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ABSTRACT ARTICLE HISTORY
Randomly distributed fibres can be a potential reinforcement material to Received 13 February 2022
improve the shear strength of soils. However, gaps remain in experimental Accepted 19 April 2023

research and predictive modelling of the shear strength of fibre reinforced
high plasticity clays. In light of this, a series of consolidated undrained tri-
axial tests were carried out to investigate the shear strength behaviour of
London Clay reinforced with 0.3% to 0.9% polypropylene fibre by dry
weight of soil. The effects of fibre length and confining pressure were also
considered. The results indicated that fibres significantly improve the shear
strength of soil. The shear strength improvement increases with the fibre
length, but decreases with increasing confining pressure at test scale. The
addition of fibres also leads to the increase in the pore water pressure of
soil. Using these and other experimental results, a predictive model was
developed based on the concept of equivalent confining stress. The model
is able to describe the deviator stress-strain and pore water pressure-strain
relationship of fibre reinforced clay and can be used efficiently to predict
the shear strength of fibre reinforced clay subjected to different confining
pressures.

KEYWORDS

Fibre reinforcement; high
plasticity clay; shear
strength; predictive model

1. Introduction

The need to expand and develop infrastructure in response to population growth and economic develop-
ment frequently requires construction works in areas of problematic soils. Locally available cohesive soils,
especially high plasticity clay, are often used as backfill materials to produce earthen structures, e.g. high-
way embankments and flood defences (Gunn et al., 2015). However, some of these soils cannot meet the
strength requirements of earthworks construction without additional strengthening, often referred to as
‘stabilisation’” and the failure of earthen structures is often linked to poor engineering properties of high
plasticity clays, cases being found all over the world (Briggs, 2010; El Mountassir et al., 2011; Khan et al,,
2017).

High plasticity clays also have a high potential for volume change when exposed to cycles of rainfall
and drought and of cracking resulting in water infiltration, and a reduction in shear strength. An increase
in the number of periods of extreme heat and intense precipitation in the coming decades as a result of
climate change is likely to result in additional damage and loss of stability to earthen infrastructure in
many parts of the world (IPCC, 2014; Tang et al., 2018).

For many years, problematic soils have been improved by a range of ground improvement methods
including soil mixing with chemical or bio binders (Consoli et al., 2018; Ni et al, 2020; 2022; Yu et al,,
2020). In recent decades, the use of randomly distributed fibres as a soil stabilisation material has
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attracted increasing attention due to its ease of use, low cost and since it can provide isotropic reinforce-
ment. In the academic field, a number of experimental and analytical investigations have been conducted
into the mechanical properties, especially shear strength, of fibre reinforced soil.

In laboratory studies, direct shear tests (Aouali et al, 2019; Han et al, 2021; Hazirbaba, 2018;
Mirzababaei et al., 2017); and triaxial tests (Foresta et al., 2020; Karimzadeh et al., 2021; Mandolini et al.,
2019; Patel & Singh, 2019) have demonstrated that shear strengths of sandy and low plasticity cohesive
soils are increased when reinforced with various types of fibres. However, fewer studies can be found on
fibre reinforced high plasticity clay (Akbulut et al., 2007; Correia et al., 2021; Ekinci, 2016; Mirzababaei
et al,, 2018; Taha et al,, 2020). Despite the conclusions drawn by these studies that fibres can improve
the shear strength of high plasticity clay generally, consensus has not been reached on the following
points.

e On the effects of fibre inclusion ratio, i.e. the ratio of mass of fibres to mass of dry soil (see Equation
(1) below), Kalkan (2013) and Taha et al. (2020) conducted direct shear tests on high plasticity clay
reinforced with rubber and polypropylene fibres, respectively, and drew different conclusions. The
friction angle of soil in the former study increased as the fibre inclusion ratio increased from 0% to
2%, and then decreased with further addition of fibre. In the latter study, the friction angle of soil
increased as the fibre inclusion increased from 0% to 39%.

e As for the influence of fibre length, Mirzababaei et al. (2018) conducted a series of reverse drained
direct shear tests on fibre reinforced high plasticity clay and reported that the cohesion of the soil
increased then decreased as the fibre length changed from 6 to 19 mm. However, in direct shear
tests conducted by Akbulut et al. (2007), it was found that the change in cohesion of the high plasti-
city clay used there had no obvious relationship with the fibre length.

e On the influence of confining pressure, Correia et al. (2021) and Ekinci (2016) conducted a series of
triaxial undrained (CU) and drained (CD) tests on polypropylene (PP) fibre reinforced clay. In Correia
et al. (2021), a reduction in improvement of shear strength was observed with increasing confining
stress from 50 to 300kPa. In Ekinci (2016), a threshold value of confining pressure (150kPa) was
found. Fibre reinforced soils (FRS) show higher shear strength than equivalent unreinforced soils
(URS) when the confining pressure is lower than this value; unreinforced samples show greater
strength when the confining stress higher than this value.

When it comes to analytical investigations, most predictive models of fibre reinforced soil have
focused on granular materials (Ajayi et al., 2017; Chen, 2007; Diambra et al., 2010; Gao & Diambra, 2021;
Gao & Zhao, 2013; Gray & Ohashi, 1983; Michalowski & Cermék, 2003; Michalowski & Zhao, 1996;
Zornberg, 2002). As for cohesive soils, Diambra and Ibraim (2014) proposed a constitutive model for fibre
reinforced clay by superimposing the stress contribution of elasto-plastic fibres within a modified Cam
Clay model. The slippage and pull-out of the fibres and the breakage of the fibres were taken into
account in this model and six parameters were introduced to describe the fibre stress-strain response
and fibre-soil interaction mechanisms.

