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Abstract
Among the plethora of studies on anisotropy in fibre-reinforced sands, there exist conflicting views on effects on the steady-
state deformations of initial packing. These conflicting views are further confused by strictly limited experimental evidence 
on flow in complex loading environments where the principal stresses rotate whereby shearing and torsional stresses combine, 
and when extension in soil relieves the compressive stresses. In the heuristic of intrinsically anisotropic nature of the soil 
and in recognition of the inability of placement methods to overcome such anisotropy, this paper aims to use the orientation 
of principal stress and soil initial packing state combined as proxy parameters to further the knowledge of plastic behaviour 
in fibre-reinforced sands. This study furthers the knowledge of the dependency of steady states on anisotropy in composite 
geomaterials. In doing so, the direction of principal stress orientation is varied from 15° to 60° (from vertical axis), taking 
an intermediate principal stress ratio of 0.5 and 1.0 and two initial confining pressures. Twenty-four undrained torsional 
shear tests are conducted using a hollow cylindrical torsional shear apparatus. Under compression and plain strain condi-
tions, torsional stresses limit the improvements in soils’ undrained shear strength upon fibre reinforcement. Extension in soil 
remarkably increases fibres’ contribution to betterment of undrained strength. Fibres are least effective under low isotropic 
confining pressures and also for certain ranges of torsional stresses.
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Introduction

Undrained stressing of sand can pose a number of geotechni-
cal complications, mostly in form of liquefaction [1–4] and 
flow upon static or monotonic loading [5]. Static loading 
has a significant role in commencement of liquefaction as 
well as post-liquefaction flow slide [6, 7]. Use of short thin 
fibres in sand to relax the flow complications is fairly well 
established; the technique, however, has never been fully 
adopted in ground engineering practice. Placement of dis-
crete thin inclusions (e.g. fibre) into sand can enhance soil’s 
tensile strength. Practical examples include reinforced earth 

transport infrastructure embankments and offshore turbine 
foundations [8]. Inclusions generally work in tension and 
improve the shear strength of composite soils they lay in. 
The stressing response of composites, however, is compli-
cated and in mediums with rotating principal stresses has 
remained a matter of dispute.

Sand is a stratified earth material of, by and large, inher-
ent anisotropic properties. Stress–strain behaviour of sand 
depends on orientation of principal stresses with reference 
to the depositional plane. Placement of fibres in sand can 
generate higher degrees of anisotropy and further confuses 
the analysis of flow failure.

Fibres in soil have a close interdependent relationship 
with soil particles’ packing state, shape and form, as well 
as fibres’ spatial arrangement (distribution, orientation, and 
packing). The implications of fibres’ arrangement in soil 
widely vary. Early studies include the seminal works of Wal-
dron [9] on the effect of plant rootlet systems in stabilisation 
of soil slopes. For a single fibre in soil, Gray and Ohashi 
[10] and Maher and Gray [11] proposed a suite of soil–fibre 
interaction models based on statistical theory of strength for 
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composites and discussed the significance of size distribu-
tion and shape of sand, and fibre aspect ratio in composites’ 
stress–strain behaviour. Michalowski and Zhao [12] and 
Michalowski and Cermák [13] furthered the understand-
ing of soil–fibre composites; they, however, assumed that 
fibres distribute evenly in soil and form an isotropic medium. 
Michalowski [14] contended the idea and showed that con-
ventional groundworks involving in mixing-rolling-com-
paction yields a disperse laminated structure of preferred 
orientations, whereby anisotropy increases. More recently, 
Diambra et al. [15] and Ibraim et al. [16] showed a tendency 
for non-uniform distribution of fibres in soil when fibres are 
mixed with wet soil and compacted using conventional field 
roller plants. Loading and geometrical anisotropy play a key 
role. Early attempts in geometrical anisotropy drew on find-
ings from direct shear experiments [17, 18], and collectively 
illustrated the fundamental dependency of the strength of 
fibre-reinforced soils on the fibre orientation. Among early 
attempts in loading anisotropy, Symes [19] conducted a suite 
of drained triaxial shear tests on the medium loose sand at 
α = 45° and b = 0, 0.14, 0.5 and 1.0. They showed that sand 
reaches maximum strength and stiffness when sheared at 
close to plain strain conditions (b = 0.3–0.5), whilst lowest 
strength is typically gained at b = 1.0. Sayao and Vaid [20] 
made similar observations for medium loose Ottawa sand. 
Recent findings of Li [21], Diambra et al. [22], Ibraim et al. 
[16] and Mandolini et al. [23] confirm the existence of ani-
sotropy and debate the enhancement of tensile strength upon 
fibre reinforcement. These findings generally highlight the 
substantial impact of placement method on packing state and 
isotropy in reinforced soils. In the heuristic of intrinsically 
anisotropic nature of the soil and in recognition of the inabil-
ity of placement methods to overcome such anisotropy, this 
paper aims to use the orientation of principal stress and soil 
initial packing state combined as proxy parameters to further 
the knowledge of plastic behaviour in fibre-reinforced sands.

