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Abstract: Strain paths allowing both volumetric changes and excess pore water pressure generation
could be more critical than conventional drained or undrained paths as limiting boundaries. Due
to the potential of fibre reinforcement to improve the mechanical behaviour of sands, this study
investigated the influence of different strain paths, ranging from contractive to expansive partially
drained, on the primary strength properties of fibre-reinforced sands. Triaxial tests were conducted
to examine the effect of strain paths on the ultimate stress ratio, peak stress ratio, and the generation
of excess pore water pressure in reinforced sands. The results indicate that the induced strain path
significantly influences the behaviour of fibre-reinforced sands. The fibre reinforcement was able to
significantly impact the tolerable peak deviatoric stresses and the induced ultimate stress ratio. It
was also demonstrated that fibre reinforcement not only enhances the shear strength of sands but
also increases their resistance to anisotropy induced by different experienced drainage conditions.
Additionally, direct simple shear tests were conducted to evaluate the effects of shear modes, and the
results were compared with triaxial tests.

Keywords: fibre-reinforced sands; partially drained; strain path; triaxial tests; direct simple shear

1. Introduction

Saturated sands pose a range of geotechnical problems. These include static liquefac-
tion and softening [1], earthquake-induced liquefaction [2], and liquefaction upon lateral
vibration of tall, flexible, and top-heavy structures due to wind and wave yielding a loading
frequency of f ∼ 0.1 Hz, due to rotor dynamics yielding f ∼ 0.15 to 0.5 Hz, and due to
out-of-balance masses yielding f ∼ 0.5 to 1.5 Hz [3,4]. Liquefaction becomes complex
in granular matter with high inherent anisotropy [5,6], under induced anisotropy and
noncoaxiality [7], evolving particle size and shape [8], and evolving fines fraction [9].

The majority of studies constitute axisymmetric undrained shearing of very loose
and loose sands or drained shearing of dense sands [10]. To this end, undrained shearing
typically leads to steady flow or strain softening in very loose sands and partial flow
in medium loose sands. Flow under undrained conditions in dense sands is generally
constrained to very high confining and shear stresses. Seminal contributions include the
identification of collapse surfaces by Sladen et al. [11] and then Lade [12].

Liquefaction occurs through pore volume compaction and fluid flow [13]. Conven-
tional laboratory testing is, however, incapable of capturing the latter. Flow is not entirely
constrained to undrained conditions. Early shaking table experiments on saturated sands
reported in Seed [14] proved the evolution of volumetric strains during and after dynamic
excitation. Experiments proved the concept of movement of pore fluid within the pore net-
work for re-balancing spatially unequal pore pressures. Movement can appear in the form
of influx [15], causing an increment in pore water pressure along an expansive partially
drained path. It can appear in the form of efflux [16] upon shear stress reversals, causing
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a reduction in pore water pressure along a contractive partially drained path. Vaid and
Eliadorani [17]—among others—showed how very small expansive volumetric strains can
trigger instability under constant shear stress, transform undrained partial flow into the
flow, and an initially stable undrained condition into an unstable condition. Such conse-
quences can often become more damaging than undrained conditions (see, for example,
coal flowslides in 1973–1974, Hay Point, Central Queensland, Australia [18]). To this end,
whilst earth structures are designed as responsive and adaptive systems (to various loading
conditions), they may not necessarily be sustainable in overlooking certain transitional
strain conditions. This can impact their service life span, with implications extending to
the wider ecosystem, economy, and environmental spheres. In the laboratory, flow under
non-undrained conditions can be simulated via strain path testing and putting a control on
the strain increment ratio, dεv/dεa, under axisymmetric conditions [19]. Note that dεv rep-
resents volumetric strain variation and dεa or dε l (concurrently used) represent axial strain
variation. dεv/dεa = 0 represents undrained conditions, dεv/dεa > 0 refers to an expansive
strain path, and dεv/dεa < 0 infers a contractive strain path. Strain path testing allows
the soil to experience variation in both pore water pressure and volume change, hence
conditions that are neither fully drained nor fully undrained. Chu et al. [20] conducted
one of the earliest strain path tests on loose sands to study the transition from drained to
undrained conditions. In this, they extended the phenomena of collapse surface under
undrained conditions to transitional conditions via adopting a constant strain increment
ratio path. Recent attempts at the physical modelling of sands under partially drained
conditions include centrifuge modelling [21], Direct Simple Shear (DSS) [22], and modified
Hollow Cylinder Triaxial shear (HCT) [23].