Jamei et al. (2013) derived a model that enables prediction of the failure of fibre reinforced clay based
on the energy homogenization scheme proposed by Michalowski and Zhao (1996), in which the behav-
iour of a specific fibre-clay interface is taken into account as part of the failure mechanism of the FRS.
Two parameters (cohesion and friction angle of the interface) which are obtained from pull-out tests of
fibres are introduced. Wang et al. (2018) developed a predictive model for pre-failure and failure behav-
iours of fibre-reinforced clay by combining the superposition method (Diambra & lbraim, 2014) and an
energy based homogenization technique (Jamei et al., 2013). The relationship between the stiffnesses of
the clay and fibre phases is built via the strains of fibres and soil, and the pre-failure and failure behav-
iour of fibre reinforced clay is described by the composite’s stiffness matrix and fibre's stiffness matrix,
respectively.

A review of the literature suggests that more laboratory investigations are required into the effects of
fibre inclusion ratio, fibre length, and confining pressure on the shear strength behaviour of fibre rein-
forced high plasticity clay. Existing models of fibre reinforced clay are mostly based on complex calcula-
tions and the parameters necessary to run these models need a series of extra tests on materials. A
practical model for predicting the shear strength of fibre reinforced clay is necessary. To this end, in this
study, the effects of polypropylene fibre reinforcement on the shear strength behaviour of London Clay
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are investigated via a series of CU tests. The influences of fibre length and confining pressure are taken
into account. Based on the test results, a practical model is proposed in order to predict the stress-strain
and pore water pressure-strain relationships of fibre reinforced clay with less experimental and analytical
efforts.

2. Materials and methods

London Clay was obtained from an excavation site for Crossrail in Clapham, London, UK. Classification
and compaction properties of the soil were determined in accordance with BS 1377-2 (BSI, 1990a), and
are shown in Table 1. The basic properties of the polypropylene (PP) fibre used this study are given in
Table 2, and the appearance of the fibre is shown in Figure 1.

To prepare the soil-fibre composite, designated masses of fibres were firstly mixed manually with air
dried soils, followed by distilled water. This mixing method resulted in less fibre lump formation because
fibres are first coated by a layer of dry clay and then mixed well with water (Mirzababaei et al., 2017).
The wet composite was then further mixed by a laboratory mixing machine for 3 min until a homoge-
neous mix was achieved. The details of the whole process can be found in Wang (2020). The triaxial sam-
ples were then statically compacted in a 38 mm diameter x 76 mm high cylindrical mould in three equal
layers. All the samples were compacted at each soil’s optimum water content and maximum dry density
(MDD), as determined by standard Proctor compaction tests to BS 1377-4 (BSI, 1990b). The MDD was
selected as each sample’s initial dry density (p4) to represent field conditions.

Table 1. Properties of London clay used in this study.

Soil properties Value
Specific gravity 2.72
Liquid limit (%) 58.2
Plastic limit (%) 20.9
Plasticity index (%) 373
Optimum water content (OWC) (%) 224
Maximum dry density (MDD) (Mg/mm?) 1.581
D50 (mm) 0.0018
BS Classification CH

Table 2. Properties of the PP fibre used in this study (ADFIL, 2019).

Fibre properties Value
Specific gravity 0.91
Fibre type Monofilament
Length (mm) 6 and 12
Average diameter (um) 22
Tensile strength (MPa) 416
Elongation at break (%) 43
Elastic modulus (MPa) 3000

Figure 1. Appearance of polypropylene fibres used in the study.
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Table 3. Information of triaxial test specimens.

Fibre Deviator
inclusion Confining Initial void  Initial water  Final water stresses at

ratio Fibre length pressure ratio content content Dry density failure
Specimen pr (%) I (mm) a3 (kPa) €0 wy (%) w; (%) pr (Mg/m?) qgr (kPa)
URS50 0 0 50 1.049 224 323 1.581 46.7
URS100 0 0 100 1.049 224 32.2 1.581 87.6
URS200 0 0 200 1.049 224 325 1.581 169.1
FRSA50 03 6 50 1.003 223 32.0 1.563 63.6
FRSA100 0.3 6 100 1.027 22.3 323 1.563 99.3
FRSA200 0.3 6 200 1.006 22.3 321 1.563 180.8
FRSB50 0.6 6 50 0.995 215 320 1.551 68.8
FRSB100 0.6 6 100 0.993 215 32.1 1.551 107.9
FRSB200 0.6 6 200 0.984 21.5 321 1.551 186.7
FRSC50 0.9 6 50 0.969 21.3 319 1.546 77.8
FRSC100 0.9 6 100 0.970 213 319 1.546 123.1
FRSC200 0.9 6 200 0.966 213 317 1.546 213.0
FRSD50 03 12 50 0.994 22.1 31.8 1.567 71.2
FRSD100 0.3 12 100 1.011 22.1 319 1.567 1121
FRSD200 03 12 200 0.997 221 320 1.567 185.7
FRSE50 0.6 12 50 0.992 216 319 1.561 78.2
FRSE100 0.6 12 100 0.987 21.6 31.8 1.561 117.5
FRSE200 0.6 12 200 0.983 216 31.8 1.561 191.9
FRSF50 0.9 12 50 0.969 215 319 1.548 8238
FRSF100 0.9 12 100 0.961 215 317 1.548 1335
FRSF200 0.9 12 200 0.969 21.5 31.8 1.548 205.8

