18]. 
Wang et al. [19] proposed a numerical approach based on 
the equivalent additional stress concept to predict the behav-
ior of fiber-reinforced sands by considering the effects of 
fiber–soil interactions. Gao et al. [20] extended a constitutive 
model based on the model proposed by Li and Dafalias [21] 
to predict the behavior of fiber-reinforced sands. In this mod-
ified constitutive model, the effects of fibers on the effective 
void ratio and effective stresses are discussed. Previously, 
it was assumed that the conventional stress–strain paths 
(consolidated drained and consolidated undrained paths) 
are the most critical paths for soil behavior. Therefore, all 
of the mentioned studies have been applied by considering 
consolidated drained or undrained paths as the most critical 
paths for the strength of soils. However, recently conducted 
investigations revealed that the partially drained strain paths 
could lead to more crucial behavior in sandy soils. A par-
tially drained path is a path in which both volumetric strains 
and excess pore pressures can be developed simultaneously 
in the soil media. Applied centrifuge tests by Adamidis and 
Madabhushi [22] demonstrated that the seismic responses 
of granular soils could not be considered a fully undrained 
procedure because of the unavoidable generation of pore 
water flow during the loading phase. Analytical models also 
have shown that liquefaction of sands would not occur only 
in fully undrained situations, and procedures such as rear-
rangement of particles, redistribution of voids, and flow of 
pore water can result in partial drainage in the liquefied soils 
[23]. Using element tests, Vaid and Eliadorani [24] have 
shown that a little water inlet during the shearing of soils 
can significantly alter the behavior of sands. By employ-
ing a digital pressure–volume controller apparatus and the 
triaxial tests, Gananathan [25] investigated the effects of dif-
ferent strain paths on the sands and revealed that the partially 
drained strain paths could result in a considerable soften-
ing in the samples. The same results have been reported 
by Sivathayalan and Logeswaran [26], Chu et al. [27], and 
Wanatowski et al. [28], which show the importance of the 
experienced strain paths on the response of soils. However, 
most of the studies about the partially drained behavior of 
soils have been conducted using triaxial tests; direct sim-
ple shear (DSS) apparatus can also be undertaken to study 
about effects of strain paths. To this aim, specified coupled 
volumetric–shear strain paths can be applied to the samples, 
where samples can experience both volumetric changes and 
excess pore water generation. Lashkari et al. [29] carried out 
such a study to evaluate the monotonic behavior of sands in 
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partially drained conditions and to validate a state-depend-
ent constitutive model for these paths. Tohidvand et al. [30] 
investigated the effects of partially drained paths on the 
monotonic, cyclic, and post-cyclic behavior of sandy soils 
using a direct simple shear (DSS) apparatus.

Besides the possible partially drained behavior of sands in 
conventional loading situations, fiber-reinforced sands have 
more potential to experience such behavior by improving 
the drainage condition like what can be observed by roots 
in nature. Therefore, soils adjacent to the fibers can behave 
like the soil media adjacent to a drainage path. The coupled 
volumetric–shear strain (partially drained) behavior of fiber-
reinforced sands has not been studied yet, and this paper is 
organized to investigate the dual effects of these strain paths 
and fiber inclusions on the mechanical behavior of sands 
for the first time. In this research, coupled volumetric–shear 
strain behavior of FRS was compared with the conventional 
constant volume and constant pressure strain–stress paths. 
Effects of the induced anisotropy on the behavior of samples 
were discussed and the effects of different amounts of fiber 
content on the behavior of sands were evaluated. Details of 
the test procedure are presented in the next section, achieved 
results and discussions about them are given in “Results 
and discussion”, and the conclusions are provided in the 
last section.

Employed Materials, Apparatus, and Tests 
Procedures

Firoozkuh No. 161 Sand and Employed 
Polypropylene Fibers

In this study, Firoozkuh No. 161 fine sand was used as 
granular soil material where different researches have been 
conducted on this soil, till now [29–31]. The selected sandy 
soil was industrially produced by crushing parent rocks 
and consists of particles with angular shapes. The particle 
size distribution of the employed sandy soil is presented in 
Fig. 1a, the SEM photo of the particles is given in Fig. 1b, 
and the main physical properties of the sand particles are 
detailed in Table 1. 

