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a b s t r a c t

This paper explores the possibility of improving the monotonic undrained response of a loose clean sand
which normally appears susceptible to the phenomenon of static liquefaction by mixing the sand with
discrete flexible fibres. It is shown that the reinforcement inclusions reduce the potential for the
occurrence of liquefaction in both compression and extension triaxial loadings and convert a strain
softening response (typical for a loose unreinforced sand) into a strain hardening response. Fibre
orientation distribution and the apparent sand matrix densification due to the presence of fibres in the
voids appear important for the fibre reinforced soil behaviour. Normalisation of the effective stress paths
with the mean effective stress at the end of consolidation shows a common path once the characteristic
state is reached irrespective of the fibre concentration. The mobilised angles of friction coming from the
slopes of the stress paths at large strains are very different for compression and extension and this is
a consequence of the anisotropic nature of the distribution of fibre orientations. When full liquefaction of
reinforced specimens is induced by strain reversal, the lateral spreading of soil seems to be prevented.
Analytical developments including the key aspect of fibre orientation distribution, have shown that once
the tensile contribution of fibres has been taken out of the composite stresses, the experimental data in
the stress plane for all the tests at large shear strains nicely collapse onto a unique line corresponding
very closely to the mobilised steady state or critical state angle of friction of the tested sand.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Since the pioneering work of Bjerrum et al. (1961) and Castro
(1969), liquefaction of granular soils has been intensively studied
especially in the laboratory (Castro and Christian, 1976; Vaid and
Chern, 1983; Konrad, 1990; Chu, 1991; Lade, 1992; Hyodo et al.,
1994; Doanh et al., 1997; Doanh and Ibraim, 2000, among others).
Liquefaction under monotonic undrained loading, commonly called
‘static liquefaction’, is typically associated with loose and very loose
saturated sands and sand–silt mixtures while in situ and under
relatively low stress conditions, and may be defined as a large
reduction of mean effective pressure induced by a persistent
generation of pore pressures. Large strains develop with a signifi-
cant drop of the undrained shear strength which eventually sta-
bilises around a steady state condition (Poulos, 1981). Several
failures of natural loose saturated sandy slopes, earth dams or
hydraulically filled submarine berms have been attributed to the
‘static liquefaction’ of the soil (Castro and Poulos, 1977; Lindenberg
and Koning, 1981; Sladen et al., 1985; Kramer and Seed, 1988). In
x: þ44 117 928 7783.
im).

All rights reserved.
some cases, a trigger mechanism such as a minor disturbance in the
form of vibrations due to man-made activities or earthquakes of
small intensities, local erosion, tidal variations or overloading
imposed by additional fill, has been proposed as the origin of the
sudden increase of pore-water pressures (Lade, 1993).

The present paper explores through a series of laboratory
experiments the prospect of altering the undrained monotonic
response of a loose clean sand to reduce its liquefaction potential by
mixing the sand with short flexible fibres. Reinforcing sand with
flexible discrete fibres does not represent a new technique in
geotechnical engineering. However, no study has been reported
concerning the undrained monotonic behaviour of fibre reinforced
sands or on the effect of fibre inclusions on the static liquefaction
response of sand.
2. Fibre reinforced sand: research background

It is well known that the roots of surface vegetation contribute
to the stability of slopes by adding strength to the near-surface soils
in which the effective stress is low (Wu et al., 1988; Ekanayake and
Phillips, 2002; Greenwood et al., 2004; Greenwood, 2006; Danjon
et al., 2007). Laboratory and some in situ pilot test results (Jewell
and Wroth, 1987; Palmeira and Milligan, 1989; Al Refeai, 1991;
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Fig. 1. Grain size distribution of Hostun RF sand.
Fig. 2. Individual Loksand� flexible polypropylene crimped fibres.
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Micha1owski and Zhao, 1996; Consoli et al., 1998, 2007, 2009;
Santoni and Webster, 2001; Tingle et al., 2002; Zornberg, 2002;
Park and Ann Tan, 2005; Singh Chauhan et al., 2008, among others)
have led to encouraging conclusions concerning the potential use of
flexible fibres for the reinforcement of fine granular materials –
providing an artificial replication of the effects of vegetation.