The reinforcement of sand with randomly distributed fibres is an established approach
for enhancing strength and ductility within shear strains ranging from 0.1 to 20%. Gray and
Ohashi [24] presented one of the first experimental attempts in understanding the effects of
the orientation of fibres. They subjected sands mixed with natural and synthetic fibres to a
direct simple test. The stress transfer mechanisms and fibre–grain interactions were studied as
a function of the geometrical characteristics of fibres and grains by Diambra and Ibraim [25].
Consoli et al. [26] presented findings from one of the first, and yet rare, field-scale testing
of fibre-reinforced sands. The interaction of cementing fines, sand, and fibre under static
and dynamic loading conditions was discussed in Pincus et al. [27]. Laminated shear stack,
which was used in the present study, is a less common experimental method in the study of
sand fibre. A recent important study is that of Zhang et al. [28]. The results reported from
the shaking table (semi-full scale) are particularly interesting and can be studied in conjunc-
tion with cyclic triaxial test results; for example, the study of Noorany and Uzdavines [29].
Consoli et al. [30] examined the effect of fibre length and modulus of elasticity. They showed
that drained shear strength and fibre length are, generally, directly associated. Fibres that are
too short lose grip and contact with sand, and slide through the particles during shearing.
Fibres experience elongation before rupture. The ratio of final to initial length appears to be
greater in shorter fibres compared to longer fibres. Diambra et al. [31] built on these findings
and tested the effects of fibre type, volume fraction, aspect ratio, and orientation. Fibres brace
macro-pores, enhance the coordination number, and relax sand-to-sand contact modification.
This appears in rapid sawtooth-shaped variations in the pore pressure ratio (hence rapid
contract reorientations) and causes an overall reduction in liquefaction potential and tendency
of fluid flow. The latter appears in the form of efflux under undrained conditions and is a
combination of extension and torsion.

To this end, non-undrained (partial drain) conditions can, potentially, become more
critical. Changes in the stress state of soil are controlled by boundary conditions and
time-dependent changes in excess pore water pressure, thereby resulting in a transient flow
over the entire loading domain. Such conditions are termed partially drained, and, rather
than the exception, are proved to be the norm in most earth structures. This can have some
serious implications, including the transition of an undrained strain-hardening response
into a strain-softening in the presence of very small expansive volumetric strains. Such
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partially drained conditions have received some interest, almost none, however, in the case
of fibre-reinforced sands. The present paper aims to examine the mechanical behaviour of
fibre-reinforced sands under partially drained strain paths. This study employs a range
of conventional Consolidated Undrained (CU) and Consolidated Drained (CD) Triaxial
tests (TX) alongside partially drained tests, and also direct simple shear under consolidated
constant volume and constant pressure conditions.

2. Materials and Methods
2.1. Sand and Employed Polypropylene Fibres

This experimental study utilized Firoozkuh No. 161 Sand (FRS), a standard building
sand derived from crushed parent rocks sourced from the Firoozkuh area in northern Iran.
The mechanical behaviour of FRS has been subjected to testing by multiple researchers in
recent years [22,32]. The sand particles are angular to sub-angular in shape, as demonstrated
in Figure 1a, a Scanning Electron Microscope (SEM) image. The particle size distribution
was derived in compliance with the methods in ASTM [33] and is presented in Figure 1b.
Physical characteristics are summarized in Table 1.

Figure 1. Firoozkuh No. 161 sand: (a) particle shape in SEM image; (b) particle size distribution.

Table 1. Physical properties of Firoozkuh No. 161 sand.

Specific Gravity,
Gs [34]

Median Diameter, D50
(mm) [33]

Maximum Void
Ratio, emax [35]

Minimum Void
Ratio, emin [36]

2.65 0.27 0.95 0.55

The polypropylene fibres utilized in the study are illustrated in Figure 2. Mechanical
and physical properties are listed in Table 2. Flexible fibres, such as polypropylene-type
fibres, can abstract and reproduce certain traits of plant roots. However, significant dispari-
ties exist between mechanical properties of fibres and natural roots, such as tensile strength
and flexibility. Nevertheless, studying the behaviour of sands mixed with flexible fibres
can inform the design of earth structures reinforced with natural roots.
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Figure 2. Polypropylene fibres.