Throughout the divergent shear test techniques is the 
hollow cylinder torsional apparatus (HCTA) that allows 
an independent control of the magnitude and direction of 
principal stress axes in conjunction with a measurement of 
volumetric and pore pressure variations. HCTA facilitates 
stress path testing by allowing free rotation of principal 
stress directions (α) and the intermediate principal stress 
ratio (b), where α is the orientation of the σ1 axis to the 
vertical, the ratio b is (σ2 − σ3)/(σ1 − σ3), and σ1, σ2, and σ3 
are the major, intermediate and minor principal stresses, 
respectively. The stress–strain behaviour of soil varies with 
variation in α and b-ratio values. The majority of the pre-
vious experimental works with HCTA have made use of 
reconstituted clay, sand and often sand–clay specimens [19, 
24–27]. Many studies have found strong links between soil 
strength-stiffness and the direction of the major principal 
stresses, varying in experiments from 0° to 90° [6, 28, 29]. 

A subset of studies has concluded that sand tends to behave 
softer as α and b increase under undrained conditions [30]. 
Many studies have referred to the contractive behaviour of 
sand with an increase in α and b-ratio values [31–35]. Find-
ings are often conflicting and in cases are further confused 
by strictly limited experimental evidence concerning flow 
rule for reinforced granular materials (i.e. sand in particular) 
that defines the plastic mechanisms under rotating princi-
pal axes. In particular, a consensus on the implications of 
initial packing state is yet to be reached. This study offers 
fresh insights drawn from 24 undrained torsional shear tests 
on well-sorted angular silica sand in unreinforced and rein-
forced forms (with 1.5% micro-synthetic fibres). In doing 
so, the direction of principal stress varies from 15° to 60°, 
for an intermediate principal stress ratio of 0.5 and 1.0 and 
varied initial confining pressure.

Materials and Methods

Testing Materials

Sharp, bimodal, moderately well-sorted fine Firoozkuh 161 
(F161) silica sand is used as base material of testing speci-
mens. F161 sand is predominantly siliceous  (SiO2 > 96%, 
 Fe2O3 = 0.2–0.7%,  Al2O3 = 0.5–1.6%, CaO = 0.2–0.5%, 
 Na2O = 0.03–0.08%,  K2O = 0.03–0.10%). Figure 1a illus-
trates the particle size distribution for F161 sand. Figure 1b 
shows the shape and texture of base F161 sand in a scanning 
electron microscopy image.

Commercially available thermoplastic polymeric micro-
synthetic fibres (MEX200™) with a ribbed linear texture 
(to improve the adhesion with surrounding soil) and wave-
shape cross-section (Fig. 2) are adopted as the reinforcement 
component. MEX200 fibres are commonly used in concrete 
industry as tension-resistant elements (offering 450 MPa 
tensile resistance). Fibres used in this study are 0.2 mm in 
equivalent diameter (Df) and 15 mm in length (lf), yielding a 
mean aspect ratio  (ARF = lf/Df) of 75 that is consistent with 
commonly practiced fibre aspect ratio for reinforced systems 
in groundworks and also previous studies. Typical aspect 
ratios range between lower-bound 10 to ensure a reasonable 
interaction between soil and fibre reinforcements [36] and 
upper-bound 100 [37]. Table 1 summarizes the geometrical, 
physical and mechanical properties of constituting sand and 
fibre used in this study.