The used polypropylene fibers are shown in Fig. 2, and 
the main physical and mechanical properties of the fibers are 
introduced in Table 2. As mentioned before, flexible fibers 
like polypropylene fibers can be employed to synthetically 
simulate the effects of the plant roots.

The Direct Simple Shear Apparatus

In this research, a fully automatic stack ring-type direct 
simple shear (DSS) apparatus was employed to investigate 
the behavior of sand samples under different strain paths. 

The used apparatus is shown in Fig. 3a, and the schematic 
view of the apparatus is shown in Fig. 3c. In this appara-
tus, the solid rings would not allow isotropic consolida-
tion, which is a usual consolidation manner in the triaxial 
tests. However, the K0 consolidation was applied based on 
the limitations of the used apparatus; it should be consid-
ered that the K0 consolidation has more correspondence 
to what happened in nature. Isotropic consolidation is a 
rare phenomenon and can be considered a simplification 
of the stress state at the commencement of the shear load-
ing phase. Direct simple shear devices have been mostly 

Fig. 1   a Particle size distribution of the Firoozkuh No. 161 sand. b 
SEM photo of the sand particles

Table 1   Main physical properties of the Firoozkuh No. 161 sand

Gs Mean diameter 
(mm) (D50)

Maximum void 
ratio (emax)

Minimum void ratio 
(emin)

2.65 0.27 0.95 0.55
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developed to assess soil behavior in plain strain conditions 
with K0 consolidation.

Strain paths are applied to the sample using controlled 
coupled volumetric to shear strain rates (dξv/dγ). In this 
paper, bilinear strain paths were employed to let the sam-
ples reach their steady state at the ultimate stresses (for the 
paths with a linear relationship between volumetric and 
shear strains, a steady state cannot be reached because of the 
non-constant volumetric deformations at large strains). The 
bilinear partially drained tests were applied in three phases; 
the first phase was for the consolidation of samples up to 
the targeted effective stress, the second phase was applied 
to conduct the first line of the bilinear strain paths, and the 
third one was applied for the second line of the bilinear 
strain paths. The third phase was equivalent to the constant 
volume condition, as the changes in the volumetric strains 
were equal to zero. The linear partially drained tests were 
applied in two phases; first, consolidation was applied, then 
the shearing phase was initiated. A sample of the conducted 
strain paths is given in Fig. 4, where it is compared with a 
sample linear strain path. It was shown by Monkul et al. [32] 
that both dry and saturated clean sands exhibited equivalent 
behavior under a constant volume or constant pressure direct 
simple shear tests. Therefore, it could be assumed that varia-
tions of total vertical stresses during shearing could be con-
sidered the same as the pore pressure variations, as is usual 
in most of the applied DSS tests (for example Lashkari et al. 
[29], Tohidvand et al. [30], Monkul et al. [32], Hubler et al. 

[33]). In addition, as the volume change in stake ring-type 
direct shear apparatus is one dimensional, volume changes 
were measured using the recorded changes in the height of 
the samples (changes of heights were measured by LVDT). 
The position of the used LVDTs is shown in Fig. 3c.

All of the samples (clean sands and fiber-reinforced 
sands) were prepared using the wet tamping procedure 
with moisture of 5%. Figure 3b shows one of the prepared 
samples inside the DSS cell. All of the used samples had 
a diameter of 7 cm and a thickness of 2 cm. In addition, it 
should be mentioned that, however, in some of the applied 
tests, the steady state was not achieved in the samples, the 
ultimate states in all of the tests were approaching such a 
steady condition. Therefore, the asymptotic state can approx-
imately be considered as the steady state in the tests. In this 
paper, phase transformation was considered as the state of 
the transformation from a contractive (or dilative) behavior 
to a dilative (or contractive) one.