Table 2. Mechanical and physical properties of polypropylene fibres (provided by the manufacturer).

Particle Density, ρs
(g·cm−3)

Tension
Strength,

(N·mm−2)

Mean
Thickness,

(mm)

Elastic
Modulus (MPa)

Mean
Length
(mm)

91 350 0.025 6200 5

2.2. The Triaxial Shear Test Apparatus and Applied Paths

The Triaxial shear (TX) test setup employed in the current study is presented in
Figure 3a. A schematic diagram of the triaxial device and test specimen is shown in
Figure 3b. Specimens were remoulded to 50 mm in diameter and 100 mm in height through
wet tamping at 7% water content. Tamping took place in five layers (each 20 mm thick)
within the split mould while the specimen rested on the pedestal. To facilitate the removal
of the split mould and minimise disruptions to the shape and fabric of the remoulded
specimen, a small 14 to 15 kPa vacuum pressure was applied to the back pressure. The
pressure chamber was assembled and filled with water. A modest cell pressure was then
applied, and the vacuum was simultaneously released. The saturation process constituted
passing CO2 through the specimen from the lower drain point, upwards, for 30 min. This
was followed by passing distilled and deaired water, three times the specimen volume,
through the test specimen. Pore water pressure and cell pressure were always kept balanced.
A B-Skempton value of 0.95 was taken as manifestation of the completion of the saturation
process. Two Digital Volume Pressure Controllers (DVPCs) were employed to regulate cell
pressure, inject water into specimens during the tests, and measure the resulting volume
changes. The partially drained tests encompassed both the water efflux and influx during
the shear phase, enabling contractive and expansive partially drained strain paths. The
findings from the partially drained tests were then compared with those of conventional
consolidated drained (CD) and consolidated undrained (CU) paths. The partially drained
tests (including the consolidated undrained experiments, representing a special case of
strain paths) were conducted under strain-controlled conditions. The consolidated drained
experiments, however, could not be considered fully strain-controlled due to the governing
constant cell pressure during these tests.
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Figure 3. The apparatus used for triaxial tests: (a) overall setup; (b) schematic image of the used device.

Details of the conducted triaxial tests are presented in Table 3. In Table 3, ‘CU’ denotes
conventional Consolidated Undrained tests, ‘CD’ represents conventional Consolidated
Drained tests, and ‘PD’ indicates consolidated Partially Drained.

Table 3. Programme of triaxial shear tests (TX).

Consolidation
Stress (kPa)

Initial Relative
Density (%) Type of the Test dεv/dεa(%) Fibre Content,

FC (%)

200 72.59 CU 0 0
200 70.79 CD - 0
200 72.73 PD −0.25 0
200 71.86 PD 0.25 0
200 72.2 PD 0.5 0
200 72.22 CU 0 0.25
200 72.78 CD - 0.25
200 70.69 PD −0.25 0.25
200 71.69 PD 0.25 0.25
200 72.63 PD 0.5 0.25
200 72.84 CU 0 0.5
200 73.59 CD - 0.5
200 72.8 PD −0.25 0.5
200 72.45 PD 0.25 0.5
200 71.07 PD 0.5 0.5
200 70.36 CU 0 1
200 71.31 CD - 1
200 72.43 PD −0.25 1
200 71.46 PD 0.25 1
200 72.74 PD 0.5 1

The CU tests were performed at a strain rate of 0.5 mm/min, while the CD tests were
conducted at a strain rate of 0.05 mm/min. Partially drained tests were conducted using
the pre-determined values of the dεv/dεa (volumetric strain per axial strain) ratio during
tests, allowing for the control of the volumetric strains during shearing. Volumetric strains
were applied bi-linearlybilinearly, as shown in Figure 4; hence, the soil’s ultimate state can
be regarded as being equivalent to the steady state (because of the constant volumetric
strains at the ultimate state of the shearing). In this paper, the term ‘steady state’ is used for
the ultimate behaviour of testing materials, where constant stress ratios and volumetric
strains are attained.
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Figure 4. A sample bilinear strain path adopted for partially drained triaxial tests.