Consolidated undrained triaxial tests were then conducted in accordance with BS 1377-8 (BSI, 1990c¢).
The specimen was back pressure saturated at 300kPa and with 5kPa difference between cell pressure
and back pressure, ensuring B values of at least 0.95 for each specimen. Then the specimens were iso-
tropically consolidated at a predefined confining stress until there was no volume change. After consoli-
dation, specimens were sheared at an axial strain rate of 0.02% per minute, until a serviceability failure
criterion of 20% axial strain. Three different fibre inclusion ratios (pr = 0.3, 0.6 and 0.9% as shown in
Equation (1)) and two different fibre lengths (/s = 6 and 12 mm) were used in tests.

me W
T m
where my and mg are the masses of fibre and dry soil, respectively, Wy and W; are the weights of the
fibres and dry soil, respectively (to be used in the model derivation later). The confining pressures applied
in this study were 50, 100 and 200 kPa, selected to simulate the condition of soils in embankment engin-
eering. The characteristics of the specimens are shown in Table 3, in which unreinforced soil and rein-
forced soil are represented by URS and FRS, respectively, A to C and D to F represent fibre inclusion ratio
from 0.3 to 0.9% for two different fibre lengths, numeric suffixes represent different reinforcement condi-
tions and confining pressures.

It is worth mentioning that an extra test was conducted on an unreinforced sample having original
dry density 1.581 Mg/m?® with the same water content as the 6 mm 0.9% FRS sample (w =21.3%), the test
results (Wang, 2020) showing that this tested sample had a similar response to that of the original URS
sample. This extra test was undertaken to eliminate the potential difference of shear strength increment
from slightly initial different water contents.

3. Triaxial test results of unreinforced and fibre reinforced soil

The triaxial test results are discussed in several different ways in this section. As a measure of shear
strength, the deviator stresses of specimens at serviceability failure (g5 are shown in Table 3.
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Figure 2. Deviator stress-strain relationships of selected fibre reinforced specimens with different (a) fibre inclusion ratios (b) fibre
inclusion ratios, fibre lengths and confining pressures.
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Figure 3. Variations of deviator stress increment of fibre reinforced soil with different fibre inclusion ratios at 50 kPa confining
pressure.

3.1. Effect of fibre inclusion ratio on the deviator stress

Figure 2 shows the variations of deviator stress (g) with axial strain (¢;) for the unreinforced and selected fibre
reinforced soils. It can be seen from Figure 2 that the deviator stress of soils at the serviceability failure state of
20% axial strain (Diambra et al,, 2010) increases with fibre inclusion ratio. This is because a higher quantity of
fibre will lead to higher interfacial friction between the fibre and soil, thus increasing the shear resistance of the
soil. Also, for the URS specimens, the deviator stress increases sharply during the initial stages of the test, then
becomes steady until serviceability failure. For the FRS specimens, however, no peak values can be observed in
the plots. It can be concluded that greater fibre inclusion increases the degree of hardening response comparing
with the unreinforced sample. Before shearing, fibres in the composite are either bending or stretching due to
compaction during sample preparation. Consequently, tensile resistance is only mobilised in the fibres after the
sample has undergone some straining, and develops until the majority of the fibres break or pull out. The
strength improvement at large strain suggests the potential application of fibre reinforcement in constructions
which suffer excessive deformation like embankments over soft soils.
To make comparisons, for a given strain level, we define deviator stress increment (Aq) as

Ag=¢q—qu (2)

where g, and q, are the deviator stresses of the FRS and URS specimens under the same test condition
at that strain level, respectively. Figure 3 shows the relationship between axial strain and Ag for different
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FRS specimens. In general, Ag increases as the axial strain increases and the rate of increase reduces as
the axial strain increases further. The decrease in growth rate might come from increased relative sliding
between soil particles and fibres. Also, the rate of shear strength improvement reduces with increasing
fibre inclusion ratio. For example, when fibre inclusion ratio doubles from 0.3% to 0.6%, the deviator
stress increment at serviceability failure only increases by 28% from 24.4 kPa to 31.2 kPa.

3.2. Effect of fibre length on the deviator stress

Figure 2(b) shows that the deviator stresses at failure of FRS specimens also increases with the fibre
length. Compared with specimens at 200 kPa confining pressure, specimens at 100 kPa show a more sig-
nificant difference in deviator stress when reinforced with different fibre lengths, so the effect of fibre
length on deviator stress might be influenced by confining pressure level, which need to be proved by
more tests. It is known that the friction between soil particles and fibres is mobilised along the length of
the fibre, hence longer fibres will increase the overall pull out resistance. In studies (Han et al.,, 2021;
Mirzababaei et al., 2017) including direct shear tests of fibre reinforced soil, optimum fibre lengths were
found to be 10 and 9 mm, respectively, beyond which the increasing fibre length had a negative influ-
ence on shear strength improvement. This value was approximately 20 mm in other triaxial tests of fibre
reinforced soil (Patel & Singh, 2019; Prabakar & Sridhar, 2002). These trends indicate that the optimum
fibre length depends on the specimen’s size, i.e. fibres will tangle and bend when they are too long for
the specimen’s size, and their influence cannot be fully mobilised.