Specimen Preparation

Several methods exist for remoulding granular soils’ sam-
ple at laboratory scale. The base soil can be moist, dry 
or saturated; it can be placed using dry deposition, water 
sedimentation, pouring or spooning techniques; and can be 
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compacted by tapping, tamping, or vibration [38–40]. In 
this work, the hollow cylinder specimens were synthesised 
through spooning of randomly mixed sand–fibre assem-
blages, mixed with water to a low 10% moisture content 
(i.e. higher than hygroscopic moisture content), into moulds. 
Spooned wet mixtures were then packed by controlled vibra-
tion before saturation. Vibration minimises the chance of 
wet sand deposition in layers and hence formation of unwel-
comed weak planes [41], and also allows the initially meta-
stable loose packing to adopt a denser random packing state. 
The advantage of this method is the ease of its adoption in 
field conditions.

Measures were put in place to maintain the uniformity of 
fibre distribution, to limit the unwelcomed effects of segre-
gation of specimens’ constituents. Sample preparation fol-
lowed two phases. In the first phase, base sand and fibres 
were manually mixed at predetermined mass proportions. 
Small amounts of fibres were gradually and ‘randomly’ 
added to the mix until, by visual examination, even distribu-
tion of fibres throughout the soil mass was ensured (Fig. 3). 
Water content was raised to 10% by spraying distilled deion-
ised water whilst fibres were gradually added to the mix. To 
ensure the homogeneity, thoroughly mixed combinations of 
sand–fibre were spooned into the annulus space between 
the inner membrane (that surrounds the inner mould) and 
outer membrane (that covers the outer mould from the inner 
surface) in five layers to minimise segregation of the fibres 
(consistent with procedures followed in earlier attempts 
including Ibraim and Fourmont [42]). The adhesion between 
sand and fibres at low 10% water content is deemed enough 
to retain the original random packing during the placement 
of mix into triaxial mould, although the angularity of sand 
is broadly believed to induce some degrees of cross-anisot-
ropy. Visual inspection of specimens verified the reasonably 
uniform structure of sand–fibre mixtures. Specimens were 
prepared to a height (L) of 120 mm, inner and outer diam-
eters of 120 mm and 200 mm (ro = 100 mm, ri = 60 mm), 
respectively. The mould was vigorously vibrated (using a 
tamping rod) in a similar manner practised in Ibraim et al. 
[16] and Mandolini et al. [23] and was repeatedly weighed 
up to achieve the desired placement unit weight. Test speci-
mens were jacketed between two membranes, outer and 
inner, and sandwiched between two Porous discs at the bot-
tom and on the top. Gaseous  CO2 and de-aired water were 
gently percolated through the bottom drainage and passed 
upwards through specimens. A 0.96 and above Skempton’s 
B-value was deemed to represent a fully saturated condition. 
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Fig. 1  a Particle size distribution and b sub-angular shape of F161 Sand component in SEM micrographs

Fig. 2  Fibres used in this study in image
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Following saturation, specimens were isotopic consolidated 
to 200 kPa and 400 kPa confining pressures, roughly, repre-
senting typical stress conditions at base of 10–20 mm high 
fills and earth embankments. Adopted confining pressures 
also allow findings here to be studied in conjunction with 

previous similar studies. In the majority of previous fibre-
reinforced soils’ studies, test specimens are synthesised to 
either a desired relative density or void ratio (e.g. Mich-
alowski and Cermak [13]); the latter is adopted here. Void 
ratio for each test specimen was measured at the end of 
each triaxial test by measuring specimens’ [saturated] water 
content and specific gravity, considering a unit degree of 
saturation and using phase relationships. The post-consol-
idation void ratio, ec, fell within the range 0.795–0.800 for 
all test specimens. The extremely low standard deviation 
of ec (0.0025–0.0035) lends evidence to efficiency of the 
adopted remoulding techniques in ensuring the homogeneity 
across all test specimens. Specimens were sheared under two 
initial confining pressure values ( P′

c
—initial effective mean 

principal stress) of 200 and 400 kPa.

Testing Apparatus and Methods

Soil behaviour is fundamentally stress path-dependent. The 
stress path for geotechnical structures can appear in form of 
principal stresses, rotating about three axes. Unlike the con-
ventional triaxial shear apparatus, hollow cylinder torsional 
shear (HCTS) apparatus allows simultaneous application 
of axial load, torque, internal and external pressures; hence 
incorporates a control on both principal stress direction and 
intermediate principal stress into the stress path approach. 
As such, HCTS offers the chance to simulate soil’s inherent 
anisotropy and study its implications on stress–strain [post-
peak] behaviour. Figure 4 illustrates the HCTS apparatus 
used together with test specimen during undrained test.

