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The inclusion of flexible fibres such as polypropylene and waste or natural fibres is an
effective method for soil improvement, as it can significantly enhance soil strength.
Though a lot of research has been done on film@forced sand (FRS), a simpiela

LINJ Odorstidutivie model, essential for assessing the stability and serviceability of
fibre-reinforced slopes/foundations, has ngét been developed. A new method for
constitutive modelling of fibreeinforced sand (FRS) is proposed inshisly. The new
model has also been used to simulate the mechanical behaviour of FRS prepared by

different methods.

In the new modelling approach, FRS is considered as a composite material with host
sand and flexible fibres. It is assumed that the strairFBS is dependent on the
deformation of the sand skeleton only. The effective skeleton stress and effective
skeleton void ratio, which should be used in describing the dilatancy, plastic hardening
and elastic stiffness of FRS, are affected by fibre imciughe effective skeleton stress

is dependent on the shear strain level, and the effective skeleton void ratio is affected
by the fibre content and sample preparation method. A critical state FRS model in the
triaxial stress space is proposed using tffecive skeleton stress and void ratio. Four
parameters are introduced to characterise the effect of fibre inclusion on the
mechanical behaviour of sand, all of which can be easily determined based on triaxial
test data on FRS, without measuring the strseain relationship of individual fibres.
Triaxial compression test results validate the model on fileiaforced sands under
loading conditions with various confining pressures, densities and stress paths.
Potential improvement in the model for incorpating fibre orientation anisotropy is

discussed.

It is well known that the mechanical behaviour of pure sand depéngs G KS Ay i SNY |
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NBEOSYd NB&aSHNDODK KFa |faz2 NBL2Z2MN SRKNIKRS dyaRs
glraidsS LXlFradada a NBAYTF2NDAYy3I FAONBA 0 %2 Ny
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62dz SG fTd MpPTPT DNIF & YR {20AN mdppT {2YyY
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FAoONBa Oly o6S LXFOSR Ay | RANBOGAZ2Y GKIFG O
f2FRAY3 (2 | OKASHS A ¥ K S NIRESE 3mAaEM B2 NOSYT Sy i K
&SOSNIt IROFHYyi(GlI 3848 20SN) 6KS SEA&lGAY3T YSGK2I

(1) Fibres can be med with the soil using conventional construction equipment. It is
easy to get the mechanical properties of FRS such as the shear strength, and large
scale tests are typically not needed for practical implementation (Hatami et al.,

2018). This can help rede the construction cost significantly.

(2) The use of fibre reinforcement in practical construction will not be restricted by
weather or soil conditions. Different fibre types (natural, synthetic and waste) can
be used for various situations. For exampleSHRas been used in Malaysia
because the fibres are not bitegradable (Ahmad et al.,2012). Some recent
studies have focused on fibre reint@d cement application in expansive soils
(Puppala, 2000; Viswanadham et al., 2009; Wang et al., 2016). In Wary, (@01

reduction in shrinkage and swelling of expansive soil has been found. This was

1
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attributed to jute fibre having a superior ability of effectively increasing the soll
strength and reducing the soil expansion. In some tests, the soil behaviour

changesrom strainsoftening to straishardening.

(3) Natural fibres can also be used for shderm soil stabilization (Aggarwal and
Sharma, 2011). To make the natural fibres more durable, the surface of fibres can
be treated by chemical additives, aiming to impiie fibre's hydrophilic nature

(Aggarwal and Sharma, 2011).

(4) Some applications of fibre reinforcement for stabilisation of pavement and road
construction have been reported by Santoni and Webster (2001a) and Grogan
(1993). Besides, inspired by such advgew of fibre reinforcement, this
technique has been applied for aircraft pavements construction. Compared with
a sand grid filled with pure sand, filling with reinforced sand makes the required
thickness half of gridand and reduces the construction codRepeated
compaction is required to ensure that no voids exist in the grid cells (Santoni and

Webster, 2001b).

(5) Finally, the inclusion of fibres can reduce the degree and width of desiccation
cracks effectively (e.g., Zornbeeg al., 2003; Ziegler et al.,199&iegleret al.
(1998) found that fibre give tensile strength for theoil, resultingmore ductile
soil behaviourBesidesFbre reinforcement can also lead to an improvement in
erosion control and facilitate vegetatiodevelopment, thus improving surface
stability. It is appealing for building an evapotranspiration cover system for

landfills (Zornberg et al., 2013).