Experimental Procedure and Tests Program

In this paper, the consolidated constant volume and con-
stant pressure strain–stress paths (equivalent to consoli-
dated undrained and consolidated drained paths in the 
triaxial tests) were undertaken to evaluate the behavior of 
both clean sand (unreinforced) and reinforced sand on the 
conventional paths. In addition, bilinear strain paths with 
known values of volumetric and shear strains (an example 
can be seen in Fig. 4) were applied to the samples to assess 
the dual effects of different strain paths and fiber contents 
on the strength of sands. The coupled volumetric and 
shear strains can simulate a partially drained situation, as 
described by Lashkari et al. [29] and Tohidvand et al. [30]. 
The tests program is given in Table 3, where CPD means 
consolidated partially drained, CV and CP are used to 
recognize consolidated constant volume and consolidated 
constant pressure tests. As shown in Table 2, different fiber 
contents (FC), initial relative densities (Dr0), and different 
strain paths were employed to better illustrate the influ-
ences of effective parameters on the behavior of sands. In 
Table 2, Drac is the relative densities that were achieved 
after consolidation. As can be observed in Table 2, differ-
ences between after consolidation relative densities are 
negligible. In addition, as the initial relative densities were 
achieved by precise calculations and preparations, there 
is not any diversion from the aimed values in Dr0. The 
negligible differences in Drac values occurred because of 
the small errors between the targeted vertical stresses and 
the applied ones by the device. It should be noted that 
there are two different approaches in the preparation of 
FRS samples. In the first approach, some of the volumes 
of soil particles are replaced by fibers so that the specific 
volume of the FRS sample matches the specific volume of 

Fig. 2   Employed polypropylene fibers

Table 2   Main physical and mechanical properties of used polypropyl-
ene fibers

Unit mass 
(g/cm3)

Tension 
strength (N/
mm2)

Mean thick-
ness (mm)

Elastic 
modulus 
(MPa)

Mean length 
(mm)

91 350 0.025 6200 5
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the plain sand [33]. In the second approach, the volume 
of sand is kept constant and the addition of fibers replaces 
some of the voids. In this approach, the specific volume 
will be kept constant [16]. In this research, the second 

approach was used; therefore, specific volumes of samples 
with constant fiber content were equal.

All of the tests were applied based on the published 
ASTM codes (ASTM D4253 to calculate emax, ASTM 
D4254 to calculate emin, ASTM D854 to calculate Gs (spe-
cific gravity of soil), ASTM D6913 to calculate particle 
size distribution, and ASTM D6528 for direct simple shear 
tests).

Results and Discussion

In this section, the achieved results of the conventional and 
partially drained tests (with known values of volumetric to 
shear strain increment) are presented and discussed. Effects 
of the strain paths on the different characteristic parameters 
of the clean sands and fiber-reinforced sands (FRS) are 
evaluated.

Fig. 3   a The used DSS apparatus. b A prepared sample. c Schematic view of the apparatus

Fig. 4   Comparison between the bilinear and linear strain paths
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(

�∕��
v

)
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 ) and phase trans-

formation state ( 
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�∕��
v

)

PT
 ) can be considered as the two 

main characteristic properties of soils that can identify 
stress–strain behavior of them. Previously applied studies 
indicated that different strain paths could affect these stress 
ratios due to the shearing of soil particles. However, the 
effects of the fiber content (FC) on the evolution of these 
stress ratios remained non-investigated yet. Results of 
the denser sand samples with Dr0 = 60% are presented in 
Fig. 5. Figure 5a shows that the stress paths of clean sands 
are affected by different strain paths significantly. It can be 
seen in Fig. 5a that the contractive behavior of samples is 

magnified by increasing the ratio of the volumetric strain 
increments to the shear strain increments (dξv/dγ) from zero 
(which corresponds to the constant volume tests) to + 0.5%. 
In contrast to the expansive paths (positive values of dξv/dγ), 
the contractive paths lead to more increment in the strength 
of samples. Figure 6a shows changes in the mobilized stress 
ratios of clean sands. As can be seen in this figure, achieved 
stress ratios are affected by strain paths considerably, where 
the steady-state stress ratio is increased from 0.51 (for 
dξv/dγ = − 2%) to 0.61 (dξv/dγ =  + 0.5%). Stress paths of the 
fiber-reinforced sands under different strain paths are given 
in Fig. 5b, c. Differences between the behaviors of samples 
with different strain paths are ignorable for tests with 0.1% 
and 0.25% of fiber contents. However, these differences are 
increased again for tests with 0.5% of fiber content. Such 