Twenty-four consolidated undrained (CU) shear tests 
were conducted on reinforced (1.5% fibre content by mass, 

Table 1  Geometrical and 
physico-mechanical properties 
of materials

Material Property Value Unit Measurement methods

Sand Grain diameter at 10% passing (D10) 132.3 µm ASTM D6913 [52]
Grain diameter at 50% passing (D50) 235.3 µm ASTM D6913 [52]
Grain diameter at 90% passing (D90) 437.7 µm ASTM D6913 [52]
Coefficient of uniformity (Cu) 0.97 – ASTM D6913 [52]
Coefficient of curvature (Cc) 1.78 – ASTM D6913 [52]
Specific gravity (Gs) 2.68 – ASTM D854 [53]
Minimum void ratio (emin) 0.548 – ASTM D4254-16 [54]
Maximum void ratio (emax) 0.874 – ASTM D4253-16 [55]
Roundness ratio R 0.42 –
Sphericity ratio S 0.60 –
Fines content (FC) % 0.00 – ASTM D6913 [52]

Fibre Fibre length (lf) 15.0 mm
Fibre diameter (Df) 0.2 mm
Fibre aspect ratio  (ARF) 55.55 –
Young’s modulus (E) 3.6 GPa Provided by supplier
Tensile resistance (Ty) 450 MPa Provided by supplier

Fig. 3  a Sand–fibre mixture specimen, b fibre orientation in sand–
fibre specimen and c sand–fibre during the mixing phase
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 wf) and unreinforced sand specimens by varying α and 
b-ratio values. Testing variables include the inclination angle 
of the maximum principal stress with respect to the deposi-
tional direction (α), initial mean effective stress, intermedi-
ate principal stress ratio, void ratio after consolidation and 
fibre content. Table 2 summarizes the testing variables. CU 
tests were conducted under two values of initial effective 
confining pressure (i.e. 200 and 400 kPa), at 0.5 and 1.0 
intermediate principal stress ratio (b). Findings are presented 
in form of effective stress path and stress–strain envelopes.

To apply the inner and outer cell pressures, four elec-
trical/pneumatic transducers in addition to the axial and 
torsional loads pneumatic actuators were utilised. In total, 
eleven transducers were used. To capture the post-peak soil 
behaviour, a step motor for torsional strain tests was uti-
lised. The rate of the cylinder twist was 0.5°/min; which 
is the lowest possible torque rate offered by the apparatus. 
The principal stress direction (α) and intermediate principal 
stress ratio (b) were kept constant throughout the torsional 
shear tests (Fig. 5). The inner chamber is isolated from the 
outer confining chamber, allowing the variation of stress at 
the inner boundary of the test specimen to be completely 
independent of that of the outer boundary.

The principal stresses are formulated in Eqs. 1 and 2: 
�1 is the major principal stress (that is rotated in this work 
to simulate a suite of anisotropic loading scenarios), �2 is 
intermediate principal stress (equal to the radial stress �r ), 
and �3 is minor principal stress.
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�z + �
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Fig. 4  a Schematic diagram of hollow cylinder torsional shear (HCTS) apparatus and b a specimen under test in HCTS chamber
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where Fv is the surface tractions-vertical force, and Ar and 
As are cross-section areas for axial rod and the specimen, 
respectively. HCTS load and stress conditions are graphi-
cally illustrated in Fig. 6, and a photograph of a typical 
specimen before and after testing is shown in Fig. 7.

Results and Discussions

Phase Transformation

The stress-dependent transition in sand, from an initial com-
pressive to dilative state, takes place along a ‘phase trans-
formation’ line under undrained condition. The location of 
the phase transformation line is dependent on minor and 
intermediate principal stresses, and sand’s relative density 

Table 2  List of the torsional CU 
tests conducted on base sand 
and reinforced sand using the 
HCTA 