2.3. The Direct Simple Shear Test Apparatus and Applied Paths

In addition to triaxial shear tests, the behaviour of sand fibre composites under various
strain paths was also examined using the Direct Simple Shear (DSS) apparatus. The DSS
equipment utilized, as illustrated in Figure 5a, is a completely automated stack-ring-type
simple shear device. Figure 5b depicts a prepared specimen positioned within the DSS
cell. Figure 5c illustrates a schematic cross-section of the DSS device. Strain paths were
applied to samples through a fixed volumetric to shear strain rate (dεv/dγ). Bilinear strain
paths were utilized in a manner comparable to triaxial shear tests, allowing the specimens
to attain their steady state at ultimate pressures. Figure 6 presents a selection of the strain
paths that were examined during this study.

Figure 5. Direct simple shear test: (a) overall setup; (b) prepared specimen; (c) schematic cross-section
of DSS encompassing a specimen.
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Figure 6. A sample bilinear strain path adopted for DSS tests.

The test programme for the DSS tests is presented in Table 4. In Table 4, ‘PD’ denotes
partially drained, and ‘CV’ refers to consolidated constant volume. In the context of the
DSS test, consolidated Constant Volume (CV) and consolidated Constant Pressure (CP)
strain–stress paths are analogous to the consolidated undrained and consolidated drained
paths in triaxial tests. Test specimens were subjected to bilinear strain paths, where the
volumetric and shear strains were predetermined (as illustrated in Figure 6). Emphasis was
put on evaluating the combined effect of varying strain paths and fibre concentrations on
the strength characteristics of the base FRS sand. The partially drained scenario considered
the associated volumetric and shear strains, as discussed in earlier studies conducted by
Tohidvand et al. [22].

Table 4. Programme of direct simple shear tests (DSS).

Consolidation
Stress (kPa)

Initial Relative
Density (%) Type of the Test dεv/dγ (%) Fibre Content,

FC (%)

200 71.2 CV 0 0
200 70.6 PD −0.25 0
200 71.5 PD 0.25 0
200 71.3 CV 0 0.25
200 72.1 PD −0.25 0.25
200 72.3 PD 0.25 0.25
200 72.5 CV 0 0.5
200 72.8 PD −0.25 0.5
200 72.1 PD 0.25 0.5

3. Results and Discussion
3.1. Findings from the Triaxial Shear (TX) Tests

The effect of the polypropylene fibres on deviatoric stress is evident in Figure 7. Fibres
in sand yields an increase in peak deviatoric stress, regardless of drainage conditions.

A rapid inspection of the diagrams suggests that contractive partially drained paths
yield deviatoric stresses remarkably higher than those attained under either undrained
or drained stress–strain paths. For example, for clean sand, the path associated to fixed
dεv/dεa = −0.25% led to 13.6% higher peak deviatoric stress compared to the conven-
tional consolidated undrained path. In contrast to the contractive strain path, the ex-
pansive strain paths (with positive values of dεv/dεa) yielded significantly lower devia-
toric stresses compared to the consolidated undrained path (82.7% lower in the case of
dεv/dεa = +0.25%). In Figure 7a–c, at dεv/dεa = +0.25% and as the fibre content incre-
mented from 0% to 0.5%, the peak deviatoric stress increased and exceeded the levels
attained through the CD path. However, at the same dεv/dεa = +0.25%, a further increase
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in fibre content from 0.5% to 1% led to a reduction in the observed differences between
peak values attained in CD and PD tests (Figure 7d).

Figure 7. The influence of varying fibre percentages on deviatoric stress over different strain paths:
(a) clean sand; (b) FRS with 0.25% fibre; (c) FRS with 0.5% fibre; (d) FRS with 1% fibre. Note: εa and
ε l concurrently represent axial strain.

In Figure 7, both CD and CU paths in clean sand exhibited a post-peak strain-softening
behaviour; the post-peak response of fibre-reinforced sands, however, appeared to be
strictly strain-path-dependent. For expansive paths, after reaching the target volumetric
strain (at 12.5% axial strain), the deviatoric stress began to increase (except for sand with
0.25% fibre under dεv/dεa = +0.25%). For contractive strain paths, the post-peak behaviour
appeared to be somewhat similar to that of the conventional CU tests.

Clean sands, and sands with fibre content below a threshold, exhibited lower peak
deviatoric stresses under CU conditions compared to contractive PD conditions. Sands
with fibre content above the threshold developed higher peak deviatoric stresses under
conventional CU conditions compared to the PD condition.