Monotonic loading in shear box tests, consolidated and uncon-
fined drained triaxial compression tests have shown that shear
strength is increased and post-peak strength loss is reduced when
discrete fibres are mixed with the soil (Gray and Ohashi, 1983;
Maher and Ho, 1994; Yetimoglu and Salbas, 2003; Ibraim and
Fourmont, 2007, among others). The presence of fibres appears to
prevent the formation of shear bands and loss of fabric in the
directions of tensile strain (Ibraim et al., 2006; Sivakumar Babu
et al., 2008). The effectiveness of the reinforcement is influenced by
fibre properties: type, volume fraction, length, aspect ratio,
modulus of elasticity, together with orientation and also soil
characteristics including particle size, shape, and gradation, as well
as stress level and soil (matrix) density. At high confining stresses,
the compressive strength of the reinforced sand appears to increase
linearly with the concentration of fibres (the fibre concentration is
conveniently expressed in terms of weight fraction of dry sand); for
low values of the confining stress, this increase approaches an
asymptotic upper limit (Gray and Al-Refeai, 1986; Al Refeai, 1991;
Ranjan et al., 1996; Murray et al., 2000). Also, for a given fibre
concentration, strength, as expressed by the major principal stress
at failure, increases linearly with fibre aspect ratio (fibre length over
fibre diameter). It has also been noted that for a given confining
stress, the strength of the reinforced sand increases with reducing
average grain size D50 (Gray and Al-Refeai, 1986; Maher and Gray,
1990). Also, an increase in coefficient of uniformity (Cu¼D60/D10)
results in higher contribution of fibres to strength.

The important influence of fibre orientation on the mechanical
response of fibre reinforced soils has been experimentally investi-
gated in tests with controlled orientations of fibres (Jewell and
Wroth, 1987; Palmeira and Milligan, 1989; Micha1owski and
�Cermák, 2002). Many experimental studies implicitly assume that
the fibres are randomly oriented throughout the soil mass and, as
reported by others (Micha1owski, 2008, for example), there has
been very little effort to check this hypothesis experimentally.
However, in recent experimental and analytical work, Diambra
et al. (2007a) found that the most common procedure for preparing
reinforced specimens, moist tamping, leads in fact to preferred sub-
horizontal orientation of fibres. The same conclusion is found for
specimens prepared with vibration (Diambra et al., 2008a). Since
rotations of principal stress and strain axes almost always occur
within a soil mass (Arthur et al., 1980, for example), the conse-
quence of an assumed isotropy of fibre orientation would be the
overestimation of soil design strength for certain loadings and
underestimation for others.

Most of the studies mentioned above have focused on the
analysis of strength and deformation characteristics of saturated
fibre reinforced sands under drained loading conditions. For gran-
ular materials, whether reinforced or not, the stability under most
normal working conditions is controlled by drained strength
parameters. However, a rapid loading due to an earthquake or
a static collapse may create undrained loading conditions and large
pore pressures may be induced in the soil mass, especially if the soil
response has a strain-softening tendency.

Studies on liquefaction resistance of reinforced soils have been
so far limited to the cyclic liquefaction of sand, fly ash or clay
reinforced with geotextiles and short fibres (Vercueil et al., 1997; Li
and Ding, 2002; Unnikrishnan et al., 2002; Boominathan and Hari,
2002). Fibre inclusions increase the number of cycles required to
cause liquefaction during undrained loading (Noorany and Uzda-
vines, 1989; Maher and Woods, 1990; Krishnaswamy and Isaac,
1994). However, the data generated in these studies are only suit-
able for empirical interpretation. Undrained shear strength char-
acteristics of a mixture of clay and rubber fibres (tire buffings) have
recently been presented by Özkul and Baykal (2007).