Test no. Loading type wf (%) P′c (kPa) α (°) b ec

H200f0-0.5-15 Compression 0.0 200 15 0.5 0.793
H200f0-0.5-30 Compression + torsion 0.0 200 30 0.5 0.794
H200f0-0.5-60 Torsion 0.0 200 60 0.5 0.800
H200f0-1-15 Compression 0.0 200 15 1.0 0.797
H200f0-1-30 Compression + torsion 0.0 200 30 1.0 0.796
H200f0-1-60 Torsion 0.0 200 60 1.0 0.800
H200f1.5-0.5-15 Compression 1.5 200 15 0.5 0.795
H200f1.5-0.5-30 Compression + torsion 1.5 200 30 0.5 0.796
H200f1.5-0.5-60 Torsion 1.5 200 60 0.5 0.799
H200f1.5-1-15 Compression 1.5 200 15 1.0 0.800
H200f1.5-1-30 Compression + torsion 1.5 200 30 1.0 0.798
H200f1.5-1-60 Torsion 1.5 200 60 1.0 0.797
H400f0-0.5-15 Compression 0.0 400 15 0.5 0.800
H400f0-0.5-30 Compression + torsion 0.0 400 30 0.5 0.798
H400f0-0.5-60 Torsion 0.0 400 60 0.5 0.795
H400f0-1-15 Compression 0.0 400 15 1.0 0.800
H400f0-1-30 Compression + torsion 0.0 400 30 1.0 0.795
H400f0-1-60 Torsion 0.0 400 60 1.0 0.800
H400f1.5-0.5-15 Compression 1.5 400 15 0.5 0.796
H400f1.5-0.5-30 Compression + torsion 1.5 400 30 0.5 0.797
H400f1.5-0.5-60 Torsion 1.5 400 60 0.5 0.796
H400f1.5-1-15 Compression 1.5 400 15 1.0 0.797
H400f1.5-1-30 Compression + torsion 1.5 400 30 1.0 0.799
H400f1.5-1-60 Torsion 1.5 400 60 1.0 0.798

Fig. 5  The α° and b-value in 
stress space



International Journal of Geosynthetics and Ground Engineering (2019) 5:23 

1 3

Page 7 of 13 23

[43]. On the q–p′ space, phase transformation occurs on 
the effective stress path; when the stress path changes in 
direction for effective mean normal stress (p′) to reaches 
its minimum (Fig. 8a). Taking ‘steady state’ as the state of 
deformation under constant stress components [44–47], the 
point of phase transformation can be regarded as a ‘steady 
state’; this state is broadly referred to as the quasi steady 
state (QSS), where post-peak deformations appear under 
constant effective mean stress p′. The QSS is followed by 
the ultimate steady state (USS). Unlike dense sands, in loose 
sands under low confinement levels, the QSS at the point 
of phase transformation occurs at minimum shear stress 
(Fig. 8b—also see Yoshimine and Ishihara [46]). A course 

of strain hardening will normally follow the QSS, unless 
sand is at reasonably large levels of initial effective confin-
ing pressures (or at a very loose state whereby confining 
pressure turns out to be relatively large), in which case no 
post-peak hardening develops, and the minimum stress state 
evolves into the critical steady state (CSS).

Steady State for Base Sand

The first phase of tests encompassed 12 torsional compres-
sion CU experiments on unreinforced (base) loose sand 
specimens. The deviatoric stress–strain response (t − εq) 
and (t − p′) are plotted in Fig. 9, where t  is half the devia-
toric stress (equivalent to the undrained shear strength, εq is 
half the deviatoric strain, and p′ is the initial effective mean 
principal stress. Figure 9a–l demonstrates the effect on the 
undrained behaviour of anisotropic loading, for a range of 
principal stress orientations, two levels of confinement and 

b-ratios (a measure of difference between minor and inter-
mediate stress and therefore balance between the compres-
sion and extension during the shearing of test specimens).

Strain softening and flow (static liquefaction) were found 
to be limited to α = 60° (for all b-ratio values) and α = 30° 
for sand consolidated under high confining pressure (i.e. 
relatively denser state ahead of shearing) and b = 1, indicat-
ing a stress condition that encompass torsion and extension 
(Fig. 9a, c, g). Flow upon shearing appeared to be most pro-
nounced in sands under low 200 kPa confining pressure and 
combined torsion extension (α = 60° and b = 1, see Fig. 7a).

Fig. 6  Stress state in the wall of HCTS specimen during torsion shear 
test

Fig. 7  A typical HCTS speci-
men before and after testing
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Immediate observations suggest that upon aniso-
tropic loading (i.e. increasing principal stress direction), 
flow begins to appear at deep sequences as α reaches 30° 
(Fig. 9g); and then extends to sands at shallower depths as 
α reaches 60°. Flow under the moderate α = 30° is prob-
ably underpinned by dilative behaviour of dense sand, which 
deteriorates upon application of torsional actions. No flow 
was detected at α = 15°. Base sand demonstrates a non-flow 

(NF) deformation with strain hardening (HS) throughout 
undrained shearing towards the USS.