In Figure 8, the applied strain paths appear to have almost no significant effect on the
ultimate stress ratios (P0 = 200 kPa), both in clean and in fibre-reinforced sands. In clean
sand, the stress ratios are consistent across all strain paths throughout the test. However, as
the fibre content increases, the disparity in stress ratios in the initial strains becomes more
pronounced. Nevertheless, with an increase in axial strain, the difference in stress ratios
in the strain paths gradually diminishes. Although the impact of strain paths on ultimate
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stress ratios appears to be minimal, the influence of fibre contents is significant. As evident
in Figure 8, the ultimate stress ratio is directly associated with fibre content. For example,
clean sands exhibit an average stress ratio of 1.33. In contrast, when sands are blended
with 0.25%, 0.5%, and 1% fibres, the stress ratios rise to 1.53, 1.64, and 1.75, respectively.
As the fibre content increases, the stress ratio reaches its maximum at a higher axial strain.
In expansive paths, the stress ratio reaches its peak at a smaller strain when compared to
the conventional CD path. Conversely, in contractive strain paths (dεv/dεa = −0.25%), the
stress ratio reaches its maximum value at a higher axial strain.

Figure 8. The influence of varying fibre percentages on the stress ratios over different strain paths:
(a) clean sand; (b) FRS with 0.25% fibre; (c) FRS with 0.5% fibre; (d) FRS with 1% fibre.

Strain paths applied to the dense FRS specimens are illustrated in Figure 9. The
entire specimen population (under CU and PD paths) exhibits a low level of contractive
behaviour followed by dilation until reaching the targeted volumetric strain. After reaching
the constant volumetric strain state, specimens approached their ultimate stress states. For
tests in which water influx was allowed (i.e., expansive paths with dεv/dεa = +0.5%), a
reduction in mean effective stress values was evident (Figure 9). For example, the clean sand
specimen with dεv/dεa = +0.5% is almost close to the liquid state. By increasing the fibre
content from 0% to 1%, the reduction seen in the mean effective stresses (dεv/dεa = +0.5%)
began to fade.
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Figure 9. The influence of varying fibre percentages on the experienced stress paths over different
strain paths: (a) clean sand; (b) FRS with 0.25% fibre; (c) FRS with 0.5% fibre; (d) FRS with 1% fibre.

Figure 10 illustrates the evaluation of induced pore water pressures. In Figure 10, the
fibre content appears to have a significant effect on excess pore water pressure distribution.
Although the pore water pressure distribution is mainly influenced by fibre content and the
induced strain paths, the maximum and minimum pore water pressures appear to be almost
constant (+185 kPa and −200 kPa). Initially, all specimens exhibit a contractive behaviour
(equivalent to the negative pore water pressures), followed by a phase transition that shifts
the behaviour towards dilative (equivalent to the positive pore water pressures). In the
case of expansive paths (with dεv/dεa = +0.5% and dεv/dεa = +0.25%), the behaviour
reverts to a contractive state. This reversion can be attributed to the higher rate of water
influx compared to the dilation rate. The findings suggest that fibre content is directly
associated with the extent of dilative and contractive behaviour in the initial stage. In
addition, an increased fibre content relaxes the effects of the strain paths on the excess
pore water pressure. As shown in Figure 10d, for sand mixed with 1% of fibre, the EPWP
under dεv/dεa = −0.25% approached the CD test results, and the tests with strain paths
dεv/dεa = +0.5% and +0.25% approached the EPWP results of the CU tests.
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Figure 10. The influence of varying fibre percentages on the excess pore water pressure distribution
over different strain paths: (a) clean sand; (b) FRS with 0.25% fibre; (c) FRS with 0.5% fibre; (d) FRS
with 1% fibre.

Figure 11a illustrates the impact of increasing fibre content on the variations in volu-
metric strain during drained tests. Figure 11b shows the variations in excess pore water
pressure during undrained tests. It is evident that elevating the fibre content results in
an enhancement of both initial contractive behaviour and subsequent dilative behaviour.
Notably, in Figure 11a, the test with 1% fibre content exhibits maximum expansion at low
strains and maximum contraction at larger strains. Similarly, in Figure 11b, specimens with
1% fibre content mark the largest positive excess pore water pressure (about ∆u = +92 kPa)
at low strains, as well as the largest negative pore water pressure (about ∆u = −197 kPa)
at larger strains. Furthermore, as the fibre content increases, the phase transition, observed
in both drained and undrained tests, occurs at a greater axial strain, as elucidated in the
enlarged figures.