(6) As shown in Fig. 1.1, compared to planar reinforcement, the FRS technique can
effectively minimise the anchorage zone and required excavatiwhichis a
major benefit of FRSzor example, planar reinforcement cannot be used in the

embankmentat the crest of the slope, as large excavation is required to satisfy
2
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proper anchorageone(Hatami et al., 2018)nstead, the use of FRS can reduce

the disturbance from underground.

Failure B
Surface

Existing

Failure Zone

< Required Excavation

" for Anchorage Zone
\ Planar
7 Reinforcemen

+ __ Fiber Reinforced
| Zone

Fig. 1.1 Comparison of planar technique and FRS technique (GreguhChill,
1998)
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LINS LJ- dfiladd A1978; Wang et al., 2016; Tang et al., 2016). The shear strength of

both reinforced and unreinforced specimens increases as the water content used

during sample preparatio decreases, when water content varies at a certain range

(Tang et al., 2016; Wang et al., 2016; Li et al., 2013). This is because capillary force,

which help keep the sample shape stabilised during sample preparation, decreases as

water content increases.

If the soil density is very low, water content is one of the main factors that induce the
sample collapse during sample preparation. Therefore, 5% and 10% of water content
for moist tamping were proposed by Sze & Yang (2014), Diambra (2010) and Consoli
et al. (2005). However, higher water content from 14.5% up to 20% is more reasonable

and has been widely reported in earlier studies (d.get al., 2013; Wang et al., 2016).

2.4 Constitutive Models for FRS

Based on the experimental studies, several constitutive models for FRS have been
developed (Gray & Ohashi,1983; di Prisco & Nova, 1993; Michalowski & Zh&p, 199
Zornberg, 2002; Ding & Hargrove, 2006; SivakuBetsu et al., 2008). A brief

introduction of the existing constitutive models will be discussed in this section.

Gray and Ohashi (1983) conducted a series of direct shear tests on sand with different
fibre orientation and then proposed a simple forequilibriumbased model for
predicting the sheartgength of FRS. The hypothesis in this model is that the shear

strength of soil is caused by fibre tension (Fig. 2.9), in which the angle of shear
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distortion (—) and the orientation angle of the distorted fibre§ () are mainly
employed to establish a relative functional relationship with shear strength. But it has
been pointed out that thehicknessof the shear zone is difficult to quantify, which is
being usedereasan input parameter in this model (Diambra, 2010; Li, 20B&%ides,
their derivation assumes that the fibres must be long enough to avoid fibre pullout.

Therefore, this model does not work when the fibre pullout occurs in FRS.

DEFORMED

Deformed

Intact Root

(b)
Hg.2.9 The hypothesis of fibre distortion in (a) vertiadirection and (b) oriented at

angle to shear surface (Gray & Ohashi, 1983)
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di Prisco and Nova (1993) later developed a simple model based on the superposition
theory of sand and fibre. A series of drained triaxial compression tests on reinforced
and pure and samples are conducted to compare and validate the constitutive model.
The model can give qualitative description of sand behaviour only. For the FRS, the
solid lines representinghodel predictionare far from the test results (Fig. 2.10n

this model, although the dilatancy angle has been considered, the parameters of the
material are ignored. On the other hand, Fibre inclusion can significantly induce a
significant effect on dilatancy so that the model dose not capture well the volumetric

behaviour (Gao et al., 2020).
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FHg.2.10 Comparison between experimental data and model simulation on
reinforced sand: (a) stresstrain, and (b) volumetric response (di Prisco & Nova,

1993)
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Michalowski and Zhao (1996) proposed an endrgged homogenisation technique

to describe the fdure of FRS. In this case, fibres are treated as a cylindrical shape, and
two failure patterns are given, as shown in Fig. 2.11. The figure indicates fibres are
considered onalimensional elements. The distribution of shear stress on the fibre
surface andhe fibre's axial stress is determined based on the analysis of fibre slippage
and tensile rupture. During plastic deformation, the associative flow rule is zero,

determined by the energy dissipation rate.

T max | GO ‘
slip:I
[ 73]
tensile
failure \
“ /ﬁber
N
slip i

Hg. 2.11 The distribution of shear stress aadial stress in rigieperfectly plastic

fibre (Michalowski & Zhao, 1996)

Further work on FRS with anisotropic fibre orientation has been carried out by
Michalowski and Cermak (2002). In this study, a series of conventional triaxial
compression tests areonducted. Kinematic hardening is found at large strain due to
fibre orientation distribution evolution (Fig. 2.12). The model based on frictional
interaction of fibres and sand, built on these earlier studies, is then developed by
Michalowski and CermaR@Q03). A macroscopic internal friction angle is introduced

initially, especially fibres are considered isotropic. The anisotropic frictional angle is
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then explained in the kinematisased analysis for FRS, in which it shows that the
anisotropic frictionalangle %o) is a function of the major principal stress direction.
The use of the kinematic approach in solving retaining wall loading and the bearing

capacity of a strip footing has also been reported (Michalowski, 2008).