3.3. Effect of confining pressure on the deviator stress

The influence of confining pressure on the deviator stress of the soil is shown in Table 3. Taking group
FRSF as an example, as the confining pressure increases from 50 to 200 kPa, the deviator stress at failure
of the specimen (82.8kPa, 133.5kPa, 205.8kPa) is 1.77, 1.52, and 1.22 times that of the corresponding
URS (46.7 kPa, 87.6 kPa, 169.1 kPa). The effect of confining pressures on shear strength improvement is
analysed by normalising the deviator stress with the effective consolidation pressure for the test (py'=
50, 100 and 200 kPa) and the results are shown in Figure 4. It can be seen that the normalised deviator
stresses decrease as the confining pressure increases. In Ekinci (2016), when the confining pressure is
higher than a threshold value (150kPa), fibre reinforcement degrades the shear strength of clay.
However, no threshold value was found in this study. At higher confining pressures, the soil exhibits
stiffer behaviour than at lower confining pressures and the effectiveness of the fibre contribution is
reduced, so it is clear that the effect of confining pressure on shear strength improvement is influenced
both by the soil's properties and its initial state.

1.8

6mm 0.9% FRS

1.2 T
§
06
A100 kPa
O
<o 0200 kPa
4
o & . . .
0 0.05 0.1 0.15 0.2

Axial strain

Figure 4. Normalised stress-strain curves of selected reinforced samples (= 6 mm, p= 0.9%).



386 J. WANG ET AL.

40

N
=3

50 kPa

9
S

v
=)

=)
S

)

S
%
=3

g OURS

Excess pore water pressure / kPa
Excess pore water pressure / kPa
=N
(=]

0 a0 | FE 0100 kPa 0.9% 6 mm FRS
-6mm 0.3% FRS
. mm 8.57 g +100 kPa 0.9% 12 mm FRS
$ +6mm 0.6% FRS 55
200 kPa 0.6% 6 mm FRS
A ©6mm 0.9% FRS
o i ) ) ) 5 -200 kPa 0.6% 12 mm FRS
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 02
Axial strain Axial strain
(a) (b)

Figure 5. Pore water pressure-strain relationships of selected fibre reinforced specimens with different (a) fibre inclusion ratio (b)
fibre inclusion ratio, fibre length and confining pressure.
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Figure 6. Stress paths in p’-q plane of unreinforced soil and selected fibre reinforced soil (If= 6 mm, pf = 0.9%) at different con-
fining pressures.

3.4. Effect of fibre inclusion on the pore water pressure

As for the excess pore water pressure (PWP), it can be seen from Figure 5 that for all the specimens, the
excess PWP experiences a sharp increase at the start of the test, and then increases gradually until it
reaches a steady state (0.03 and 0.06 axial strain in Figures 5a,b, respectively) accompanying further
shearing. Finally, a slightly decrease is observed as a result of dilation and minor shear planes in the
specimens at higher strain. Similar trends have also been reported by Ekinci (2016) and Khebizi (2019).
Also, pore water pressure at both peak and failure increases with increasing fibre inclusion ratio and fibre
length. An explanation for this may be that fibres distribute the stresses within the structure of the soil
specimen and restrain its dilative deformation tendency, which then leads to an increase in excess pore
water pressure.

3.5. Effect of fibre inclusion on the strength parameter

The stress paths of URS and selected FRS specimens and fitted critical state lines are shown in Figure 6.
Notably, the samples do not fully meet the definition of critical state at the 20% axial strain. However, for
the purposes of this study the ‘critical state line’ and ‘critical state parameter’ in the following discussion
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are used. Generally, the stress paths for URS and FRS show a similar pattern: p’ decreases and g increases
at the first stage of shearing, so the stress paths plot to the top-left at first. At the second stage, the
pore water pressure begins to drop and the deviator stress continues to increase (FRS) or stays constant
(URS), so the stress paths then plot to the top-right (FRS) or right (URS). The critical state line is clear for
the URS stress paths. However, FRS stress paths show the influence of confining pressure on the reinforc-
ing effect, reflecting the fact that the stress path at 50 kPa tends to lie above the fitted critical state line
and the stress path at 200 kPa tends to lie below the line. An increased M value from 1 to 1.36 appears
to confirm the shear strength improvement of this soil due to the fibre reinforcement.

4. Derivation and application of a predictive model

As indicated above, and as the title of the paper suggests, the object of this study goes beyond observa-
tions made from experimental results and moves towards the development of a simple predictive model
with which properties of a fibre-reinforced clay can be predicted. Also as the title suggests, the model
proposed here is an initial attempt and for routine use, further work is necessary as will be discussed
later.

4.1. Basis of the model

Yang (1972) hypothesised that the improvement of a fibre reinforced soil's shear strength (As) comes
from ‘equivalent confining stress’ (Aos) induced by tensile restraint in the fibres, i.e. the tensile stresses
induced in fibres tend to ‘add confinement’ to the specimen. Gray and Al-Refeai (1986) linked these two
terms with a function (Equation (3)) based on the friction angle of sandy soil (¢). However, the authors
did not give a clear, experimentally available, relationship between Ags; and the properties of the fibre
reinforcement.