Table 3   Details of the tests 
program

a Drac = relative density after consolidation

Name Type dξv/dγ (%) �
′
v0

(kpa) Dr0 (%) Drac (%)a* FC (%)

Clean sands
 No. 1 CV 0 300 60 64.51 0
 No. 2 CP – 300 60 64.46 0
 No. 3 CPD − 2 300 60 64.48 0
 No. 4 CPD − 1 300 60 65.56 0
 No. 5 CPD − 0.5 300 60 64.38 0
 No. 6 CPD  + 0.5 300 60 64.53 0
 No. 7 CPD  + 0.1 300 60 65.03 0
 No. 8 CV 0 300 30 35.64 0

FRS samples
 No. 9 CV 0 300 60 65.72 0.1
 No. 10 CP – 300 60 63.91 0.1
 No. 11 CPD − 2 300 60 64.65 0.1
 No. 12 CPD − 1 300 60 65.43 0.1
 No. 13 CPD − 0.5 300 60 65.23 0.1
 No. 14 CPD  + 0.5 300 60 65.15 0.1
 No. 15 CPD  + 0.1 300 60 64.78 0.1
 No. 16 CV 0 300 60 65.67 0.25
 No. 17 CP – 300 60 65.33 0.25
 No. 18 CPD − 2 300 60 64.89 0.25
 No. 19 CPD − 1 300 60 65.63 0.25
 No. 20 CPD − 0.5 300 60 64.52 0.25
 No. 21 CPD  + 0.5 300 60 65.46 0.25
 No. 22 CPD  + 0.1 300 60 63.96 0.25
 No. 23 CV 0 300 60 65.47 0.5
 No. 24 CP – 300 60 64.96 0.5
 No. 25 CPD − 2 300 60 65.89 0.5
 No. 26 CPD − 1 300 60 65.32 0.5
 No. 27 CPD − 0.5 300 60 64.98 0.5
 No. 28 CPD  + 0.5 300 60 65.13 0.5
 No. 29 CPD  + 0.1 300 60 64.79 0.5
 No. 30 CPD − 2 300 30 34.88 0.25
 No. 31 CPD  + 0.5 300 30 34.67 0.25
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behavior indicates that the inclusion of fibers can reduce 
the effects of induced strain paths on the experienced stress 
paths of samples until a certain (threshold) amount. The 
larger amount of fibers can reduce the resistance of FRS 
against different strain paths. Figure 6d shows that the sam-
ples with 0.5% of fibers have almost the same stress ratio 
evolution during tests, whereas based on the results depicted 
in Fig. 6a–c, other samples have experienced considerably 
different evolution paths.

Changes in the steady-state stress ratios with respect to 
different values of dξv/dγ are presented in Fig. 7a. As dem-
onstrated in this figure, for clean sand, increment of dξv/dγ 
resulted in increment of steady-state stress ratio ( 

(

�∕��
v

)

ss

). Clean sand samples exhibited an incremental behavior 
for steady-state stress ratios by increasing values of dξv/dγ, 
while FRS samples showed different behavior. For exam-
ple, samples with 0.1% of fiber show first a decrement 
in the values of 

(

�∕��
v

)

ss
, then these values increased by 

increasing values of dξv/dγ. Besides the samples with 0.5% 

of fibers, other samples exhibited almost the same steady-
state stress ratio for tests with dξv/dγ = 0.5%. Such results 
indicate the importance of strain paths on the steady-state 
behavior of fiber-reinforced sands. As is shown in Fig. 7b, 
small changes in the induced strain path can significantly 
change the steady-state behavior of FRS samples. The 
same trend can be found for phase transformation stress 
ratios ( 

(

�∕��
v

)

PT
 ) as shown in Fig. 7c and d. For contrac-

tive strain paths (�∕�′
v
)

PT
 of the FRS samples are larger than 

the (�∕�′
v
)