The undrained shear strength (also the Critical Stress 
Ratio CSR) and Ultimate Steady State (USS) are inversely 
proportional with b-ratio, with an exception of H400f0-1-
60 and H400f0-0.5-60 (Fig. 9c), where the effective stress 
paths converge to reach a common USS. Sand begins to 
exhibit a softer response and the pure compressive effort 

Fig. 8  Stress path and stress–
strain response of sand during 
undrained shearing: a typical 
stress path, phase transforma-
tion and steady states and b 
stress path and stress–strain 
behaviour in sands of varied 
packing states
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TSP total stress path, CSS critical steady state, CSR critical stress 
ratio, QSS quasi steady state), a, e, i stress–strain under P′ = 200 kPa 

and for varying α; c, g, k stress–strain under P′ = 400 kPa and for var-
ying α; b, f, j stress path under P′ = 200 kPa and for varying α; d, h, l 
stress path under P′ = 400 kPa and for varying α 
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applying on soil moderates as the b-ratio increases from 
an initial 0–1: This is in part due to appearance of tensile 
stresses in soil, the immediate consequence of which is a 
degree of stress relief in form of combined compression and 
extension (Fig. 9a, e, i and c, g, j). In conventional geo-
technical design, a 0.3–0.5 b-ratio generally is indicative 
of plain strain conditions. This suggests that adopting the 
conventional design approach may over-estimate the und-
rained shear strength and CSR where a pair of design planes 
intersects into a boundary line, examples of which occur in 
design of support of excavation top-down systems for deep 
basements and access shafts. For α = 60°, sand specimens 
consolidated under the relatively greater 400 kPa pressure 
reached the Quasi Steady State (Phase Transformation, QSS 
PT) and Critical Stress Ratio (CSR) at relatively greater 
effective deviatory pressure. For these specimens, the con-
trol of b-ratio appears to be negligible at QSS; suggesting 
that latter shortfall in conventional design approaches would 
have a limited impact on deviatory load at the point of phase 
transformation (Fig. 9c, d).

Findings here are generally in agreement with previous 
findings of Shibuya and Hight [48] and Shibuya et al. [49]. 
Studying the interactions between b-ratio and undrained 
shear response for medium loose HRS sand, they varied the 
α between 0° and 90° and adopted three b-ratio values of 
0.0, 0.5 and 1.0. They concluded that increasing intermedi-
ate principal stress (b-ratio) from 0 to 0.5 has no significant 
effect on sand’s response, whereas larger b-ratio values lead 
to the formation of weaker, soften and more brittle und-
rained behaviour. Yoshimine et al. [47] presented similar set 
of results for loose angular Toyoura Sand (D50 = 0.17 mm, 
emin = 0.597, emax = 0.977). The earlier studies of Poulos [50] 
and Poulos et al. [51] suggest the independency of stress 
path from sand’s inherent anisotropy at large strains and as 
sand approaches the ultimate steady state. This is not con-
sistent with findings here: the USS appears to be generally 
inversely proportional with the direction of principal stress 
axes and intermediate principal stress ratio.

Steady State for Fibre‑Reinforced Sand

The random distribution of fibres through the loose sand 
medium and the governing undrained conditions are 
believed here to have allowed fibres rest along multidi-
rectional planes during the course of shearing. Isotropic 
consolidation under high confining stresses (to a closer 
packing) ensures that this initial random distribution of 
fibres remains through subsequent shearing phase. Con-
finement level matters and is discussed in more detail in 
section “Fibre Shape and Assembly Packing Quality”.

Contribution of the fibres to shear strength and plas-
tic behaviour of fibre-reinforced sands is generally com-
plicated, particularly when the intrinsically anisotropic 

sand–fibre mediums are subjected to anisotropic load-
ing. Unreinforced and reinforced sand specimens were 
remoulded to a high initial void ratio in the range of 
0.795–0.800. The stress–strain response of composite 
materials (i.e. sand reinforced with 1.5% fibre) is illus-
trated in Fig. 10.

Base sand shows a dilative response upon anisotropic 
shearing under relatively low α values (Fig. 9e, i, g, k). 
The dilative behaviour changes into a contractive strain 
softening response as α increases to 60° (Fig. 9a, c). Upon 
reinforcement with fibres, the dilative behaviour continues 
to be dominant at high α levels (Fig. 10a, c).