A
As = % X tan (45° + %) (3)

The model proposed in this study is based on the concept of ‘equivalent confining stress’ and is based
on the following key assumptions:

e The fibre reinforced soil is composed of a soil matrix phase and a fibre phase. The soil matrix phase
in fibre reinforced soil is assumed to have the same characteristics as the corresponding unreinforced
soil. Both the unreinforced soil and reinforced soil are assumed to follow the critical state framework.

e The soil matrix and fibre-soil composite in the model are homogeneous and isotropic. Fibres are
homogeneously distributed in the composite but have a non-uniform orientation distribution. The
model is based on shear strengths observed in the CU triaxial tests therefore every point has an
identical stress state.

e Fibres are one-dimensional mechanical elements, having the geometry of a cylinder with an average
diameter (dy and an average length (I . Fibres only participate in tension loading and not in com-
pression loading (here the effect of fibre on the consolidation behaviour of the soil is neglected) and
behave elastically, with an elastic modulus E;. Compatibility between fibres and the soil matrix is
assumed, i.e. fibres share an identical strain with the adjacent soil matrix as well as the composite
due to assumed strong bonding between the clay particles and fibres. Having said this, sliding
between fibres and the soil matrix is considered at the end of the model development.

e The radial component of the tensile stress mobilised by fibres is approximately assumed to be the
same as and equivalent confining pressure, pr

The final point above is explained as follows. Due to sample preparation, the preferred orientation of
fibres in a triaxial sample will be horizontal and in a triaxial compression test radial expansion would
then be resisted by those fibres acting in tension. Considering this effect alone, outside of an actual tri-
axial test, and assuming elastic behaviour, were the sample to be unrestrained vertically, fibres in tension
radially would induce a radial compressive stress and hence vertical tensile strain in the sample via
Poisson’s ratio. If the sample is restrained such that vertical strain is zero then a vertical stress is induced.
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If incompressible behaviour is assumed, i.e. Poisson’s ratiov = 0.5 then it is easy to show that, elastically,
the sample is in a state of hydrostatic stress under these conditions. We can then consider this effect as
an ‘equivalent confining pressure’, pr due to the activation of the fibres.

The fibre inclusion ratio has already been defined in Equation (1) and in order to facilitate overall
mechanical analysis of the composite, volumetric fibre content is utilised in the model derivation, as
shown in Equation (4):

= (4)

Ve
where V¢ and V; are the volumes of the fibres and composite, respectively. The dry unit weight of the
fibre-soil composite can be expressed as:

We + Wi

gy = F T s 5
Vds v, (5)

the specific gravity of the fibres can be expressed as:
W
G = —1— (6)
f nyw

where y,, is the unit weight of water. The relationship between gravimetric fibre content pr and volumet-
ric fibre content vf can be obtained by substituting Equations (4-5) into Equation (6), i.e.

YdrRs Pt
= 7)
(1+ pr)Gryw

4.2. Model derivation

For a single fibre inclined to the horizontal plane at an angle 0, the strain of a single fibre in the direc-
tion of the fibre axis (assuming a straight portion of fibre), ¢'; (f), can be decomposed into strains in the
radial (¢) and axial directions (g,) as follows:

& (0) = egsin?0 + ¢,cos?0 (8)
In a CU test, the volumetric strain, ¢, is zero so that
&y =& +26=0 9)
1
& = — 5 &a (10)

Substituting Equation (10) into Equation (8) gives
1
e (0) = &g (sin20 - ECOSZO) (1)
The stress in a single fibre in the fibre direction o' (0) is

o1(0) = Er¢' (0) (12)

where E; is the elastic modulus of the fibre material. The contribution of a single fibre to the stress in the
radial direction, ¢’,¢ (0), can be derived via a similar approach in Diambra (2010) by decomposing, ¢’ (0)
into terms associated with work done which can be expressed as

at(0)ea + 207(0)e, = o7 (0)¢7 (0) (13)
a1 (0)e}(0) = 6} (0) (sin?0e, + cos20¢,) (14)
where ¢/ (0) and ¢’ (0) are the stresses in a single fibre in axial and radial directions, respectively. So

the stress decomposition in the radial direction is

1 1 1
o) (0) = o} (0) ECOSZQ =Ff X &g (5 sin?0cos?0 — ZCOS40) (15)
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Figure 7. Transformation of randomly distributed fibres: (a) fibres in the specimen (b) reassembled fibres (c) integration space of
spherical coordinates.

As mentioned above, only the stress in the radial direction is considered. Then the tensile force carried
by a single fibre in the radial direction, F',+ (0), can be calculated by multiplying the stress in the radial
direction by the projected area of the fibre, i.e.

Fis(0) = a7¢(6)

where A'fis the cross-sectional area of a single fibre.