PT
 values of the clean sand samples. However, for 

expansive strain paths, the occurred changes in the phase 
transformation stress ratios depend on the fiber content. A 
threshold fiber content can be observed again for the phase 
transformation stress ratios. These results demonstrate that 
a sample with a constant percentage of fibers can behave 
differently under different strain paths. In addition, for a 
certain strain path, crucial stress ratios of the FRS samples 
can be affected by changing the amount of fiber. Where, 
sometimes the occurred changes can result in the selection 

Fig. 5   Stress paths of the samples under different strain paths. a Clean sands. b FRS with fiber content equal to 0.1%. c FRS with fiber content 
equal to 0.25%. d FRS with fiber content equal to 0.5%
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of uneconomical parameters, and ignoring the effects of 
expansive strain paths can result in the non-conservative 
selection of parameters.

Such a great influence of strain path on the steady-state 
behavior of sands can be reduced in loose sands, as shown 
in Fig. 8. In other words, denser FRS samples show more 
sensitivity against applied strain paths compared to loose 
sands. In the loose sands with fiber inclusions (synthetic or 
natural fibers), the steady-state stress ratio is always larger 
than the steady-state stress ratio of the clean sands, as shown 
in Fig. 8b. Therefore, for loose sands, constant volume tests 
can be applied to reach a conservative design; however, for 
dense or medium-dense sands, constant volume tests are not 
sufficient to safely determine the characteristic parameters 
of fiber-reinforced soils.

Effects on τmax

It has been revealed by previously applied studies that 
fiber-reinforced soils can resist larger shear stresses com-
pared to clean sands (unreinforced sands). Results of the 
denser sand samples with Dr0 = 60% are presented in 
Fig. 9. This figure shows that the experienced maximum 
shear stress of clean and reinforced sands can be affected 
by strain paths. For clean sands, experienced τmax will be 
decreased in the expansive strain paths in comparison with 
the constant volume strain path, while these values will be 
increased by increasing induced strain ratios (dξv/dγ). The 
same results can be observed for FRS samples as shown 
in Fig. 9b–d. However, in contrast to the clean sands, τmax 
of FRS samples are larger than the τmax values of constant 

Fig. 6   Stress ratio evolution of the samples under different strain paths. a Clean sands. b FRS with fiber content equal to 0.1%. c FRS with fiber 
content equal to 0.25%. d FRS with fiber content equal to 0.5%
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Fig. 7   2D and 3D demonstration of the effects of the different strain paths on the steady state and phase transformation stress ratios considering 
the different amount of fiber contents for samples with Dr0 = 60% a and b steady-state stress ratios, c and d phase transformation stress ratios

Fig. 8   Behavior of loose sandy soils (Dr0 = 30%) with zero and 0.25% of fiber under different strain paths. a Stress paths. b Stress ratio evolution 
during the shear phase
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pressure tests for 0.1% and 0.25% of fiber content. Sam-
ples with 0.5% of fiber content exhibited almost the same 
behavior as the clean sands by considering changes of τmax 
for different strain paths. In other words, the reached val-
ues of τmax are reduced to smaller values in comparison 
with the achieved values of τmax for constant pressure tests 
in FRS samples with 0.5% of fiber.

Figure 10 shows that for loose sands, fibers not only 
increased the reached maximum shear stresses but also mini-
mized the effects of different strain paths on the achieved 
values of τmax. Therefore, it can be inferred that experienced 
strain paths can affect the behavior of denser FRS samples 
more than looser ones.

Effects on uf and EPP

Generated excess pore pressures (EPPs) during the shearing 
of sands can be affected by the induced strain paths signifi-
cantly. Results of the denser sand samples with Dr0 = 60% 
are presented in Fig. 11. For clean sands (FC = 0%), as 

shown in Fig. 11a, expansive strain paths lead to positive 
EPPs. However, contractive strain paths resulted in negative 
values of EPPs, which corresponds to an increment in the 
shear strength of samples. For samples with 0.1% and 0.25% 
of fibers, all strain paths resulted in negative EPPs. In other 