2000
model failure prediction
T
1500 * o
© S
& composite, 6, = 300 kPa
b, 1000 |
' [~
le) unreinforced sand G, = 300 kPa
500 -’
n=85 p=2%
0 | | 1 l | |
0 5 10 15 20 26 30 35
€, (%)

Hg. 2.12 Akinematic hardening for model prediction found at around 10% of strain

(Michalowski and Cermak, 2002)

Zornberg (2002) recently proposed a discrete framework for fikmeforced soil (FRS)

to characterise the contribution of randomly distributed fibresstl strength. In this
model, fibres and soil are treated as discrete (or individual) elements to characterise
the shear strength of FRS. This model is mainly designed for the engineer to calculate
the enhancement on shear strength of FRS slopes by pieglithe increase in

cohesion and friction angle with reasonable accuracy.
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Ding and Hargrove (2006) developed a constitutive model for FRS wherein soil and
reinforced material is described by nonlinear and linear elastic sB&am
relationship. In this case, the shear modulus is dependent on the fibre content,
distribution ard interaction. However, Consoli et al. (2006) suggested in terms of the
theoretical analysis of the equivalent homogeneous bulk modulus of geefibre
reinforced soitannot be considered as a general rudéwhich 0 0 (where 0

and + are the bulk modulus of FRS and host s@iipce a higher bulk modulus of
FRS can be found in isotropic compression due to the fibres subjected to tensile stress
induced by the relative movement of soil particles (Fig. 2.13). Furtbes, this model

is limited to predicting FRS's strestsain response at small strains (Diambra, 2010).

Particles ISQ[I’Opiﬂ T
A COMPression N,
stresses

Particles
7] movement

O
— -
. _/JI
Sy Fiber submitted to
Fiber tensile stresses due to
relative movement of
No stresses particles

Hg. 2.13 lllustration of proposed mechanism of fibre submitted to tensile stress

due to relative movement of particles (Consdat al., 2005)

Sivakumar Babu et al. (2008) have used the finite element method to simulate the
stressstrain relationship of FRS in triaxial compression. In this study, the specimen
consists of 1000 elements. Fibres are modelled as line elements, whassinare
uniformly distributed within 0 to 180° As a result, the model has a good simulation
for the shear stress and strain relationship on both reinforced and unreinforced soil

(Fig. 2.14). A comparison of failure mechanisms between host soil androsdfsoll
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has also been shown. It is found that the fibres with random distribution can affect
the microstructure and prevent the formation of a shear band, leading to a
pronounced increase in shear strength and elastic stiffness. But the predictiofl of so

volume change has not been presented.
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(b)
Hg. 2.14 Experimental and simulating stresgrain plane on (a) unreinforced

soil and (b) fibrereinforced soil (SivakumaBabu et al., 2008)
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3.1 Triaxial tesapparatus

3.1.1 General Introduction to Triaxial Test

There are three types of triaxial tests: consolidated drained test (CD), consolidated
undrained test (CU) and unconsolidated undrained test (UU). Baldi et al. (1988) have
discussed the major advanteg of these tests:

- The stress and strain in the sampleapproximatelyuniform before failure

- Since the pore pressure and volumetric changes are possible to be measured

directly, soil response under different drainage conditions can be investigated.

3.2.2 Introduction to Testing Instruments

The triaxial test apparatus used in this study is shown in Fig. 3.1 and Fig. 3.2. The
equipmentmainly consists of a TriSCAIN triaxialloadingframe (VJ Techgnd two
automatic pressure controllersne is to apply confining preesure, the other one is for

measuring the volume change or controlling the back presgtige 3.3)
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Snce the density of carbon dioxide is higher than air, air can be replaced by carbon
dioxide when it is flushed at the bottom of the sample. Due to the high solubility of
carbon dioxide in water, the soil can then be saturated by increasing the back pressu
Therefore,® 0 has been frequently used to saturated sand samples. (Diambra, 2010;
Noyes, 1914)