Calculating the total tensile force carried by all fibres requires integration of all fibre forces. An
approach similar to that proposed by Michalowski and Cermék (2003) is used here. The fibres are ran-
domly distributed in the specimen (Figure 7a), and the stress and strain conditions at every point in the
triaxial specimen are assumed identical. The fibres are assumed to have a uniform distribution in the
horizontal plane (x). Hence the strains in the fibres depend only on their inclination angle to the horizon-
tal (0), and are independent of fibres’ positions. So all fibres can be moved together, making the mid-
points of fibres coincide (Figure 7b), and spherical coordinates (Figure 7c) are used as the integration
space in order to calculate the contribution of all fibres in the specimen. The volume of the sphere con-
taining the fibres, V is

Al
cos

(16)
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4 1\

and the infinitesimal volume required to undertake the integration can be expressed by the fibre length
Ir and the orientation of the fibre (« and 6)

3
1/1
V=|=l 0 0 1
d 3 (2 f) dfdocos (18)

Since it is almost impossible to determine the actual arrangement condition of fibres in a given speci-
men, by considering the preferred sub-horizontal orientation of fibres, the distribution function proposed
by Michalowski (1997) is applied here, i.e.

p(0) = %cos2 0Pave (19)

where p(0) represents the volumetric fibre content with an orientation angle 0 above the horizontal
plane in an infinitesimal volume dV (Figure 7c). pa.e is the average volumetric fibre content in the sphere,
where

Ve

Pave = v (20)

It is worth noting that for a given fibre reinforced soil specimen, pg. is not the same as v in value
because the volume of the specimen (V) is not the same as the volume of the integration space (V). pave
also depends on V,. For a fibre reinforced specimen with a volume V; the relationship below can be
obtained from Equations (19 and 20),

3 3 Vf Vt VO V[
Ecosz()pavezzcosZOVth:d—(/xv (21)
Ve v,
0) =L x =L 22
pl0) =0 x ¢ (22)

where V; is the total fibre volume with an orientation angle 0 above the horizontal plane in a fibre rein-
forced soil specimen. For all the fibres with an orientation angle 6 above the horizontal plane, the total
tensile force in radial direction F, (6) can be calculated using equilibrium as
1
As
cos

Fie(0) = 6)(0) N(0) (23)

where N(0) is the number of fibres at angle 0 above the horizontal plane, which can be expressed as

0 0
Af 1 Vf

Fr(0) = a)(0) —— = 24
#(0) = op )cose o\ T cos 0 (24)
where A% is total cross sectional area of fibres at angle 0.
Substituting Equations (19 and 22) into Equation (24), one can obtain the following
3 cos0p,,.dV
Fel0) = o}p(0) 220 (25)

Is

Assuming the horizontal distribution (¢ in Figure 7c) of fibres in the specimen is homogenous, and
the vertical distribution (0 in Figure 7c) of fibres in the specimen is followed, i.e. p(0) in Equation (19),
the total fibre tensile force in the radial direction in specimen is:

3cosf
Fir = J ol (0) 222 Pave gy (26)
v l¢
and Equation (26) can be expanded to
17 VAR 1
Fp= I8 Efle pgyeta JJ (5 sin0cos*0 — Zcos60) do (27)

2
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Table 4. Input parameters and P; for different fibre reinforced specimens.

Soil type FRSA FRSB FRSC FRSD FRSE FRSF
v (%) 05 1.0 1.49 05 1.0 1.49
Ir (mm) 6 6 6 12 12 12
E¢ (MPa) 2000 2000 2000 2000 2000 2000
R (mm) 19 19 19 19 19 19
H (mm) 76 76 76 76 76 76
Ps (kPa) 20583 41166 6133.8 1029.1 20583 3066.9

As mentioned previously, in a triaxial compression test, only those fibres acting in tension contribute
to generated confining stress. Hence the integration in Equation (27) should be performed with upper
and lower limits. Similar to Diambra (2010), the limit angle 6, (Figure 6a) can be determined by decom-
posing the strain. According to a Mohr's circle for a strain increment, only the tensile zone (dgy <0)
should be considered. So by letting Equation (9) be zero, 0, can be obtained as

0o =tan"'y/— e (28)
deg

Substituting Equation (10) into Equation (28), it can be shown that 0, = tan™' \/%

So the integration part of Equation (27) can now be rewritten as

tan ‘\/1 1 1

[ ’ (— sinfcos*0 — —c0569> do (29)
-—tan*‘\/; 2 4

Equation (29) can be obtained by numerical quadrature of the function curve, the result is approxi-

mately 0.174 in value. In a triaxial test, the equivalent confining pressure can be estimated by applying
the total tensile force on the lateral surface (S) of the specimen, which can be expressed as

Si = 2nRH (30)

where R and H are radius and height of the specimen, respectively.
So the equivalent confining pressure induced by the fibres is
Fi  0.174ZE(fpaeta  0.065RV¢E;
= = = &
pr S/ 27‘L’RH/f lf a
It is worth mentioning that here isotropic stress ps is assumed equal to the radial component of the
fibre stress action on the specimen according to the last point of the assumptions (as clarified
previously).
Let %IR"'E’ be the parameter, P; (kPa), Equation (31) can then be expressed as

31

pr = be‘a (32)

It can be seen from Equation (32) that for a given fibre reinforced soil specimen, the model developed
above predicts equivalent confining pressure to increase linearly with the increasing axial compressive
strain of the sample. Table 4 gives the relationship between P and fibre inclusion ratio v and fibre
length I¢ as well as other parameters in the model. The soil names in Table 4 are consistent with Table 3.

A modified parameter, o is introduced in the form of Equations (34 and 35) to describe the sliding
effect and to take account of the various behaviours seen in the triaxial tests of fibre reinforced soils pre-
sented previously. Four material parameters are introduced as justified below and later, the triaxial results
are used to provide calibration. After this, the model is used to predict strength behaviour, again with
comparison to the triaxial test results from this study and other investigations.

oy = [(sa)“ (qﬁBf) (’:T:) "" (%) X] 33)

Ir
N

Bf (34)

where sliding parameter (x), confining pressure parameter (y), fibre inclusion ratio parameter (y) and



392 J. WANG ET AL.

0.8

0.7

o=-0.3 i
----a=0.63 e
——a=08 _.-="
R ="
.