Fig. 9   Shear stress–shear strain curves of the samples with Dr0 = 60% under different strain paths. a Clean sands. b FRS with fiber content equal 
to 0.1%. c FRS with fiber content equal to 0.25%. d FRS with fiber content equal to 0.5%

Fig. 10   Shear stress–shear strain curves of loose sandy soils 
(Dr0 = 30%) with zero and 0.25% of fibers under different strain paths
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Fig. 11   Generated excess pore pressures (EPPs) for the samples with Dr0 = 60% under different strain paths. a Clean sands. b FRS with fiber 
content equal to 0.1%. c FRS with fiber content equal to 0.25%. d FRS with fiber content equal to 0.5%

Fig. 12   2D and 3D demonstration of the effects of the different strain paths on the generated EPPs considering the different amount of fiber con-
tents for samples with Dr0 = 60%. a 3D view. b 2D view
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words, the addition of fibers reduced the possibility of posi-
tive excess pore water generation and increased the strength 
of samples. For samples with FC = 0.5%, samples generated 
positive EPPs in expansive strain paths again (same as the 
behavior of clean sand samples). Such a trend can exhibit 
the importance of fiber content on the behavior of fiber-
reinforced soils. Based on the achieved results, the correct 
selection of fiber content can improve the mechanical prop-
erties of sands, while exceeding the threshold values of fiber 
contents will lead to the return of unfavorable features to the 
soil mass. Such a behavior can be seen in Fig. 12, where a 
reduction in the ultimate values of EPPs (EPPf) before the 
threshold value of fiber contents and an increment of EPPs 
after those values can be seen. In addition, Fig. 12b shows 
that sufficient contents of fibers can reduce the generation of 
pore water pressures for all of the applied strain paths; how-
ever, for expansive strain paths (positive values of dξv/dγ), 
amount of this improvement is reduced.

Same to the other features of the fiber-reinforced sands 
discussed before, the effects of strain paths on the genera-
tion of pore water pressures are reduced for loose samples, 
as shown in Fig. 13. This figure shows that for both con-
tractive and expansive strain paths, almost same trend in 
generation of EPPs will be achieved. In addition, Fig. 13 
demonstrates that fiber reinforcement will reduce gener-
ated EPPs compared to clean sands significantly.

Interpretation of the Results

Gao et al. [20] proposed that the mean effective stress of 
the sand skeleton in the FRS samples would be larger than 
the mean effective stress of clean sands for their ultimate 
states. Therefore, the shear strength of FRS samples will 
be larger than the unreinforced sands. The same results 

were achieved in the applied tests for all of the conducted 
fiber contents and strain paths in this paper (unless the 
sample with 0.5% of fiber under an expansive strain path). 
However, Gao et al. [20] proposed this trend of behavior 
for compression triaxial tests; the achieved results demon-
strated that this increment in the felt mean effective stress 
at large strains could be extended for simple shear tests 
and different strain paths. Figure 14b shows the amount 
of the increment in shear strength depending on the fiber 
content and strain path. Contractive strain paths lead to 
more increment in the shear strength, while expansive 
strain paths result in less increment. In other words, in the 
expansive strain paths, the sand skeleton feels less effec-
tive stress compared to contractive paths. Such behavior 
can be related to the deformation of fibers in different 
strain paths. In the expansive strain paths, pore water 
pressure increases because of the water inlet; therefore, 
not only particle-to-particle contacts will be decreased, 
but also particle-to-fiber contacts will be reduced. By 
decreasing contacts between particles and fibers, fibers 
will experience less deformation and will have less role 
in the shear strength of sands. Gao et al. [20] proposed 
Eq. (1) to calculate the modified mean effective stress of 
FRS samples in the compression triaxial tests.