Figure 10d, h, i demonstrates the difference between the 
tPT in base and reinforced-sand specimens ( ΔtPT ), where 
tPT  is t  at phase transformation. At b = 0.5 (almost full 
compression, plain strain), ΔtPT sharply decreases with an 
increase in α from 15° to 30°. This suggests that in a com-
pressive environment and plain strain conditions, torsional 
stresses decrease the contribution of fibres to undrained 
strength enhancement. The strain softening for base sand 
as P′ reaches the phase transformation leads to a CSS state 
(Fig. 9d). At b = 1 (counterbalancing extension), ΔtPT shows 
marginal improvements with a rise in α from 15° to 30°, 
followed by substantial improvements as α grows to 60°. 
For when compressive stresses are counterbalanced with 
extension, torsional stresses appear to fully mobilise the 
tensile capacity of fibre inclusions, thereby a remarkable 
increase in the contribution of fibres to undrained strength 
enhancement takes place. This is an important new finding 
with many practical implications: The use of fibre-reinforced 
sands as subgrade for shallow footings or reinforced earth 
slopes is generally beneficial unless the system is expected 
to carry anisotropic loading. The composite system, how-
ever, appears to be useful as shallow subgrades housing a 
system of short micro-piles, underpinning a superstructure 
that applies transient loading or is expected to bear dynamic 
excitations.

Figure 11a illustrates the variation of ΔqUSS (the dif-
ference of deviatoric stress at ultimate steady-state USS 
between the reinforced and base sand at a reference devia-
toric strain of 10%) with the principal stress direction, α. 
Fibres become more effective as principal stress direction 
increases. When torsional stresses combine with extension 
(b = 1), composite materials make the most benefit from the 
fibre inclusions to attain their maximum possible undrained 
strength.

Figure 11b, c illustrates the variation of anisotropy ratio 
(AR) with inclination angle α, where AR is the maximum 
deviator stress divided by deviator stress at 10% strain 
at α = 60° (maximum torsion), as a measure of scale. 
In this, AR here is a measure of undrained strength for 
a range of loading scenarios (of varied level of loading 
anisotropy) with respect to the strength under maximum 
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testing torsion. For sand–fibre composites, the variation of 
undrained strength with α (a measure of torsion) is little 
when the composite system is sheared under conditions at 
which the compressive actions are partially counterbal-
anced with imposed extension. Fibres begin, even early 
stages of torsion (small α values), to mobilise upon exten-
sion and reach deviatory stresses close to the maximum 
attainable under full torsion. This lends further evidence to 
the significance of intrinsic anisotropy in reinforced sands. 
Therefore, fibre reinforcement decreases the unwelcomed 
anisotropy in samples which is desirable. AR at low α 
values and for sand–fibre composites gains lower values 
under high 400 kPa isotropic confining pressure. Examin-
ing this finding in conjunction with the established sig-
nificance of inherent anisotropy, it appears that isotropic 
consolidation under higher confining stresses (to a closer 
packing) ensures that the initial randomly distributed fibre 
layout continues over the shearing phase. The undrained 
strength and plastic behaviour of fibre-reinforced sand are 
dependent on system’s inherent anisotropy.

Fibre Shape and Assembly Packing Quality

Findings here build on recent findings reported in Mandolini 
et al. [23]. The undrained shear strength and plastic behav-
iour of fibre-sand composites is fundamentally controlled 
by anisotropy. Mandolini et al. [23] used standard Euro-
pean Houston RF S28 siliceous angular to sub-angular sand 
(D50 = 0.32 mm, Cu = 1.70, Cc = 1.1, Gs = 2.65, emin = 1.000, 
emax = 0.630) together with 0.5% polypropylene fibres and 
conducted a series of CD torsional triaxial tests (b = 0, 0.07, 
0.25, 0.50, 0.75, 1.00; α = 0°, 15°, 30°, 45°, 60°, 90°). In 
contrast with findings of this work, Mandolini et al. [23] 
presented experimental evidence for inverse relationship 
between the principal stress direction inclination and drained 
shear strength in fibre-reinforced sands. Assuming that the 
slightly different fibre content in the two studies has mini-
mal effect, there appears to be links between confinement-
induced ‘self-organisation’ of fibres and initial packing state; 
thereby a consensus on the implications of initial packing 
state is needed to be reached. A high 0.931–0.956 void ratio 
(post isotropic consolidation) was adopted [23], inferring a 
very loose initial state. These are higher, by and large, than 
the post isotropic consolidation void ratios achieved in the 
present work (0.795–0.800). Upon application of anisotropic 
stresses to loose assemblies of particles (sand grains mixed 
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Fig. 10  Steady states for base and reinforced sand under inclined 
deviatory load and varying b-ratio (USS ultimate steady state, ESP 
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P′ = 400 kPa and for varying α; b, f, j stress path under P′ = 200 kPa 
and for varying α; d, h, l stress path under P′ = 400 kPa and for vary-
ing α 
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with highly eccentric rod-shape fibres), the fibres begin to 
adopt a vertical orientation and gradually align with vertical 
walls of sand particles. This structural evolution disturbs the 
multidirectional alignment of fibres; fibres move relative to 
one another and take a parallel and vertical orientation. This 
arrangement forms a suite of internal weakness planes (lami-
nated structures). This limits the potential benefits of soil-
inherent anisotropy under torsion as fibres only partially fall 
in extension, restricting the soil’s mobilised tensile resist-
ance. Findings are consistent with earlier discussions in Gray 
and Ohashi [10] where a direct relationship was established 
between inclinations of principal stresses and shear strength 
for dense reinforced sand.