I 2~ e

- ‘/' ——"“-‘

4/ "’—’

’

P

’

M
0 0.05 0.1 0.15 02

Axial strain

Figure 8. Variation of strength improvement trend with change of sliding parameter o.

Figure 9. Influence of fibre length parameter f§ on the predicted results.
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Figure 11. Influence of fibre inclusion ratio parameter y on the predicted results.

geometry parameter (f5) are introduced to modify the model. The effective consolidation pressure (py’),
fibre content (p) and fibre length (/) are normalised by the reference values p,.r (50 kPa), pf’d (0.1%) and

17" (20 mm), respectively, the p,.r and p/ were selected as they are the minimum value can be found in
ref

most of the experimental study according to the literature review. I/ is close to the half of the diameter
of the specimen (38 mm), which is the maximum value of fibre length in most of the studies.

4.3. Model calibration and application

The four introduced parameters in the model are calibrated with the triaxial test results in this study, the
results are shown in Figures 8-11, and the process of calibration is introduced as follows. Sliding factor «
accounts for the sliding effect; the decrease of the rate of shear strength improvement (Aqg in Figure 3)
means the equivalent confining pressure is reduced with respect to the axial strain due to the relative
sliding. « is calibrated here separately by considering the Ag, as shown in Equation (35) (the details will
be introduced later):

Aq = 3pf = 3(8(,)an80 (35)

It can be seen from Figure 8 that when o is closer to 0, the sliding effect is more obviously and the
relationship between strength improvement and axial strain is more linear. By considering the test results
shown in Figure 3, « is set as —0.63 in the model.

p accounts for the fibre length effect and the test results indicate that longer fibres have better behav-
jour in improving the shear strength of the soil. The influence of § on the predicted results is shown in
Figure 9. It can be seen that the difference between 12 mm and 6 mm fibres gets greater as f increases.
p is therefore set as 0.006 by considering the effect of fibre length in this study.

The effect of the variation of fibre inclusion ratio parameter (y) on the predicted results can be seen
in Figure 10. The observed triaxial test results show that as the fibre inclusion ratio increases, the benefit
of fibre reinforcement is not proportional to the increment of fibre inclusion ratio. When y decreases
from 0, a decreased reinforcing benefit at higher fibre inclusion ratio is more obvious. According to the
observed trend the fibre inclusion ratio parameter y is set as —0.05.

Figure 11 shows the calibration of confining pressure parameter (y). The increased confining pressure
does not lead to a proportional increment in deviator stress (the reinforcing benefit is decreased), as y
increases from 0, this trend becomes stronger. According to the observed trend the confining pressure
parameter y is set as 0.15. The calibrated parameters can be used to calculated the modified equivalent
confining pressure (pf) via Equation (36), and the application of the model is introduced in the following
section.
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Figure 12. Predicted and experimental results of stress-strain relationships of fibre reinforced clay in this study with (a) If = 6
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0 0.05

p? = OCfPfSa (36)

4.4. Applying the model

The process of using this model to predict the shear strength behaviour of fibre reinforced clay is now
discussed. As mentioned above, the effect of fibre reinforcement is modelled as an equivalent confining
pressure acting on the specimen in the triaxial test. For the total stress path results of unreinforced and
reinforced specimens, the mean stress difference is considered to be pr for which there is a correspond-
ing difference in final deviator stress (gs). For the fibre reinforced soil, the mean stress (ps;) and deviator
stress (gss) of any point in the test can be considered as the combination of mean stresses in the unre-
inforced case and an effective confining pressure from the presence of fibres, i.e.

Pfrs = Purs + Pr (37)
Afrs = Qurs + 4f = Qurs + 3pr (38)

Clearly for a given sample p,, and g, can be obtained from a triaxial test, so once the equivalent
confining pressure is calculated, the model can deliver the total stress path and stress-strain relationships
for the same sample when reinforced with fibres. The selected experimental measured (Exp.) results in
this study and corresponding model predicted (Mod.) deviator stress-axial strain curves are shown in
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Figure 12. It can be seen the model is capable of good predictions of the stress-strain behaviour in this
study.

In order to evaluate the model, tests results on fibre reinforced clay from Correia et al. (2021) and
Babu and Chouksey (2010) are also introduced. The predicted results of these studies via the model and
the experimental results are compared in Figure 13. It can be seen from Figure 13(a) that the model pre-
dicted results make good agreement with the experimental results when the confining pressure is 50
and 100kPa. When the confining pressure is 300 kPa, the model tends to underestimate the fibre rein-
forced soil when the axial strain is greater than 12%.

In Figure 13(b), the predicted results via model proposed in Babu and Chouksey (2010) are also
shown. Comparing with the model in Babu and Chouksey (2010), the proposed model in this study
underestimates the deviator stress when the fibre inclusion ratio increases to 1% and 2%. This is due to
the inclusion ratio parameter (y) leads to a decrease in deviator stress improvement when the fibre inclu-
sion ratio is high. However, this trend is not observed in Babu and Chouksey (2010). Also, the strain scale
in these tests (15%) is not the same as that in this study (20%), which means the sliding factor () might
lead to some inaccuracy, it can be seen that the predicted results get closer to the experimental data as
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the strain increases, so it can be deduced that this model appears to be in better agreement with the
data at large strains.