Saturation is done with the following stedststly, the sample is flushed by @ared
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there are no visible air bubbles in the collected water, the flushing gteigs 3.9) This
brings the sample to a higher degree of saturation. The sample is flushed (by
from the bottom of the sample. The back and cell pressurerotiet valves, and the
PWP transducer are closed. The intension is to dis&é to replace the air, which can

be easily dissolved in higher confining pressdies takes at least 30 minutes until
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Parameter Value
Length 35 mm
Diameter 0.088 mm
Specific gravityo 0.91
Tensile strength 200 MPa
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@Oand @ @D (5.11)
where '@ and Q are the plastic deviatoric and plastic volumetric strain

increment, respectivelyl is the loading indexp Oare the Macauley brackets such
as WO 0 for 0 1 and WO 1 for O T1; O is the dilatancy relation

expressed as

o — (5.12)

pbodH S5AfLFGlIyOe NBEldGAZ2Y YR KI

¢tKS RAf I GlFyOe NBfFiA2y F2NJ cw{ Oly 068 SELNS

0 Qb Q - (5.13)

where Qand d  NB (62 Y2RSt LI NI ¥YEnINRis he NI LIdzNS

effective skeleton stress ratia; ( Q Q) is the state parameter for FRS (Been
& Jefferies, 1985), witlQ being the criticalstate void ratio corresponding to the
current | . The critical state line in th& 1 plane has been studied by Li and
Wang (1998)

Q Q _ nin (5.14)
where Q, _ and, are three material constants. Similarly, for pure sand, the state
parameterisf] Q Q,where’ Q Q _ 1N
The following hardening law (evolution d0) for FRS is given

Q0 OF HGF—— 0 Q — (5.15)

where —and ¢ I NB (62 Y2RSt LJ NI'WiS th€ &ldstic Ihaald K2 a i

modulusand i is plastic modulusThe features oEqs.5.12 and 5.14or pure sand

have been extensively discussed in the existing literature (Li & Dafalias, 2000; Gao &
Zha, 2014), where it is suitable on modelling the critical state line of sand irf{xzhe

N planewith a wide range of stress level, also, it can overcome some drawbacks in

term of relationship betweenQ and Q. More discussion regarding the use of Eq.
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5.8 for FRS will be carried out toward the end of this section. As the aim of this chapter
is mainly focusing on introducing the constitutive model for FRS, therefore, the
features of other equations will not be adorated here. An extensive discussion
regarding how Eqgs. 5.13 and 5.15 desaglthe dilatancy and plastic hardening of FRS

will beintroducedtoward the end of this section.

5.3.3 Elastic stresstrain relationship

(KS F2tft26Ay 3 18 BIAAINMGE S { LINRIZAZOIZNGRZ Rdzf A | NB  S°
WAOKHKINR f o mMdptnT [A 9 S5 FLEAFAZ wnnnT DI 2

O O 8

nn Ly o—-— Opdmc O

% K S NBis the elastic bulk modulussiO A& F  YFGSNAI'fAO2RSE | y i

t2A43a2yQa NIiGA2Y 6KAOK Aa O2yaARSNBR & |

RSyaAide IyR FTAONB AyOfpdmda2y GKSEYy TORY 2dz/ YA A ¢

AONBENI Ay NBfFGAZ2YyaKALL yAEaa GIKESE dAYYSRNBFY2SNIG OF ¢

RSOALFG2NRO YR @2f @ &dNMRAO a0GNIAY AYONBYSy:
Q —andQ — (5.17)

According to Senetakand Li (2017), Eq.5.17 probably fails to give accurate prediction

for the elastic stiffness of FRS observed in laboratory tests. The present model is

focusing on the soil response at a relatively large strain level, where the plastic strain

is much largethan the elastic.

It is observed the model formulations in Egs. 55187 can be recovered to those for

pure sand where there is no fibre inclusionwith 1,1 nRandQ Q
pPodn ¢KS O2yaidAlddziA@dS SljdzZ GA2yY
aSR 2y (KS O2y HRNA AKRS2 B A QERdRI DIy Sy ®RFB Yy NaA 15

pdbmMMmMO | YR U KEBI NG Ay (N pRitiiNSERR ¥ S O P ISE  §KS
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F 2(Nas below:
o —— (5.18)

where 0 and "O are the elastic bulk modulus and shear modulus for sand,
respectively, O is dilatancy, — is the stress ratio;The complete constitutive
equation of this model is (Li & Datadj 2000)
Qp ocoOm = &O ob@ @
Qn m 0 ob ' 0O0 v -0 QO
where Q0 is the Heaviside function witiQd p for 0 1 and Q0 ™

(5.19)

otherwise.

5.3.4 Effect of fibre inclusion on sand dilatancy
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