Dimensionless State Indices

Two state index parameters are proposed. Flow potential, uf  
is defined as a measure of flow (strain softening) and for-
mulated in Eq. 8 (see Yoshimine and Ishihara [46]). Flow 
potential is controlled by stress conditions in sand during 
both initial and shearing stages, so too the intermediate prin-
cipal stress and direction of principal stresses. In Eq. 8, P′

PT
 

is the mean effective pressure at the point of phase trans-
formation and P′

c
 is the mean isotropic confining pressure.

Peak strength index, qpeak∕P�
c
 , is effectively normalised peak 

undrained shear strength with confining pressure as measure 
of scale.

(8)uf = 1 − P�
PT
∕P�

c
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In Fig. 12a, b, the dimensionless uf  is plotted against 
the angle of principal stress orientation. Strain softening is 
less pronounced when test soils are subjected to a degree of 
extension upon increasing b-ratio. When reinforced (with 
fibres), strain softening fully disappears in such torsional 
extension loading environment. Findings here are in agree-
ment with earlier discussions. Figure 12c, d shows the vari-
ation of the peak strength index with principal stress incli-
nation angle. For reinforced sand, the normalised strength 
sharply decreases under moderate torsional efforts (α = 30°), 
irrespective of the balance between applied compressive-
tensile stresses. Reinforced soil systems are likely to experi-
ence instability as torsional stresses increase; implying that 
maximum torsion is not necessarily a worst-case scenario 
in design.

Conclusions

Contribution of the fibres to shear strength and plastic 
behaviour of fibre-reinforced sands is generally complicated, 
particularly when the intrinsically anisotropic sand–fibre 
mediums are subjected to anisotropic loading. This study 
aimed to use the orientation of principal stress and soil ini-
tial packing state combined as a proxy parameter to explore 
and explain the plastic behaviour of fibre-reinforced sands. 
Observations suggest that:

1. Loose sand exhibits a dilative response upon anisotropic 
shearing under relatively low α values. The dilative 
behaviour changes into contractive strain softening as 
α increases to 60°.

2. Sand rapidly develops a strain softening response as 
b-ratio increases; such conditions take place when soil 
falls under combined extension and torsion. Under such 
circumstances, flow upon shearing appears to be most 
pronounced in sands under low confining pressures.

3. Upon reinforcement with fibres, the dilative behaviour 
at high α values continues to be dominant: in a compres-
sive environment and plain strain conditions, torsional 
stresses lower the contribution of fibres to undrained 
strength enhancement. For when compressive stresses 
are counterbalanced with extension, torsional stresses 
appear to fully mobilise the tensile capacity of fibre 
inclusions and improving their contribution to undrained 
strength.

4. Fibres become more effective as principal stress direc-
tion increases. When torsional stresses are combined 
with extension (b = 1), composite materials make the 
most benefit from presence of fibres and attain maxi-
mum possible undrained strength.

5. Strain softening is generally less pronounced when 
soils are subjected to a degree of extension (increasing 

b-ratio). When sand is reinforced (with fibres), strain 
softening fully disappears in torsional extension loading 
environment.

6. Reinforced soil systems are likely to experience insta-
bility as torsional stresses increase; implying that maxi-
mum torsion is not necessarily a worst-case scenario in 
design.
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