Comparing with the model proposed in Babu and Chouksey (2010), the model proposed in this study
does not need any interface parameters between materials. Once the geometry and mechanical data of
the fibre are known and the confining pressure and fibre inclusion ratio are set, one can obtain the
stress-strain relationship of the fibre reinforced soil. This model can also be used in predicting the pore
water pressure-strain relationship of fibre reinforced soil as shown in the following.

According to the pore water pressure change for a saturated specimen during an undrained triaxial
test can be expressed as

AUZB[AO';), +A(AO’3*O’1)} (39)

where B is 1 and Ags is 0 during the CU test and A is the pore water pressure coefficient, which changes
during the test and depends on the stress level. It can be expressed as the current slope of the g-u curve.
For fibre reinforced soil, the excess pore water pressure generated during the tests (Augs) can be consid-
ered as a combination of that which occurs in an unreinforced soil (Au,s) and a component due to the
fibre reinforcement (Auy). Assuming the coefficient A of FRS is the same as that of URS and according to
Equation (39), Auys can be expressed as

Auys Ags = Auyrs
Aqurs Aqurs

A series of pore water pressure coefficients A can therefore be calculated based on the test results of
unreinforced soil at different confining pressures, therefore the excess pore water pressure-strain relation-
ships for a fibre reinforced soil can be obtained as per Equation (40). The effective stresses can then be
obtained following Terzaghi’s principle.

The experimental measured and model predicted pore water pressure-strain curves in this study are
shown in Figure 14. It can be seen the model is capable of good predictions of the relationships gener-
ally. When the confining pressure is 200 kPa, the model tends to overestimate pore water pressures for
fibre reinforced soil samples when the axial strain is in the range of 7% to 15%. This is attributed to the
pore water pressure coefficient A, which obtained from the URS tests.

In Figure 15, the predicted results and experimental results in Babu and Chouksey (2010) are com-
pared. It can be seen that the predicted results via the model in this study are more similar in pattern
with the experimental data, although the model tends to underestimate the excess pore water pressure
value of fibre reinforced soil. Hence, it can be concluded that the proposed model makes reasonable pre-
dictions of the triaxial test behaviour on fibre reinforced soils at different confining pressures.

Aufrs = Auys + Auf = Auys +

Agss (40)

5. Conclusion

In this study, the shear strength of polypropylene fibre reinforced London Clay was evaluated via a series
of CU triaxial tests. Based on the test results, a practical predictive model is proposed using the equiva-
lent confining stress concept. A summary of the conclusions drawn from the results and discussions is
presented below:

e Polypropylene fibres can significantly increase the shear strength behaviour of London Clay. The
shear strength of the soil increases with increasing fibre inclusion ratio and fibre length due to the
higher pull out resistance. Higher fibre inclusion ratio and fibre length also result in higher pore
water pressure during shearing.

e Fibre addition can improve the hardening behaviour of the stress-strain response of the soil. As the
axial strain increases, for the unreinforced soil, the deviator stress tends to increase and then keep
steady until the axial strain reaches 20%. For the fibre reinforced soil, the deviator stress increases
throughout the test and does not show a peak value before the test is finished.

e A speculative model is proposed based on the equivalent confining stress concept to predict the
shear strength behaviour of fibre reinforced clay, where the model considers the effect of fibre
reinforcement as an equivalent confining pressure which then leads to greater shear strength. The
behaviour of fibre reinforced soils can then be predicted by the superposition of unreinforced soil
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and fibre contributions. The model has a satisfactory performance in predicting the stress-strain, pore
water pressure-strain relationships of the fibre reinforced soil.

e This model can be used as a tool to predict the shear strength of fibre reinforced clay in geotech-
nical engineering practice without requiring specialist and costly laboratory testing programmes.
More experiments on different clays reinforced with different fibre inclusion ratios, fibre lengths and
confining pressures can be utilized to make the model more comprehensive.

List of symbols

Al cross section area of single fibre

A? total cross section area of fibres in 0

Dsg median diameter of soil

dr diameter of fibre

€ Initial void ratio

Ef elastic modulus of fibre

Fl(0) tensile force in radial direction carried by single fibre
Fre(6) total tensile force in radial direction carried by fibres in 0
Fre total tensile force in radial direction carried by all fibres
H height of triaxial specimen

I fibre length

It reference fibre length

m; mass of the fibre

my mass of the dry soil

N(0) number of fibres in 0

p mean stress

Pref reference pressure

pr equivalent confining pressure induced by all fibres
p; calibrated equivalent confining pressure

p mean effective stress

Py effective consolidation pressure

q deviator stress

R radius of specimen

S lateral surface of specimen

u pore water pressure

4 total volume of fibre sphere

Ve volume of fibres

Vi total volume of specimen

74 total fibre volume in direction 0

o, B,y parameters of the model

&a axial strain

& radial strain

& (0) single fibre strain in fibre direction

0o limit incline angle of effective fibres in specimen
7 volumetric fibre inclusion ratio

p}ef reference gravimetric fibre inclusion ratio

Df gravimetric fibre inclusion ratio

0(0) volumetric fibre concentration in direction 6
Pave average volumetric fibre concentration in sphere
04 major principal stress

03 minor principal stress

a} (0) single fibre stress in fibre direction

al:(0)  single fibre strain in axial direction

al(0) single fibre strain in radial direction
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