Figure 11. The influence of varying fibre percentages on (a) the volumetric strain and (b) the
generation of excess pore water pressure.
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3.2. Findings from the Direct Simple Shear Tests (DSS)

To compare the effects of the shear mode on the ultimate stress ratios of the fibre-
reinforced sands, nine DSS tests were carried out. To this end, the results of the partially
drained tests on the polypropylene-reinforced sands (Firoozkuh sand) were employed.
These DSS tests were applied on sand, with the same relative density as used in the current
research (70%). The achieved results for the stress ratios are shown in Figure 12. As
this figure demonstrates, under the direct simple shear mode of loading, the experienced
ultimate stress ratio changes depending on the fibre content. By increasing the fibre content
from zero (clean sand) to 0.5%, the effects of the strain paths on the experienced ultimate
stress ratios were decreased. For FC = 0.5%, all three applied strain paths show almost the
same ultimate stress ratios.

Figure 12. Effects of the fibre content on the stress ratios under different strain paths using DSS tests:
(a) clean sand; (b) FRS with 0.25% fibre; (c) FRS with 0.5% fibre.

By comparing the ultimate stress ratios of specimens subjected to direct simple and
triaxial shear tests, the effects of the shear mode were evaluated. Similar strain paths were
selected for comparison. In Figure 13, the ultimate stress ratio varies with the strain path.
The variation is dependent on both applied shearing mode and fibre content.
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Figure 13. Comparison between ultimate stress ratios achieved under triaxial shear and direct simple
shear modes, considering effects of fibre content and strain paths.

Under the triaxial shear mode, an increase in fibre content led to a steady increase in
ultimate stress ratios, that is, +14% (from levels seen in clean sand) for specimens containing
0.25%, and +23% (from levels seen in clean sand) for specimens with 0.5% fibre content.
Notably, for the higher 0.5% fibre content, greater ultimate stress ratios were achieved
under both expansive and contractive strain paths as compared to undrained conditions.

Under the simple shear mode, the influence of strain path on the ultimate stress ratios
is more pronounced than that under the triaxial shear mode. This can be attributed to
the stress rotation capability in the DSS tests. While the direction of principle stresses is
constant under triaxial shear conditions, these directions continuously vary in the direct
simple shear tests. Therefore, the evolution of shear bands in soils subjected to simple
shear can be more significantly influenced by the applied strain path, resulting in induced
anisotropies. As the direction of principle stresses changes, the effects of the randomly
distributed fibres on the developed shear bands are magnified. In other words, under a
simple shear mode strain path, induced anisotropy can have a greater impact on both the
soil skeleton and fibre inclusions compared to the triaxial shear mode. Such anisotropy-
induced effects on the particle-to-particle and particle-to-fibre-to-particle force distribution
patterns result in a notable difference in the ultimate stress ratio changes in DSS and TX
shear modes.

4. Conclusions

This research presents findings from strain-controlled direct simple and triaxial shear
tests on sands reinforced with flexible fibres. The key findings are as follows:

1. The experienced strain path significantly influences the ultimate and peak stress states
of both clean and fibre-reinforced sands. Contractive strain paths result in higher
peak deviatoric stress (dεv/dεa = −0.25% strain path led to 13.6% larger peak devia-
toric stress in clean sand), while expansive strain paths yield lower peak deviatoric
stress (dεv/dεa = +0.25% led to 82.72% lower peak deviatoric stress) compared to
conventional CD tests.
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2. In clean sand, experienced strain paths have no impact on the ultimate stress ratio.
However, an increase in fibre content in samples undergoing expansive strain paths
leads to an elevated ultimate stress ratio. Clean sand exhibits an average ultimate
stress ratio of 1.33, but as the fibre content increases to 0.25%, 0.5%, and 1%, the
average ultimate stress ratio also rises to 1.53, 1.64, and 1.75, respectively.

3. With an elevated fibre content, samples display a more pronounced volume reduction
at initial axial strains and a more significant increase in volume at larger strains.
Moreover, the increased fibre content results in a phase transition occurring at a
greater axial strain.

4. In dense sands, the ultimate stress ratios under the TX shear mode exhibit limited
sensitivity to the applied strain path. However, under the DSS path, greater sensitivity
becomes apparent. Under the TX shear mode, the stress paths, pore water pressure
generation pattern, peak shear strength, and hardening or softening behaviour of
dense FRS samples are sensitive to the experienced strain paths.
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