where Ps is the mean effective stress that feels by the sand 
skeleton, P is the mean effective stress of the clean sand, 
and Pf  is a strain-level-dependent variable. It was indicated 
that Pf  could be increased from zero (for zero deviatoric 
strains) to its maximum value at enough large strains. In 
this paper, it is shown that the value of Pf  not only depends 
on the strain level but also depends on the strain path. In 
addition, for loose sands, as the void ratios are large enough 
to reduce particle-to-particle and particle-to-fiber contacts, 
expansive and contractive strain paths have fewer effects on 
the behavior of FRS samples compared to denser sands. In 
loose sands, the applied contractive strain paths should first 
lead to sufficient contact between particles and fibers to be 
able to exhibit their influences. For expansive strain paths, 
the strain rate cannot significantly affect particle-to-fiber 
contacts as these contacts are small at the initial state of the 
loose FRS samples. Therefore, the effects of the experienced 
strain paths are notable for dense or medium-dense samples; 
however, they are ignorable for loose sands. As described, 
the effects of strain paths are not considered for loose FRS 
samples because of enough void ratio to deal with the water 
inlet or outlet, fibers can increase the shear strength of these 
samples yet because of the additional stresses that are toler-
ated by fibers.

(1)Ps = P + Pf

Fig. 13   Generated excess pore pressure in loose sands (Dr0 = 30%) 
with zero and 0.25% of fiber under different strain paths
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Interpretation of the threshold fiber content can be 
made by hiring the concept of effective void ratio that 
has been proposed for silty sands. Based on this con-
cept, the increment of shear strength will be increased by 
increasing their content up to a certain value. Until this 
threshold value, fibers cannot provide a weak plane in 
the soil, as they cannot affect the number of particle-to-
particle and particle-to-fiber contacts. By exceeding the 
fiber content from the threshold value, additional fibers 
will not participate in the aimed functionality of them, 
(they will not increase the shear strength more). Instead 
of the targeted role of the fibers, the additional fibers 
will reduce the connection of sand particles compared 
to the FRS samples with efficient fiber content. In this 
paper, maximum fiber content is selected equal to 0.5%; 
therefore, additional fibers only reduced the strength of 
samples compared to other FRS samples and increased 
the strength compared to clean sands. However, it is obvi-
ous that if an ideal sample with 100% of fibers could be 
prepared, the shear strength would be less than the clean 
sand (FC = 0%). The same behavior can be found in silty 
sands, where exceeding the silt content from the thresh-
old content will have resulted in the separation of sand 
particles and a reduction in the shear strength.

Conclusion

In this paper, the effects of the flexible fibers on the behavior 
of sands under different strain paths are evaluated for the first 
time. Geosynthetic and natural fibers (roots) can increase 
the stability and strength properties of soils; however, non-
conventional strain paths can affect such an improving effect. 
The main achievements of this research can be summarized 
as follows:

•	 It is shown that an experienced strain path can influence 
both steady state and phase transformation stress ratios 
of clean sands significantly. For example, the steady-
state friction angle varies from 28° to 34° for paths with 
dξv/dγ = − 2% to dξv/dγ =  + 0.5%.

•	 By employing polypropylene fibers to prepare FRS sam-
ples, it is demonstrated that the fiber content can reduce 
the effects of different strain paths on the characteristic 
stress ratios of sands. For example, differences between 
maximum and minimum steady-state friction angles 
reduce from 6° to 2° for paths with dξv/dγ = − 2% to 
dξv/dγ =  + 0.5%, respectively, in clean sand and FRS 
sand with 0.5% fiber.

•	 In addition, the stress paths of sands under various strain 
paths will be almost the same as the conventional con-
stant volume strain path for FRS samples with fiber 
content less than a threshold value. By exceeding fiber 
content from the threshold value, the experienced stress 
paths will approach the clean sand's stress paths under 
different strain paths.

•	 The favorable effects of fibers will be decreased by 
exceeding the threshold fiber content. Based on the 
applied tests and achieved results, it is exhibited that the 
flexible fibers can reduce the generation of excess pore 
pressure and consequently increase the shear strength of 
soils. Such an improvement will be reduced if the fiber 
content exceeds the threshold value again.

•	 The results indicate that denser FRS samples are more 
sensitive to the applied strain path compared to loose 
FRS samples. For loose FRS samples, it is shown that 
the sandy soil exhibited almost the same behavior against 
contractive and expansive strain paths.

Fig. 14   2D and 3D demonstration of the effects of the different strain paths on the experienced maximum shear stress considering the different 
amounts of fiber contents for samples with Dr0 = 60%. a 3D view. b 2D view
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