In this paper triaxial test results are presented for a very fine
sand reinforced with discrete crimped polypropylene fibres. No
preferential orientation of fibres is given other than that generated
by the normal fabrication process. Only loose specimens suscep-
tible to static liquefaction are considered and although triaxial test
results in drained conditions are discussed, the analysis is focused
on the undrained behaviour in both triaxial compression and
triaxial extension. Additional test results and characterisation of
this composite material are presented by Ibraim and Fourmont
(2007), Diambra et al. (2007b, in press).
3. Experimental programme and procedures

3.1. Materials

Hostun RF (S28) sand with a mean grain size, D50¼ 0.38 mm,
coefficient of uniformity, Cu¼D60/D10¼1.9, coefficient of grada-
tion, Cg¼ (D30)2/(D10D60)¼ 0.97, maximum and minimum void
ratio, emax¼ 1.041, emin¼ 0.648 and specific gravity Gs¼ 2.65 has
been used in this study. Fig. 1 shows the grain size distribution of
Hostun RF sand. Loksand� flexible polypropylene crimped fibres
have been used (Fig. 2). These fibres act predominately in tension
and their properties as provided by the manufacturer together with
the averaged tensile strength obtained through a series of 15
tension tests are listed in Table 1.



Table 1
Characteristics of Loksand� fibres.

Length
(mm)

Diameter
(mm)

Tensile
strength (MPa)

Specific
gravity, Gf

Elongation
at break

Moisture
regain

35 0.1 225 0.91 160% <0.1%

53.1

4.1

54.1

5.1

55.1
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Fig. 3. Compaction test results on polypropylene fibre reinforced and unreinforced
Hostun RF sand (wf represents the fibre content).

E. Ibraim et al. / Geotextiles and Geomembranes 28 (2010) 374–385376
In this paper, the concentration of fibres included in a composite
is defined as a proportion of dry weight of sand wf ¼ Wf=Ws,
where Wf is the weight of fibres and Ws is the weight of the dry
sand.

3.2. Specimen preparation

Unreinforced and fibre reinforced specimens were prepared
using a moist tamping technique. This fabrication method is
commonly used in laboratory studies of fibre reinforced sands and
it has the advantage of a good control of specimen density while
preventing the segregation of fibres. It eventually produces a soil-
fibre fabric which resembles that of compacted reinforced soils in
the field. Preliminary compaction tests (Fig. 3) using a modified
Proctor test have shown that for a given compaction effort the
maximum dry density of reinforced sand decreases with increasing
fibre content (wf) whereas the optimum moisture content (around
10%) is independent of the amount of the fibres used (Ibraim and
Fourmont, 2007). More compaction energy appears necessary to
produce specimens with higher fibre contents at a given dry
density. This must be considered along with improvements in
performance and the use of low density reinforced soils in cost–
benefit analyses.

Specimens for triaxial testing with diameter 70 mm and
height 70 mm were prepared in three layers of equal height. The
optimum moisture content of 10% was used for the fibre/sand
mixing process; further details of the procedure are given by
Ibraim and Fourmont (2007). In developing the fabrication
procedure, prototype reinforced and unreinforced specimens
made in a transparent Perspex tube did not show any significant
over-compaction effects during the formation of the higher
layers.

For all the specimens presented in this study, the quantity of
sand, Ws, was kept unchanged when different proportions of fibres
were added. The target fabrication void ratio chosen for unrein-
forced specimens was around 1.0. It should be noted that there is
a limit to the proportion of fibres that can be added to the sand (dry
sand weight, Ws, and specimen volume both kept constant) if the
moist tamped composite is to be effectively prepared. The
maximum fibre content, wf, that can be employed for this target
fabrication void ratio is approximately 1% (Ibraim and Fourmont,
2007). For the specimens tested in compression, three different
concentrations of fibres – 0.3%, 0.6% and 0.9% – were used whereas
only two, 0.3% and 0.6%, were used for those specimens tested in
extension.

3.3. Triaxial test conditions

Conventional drained and undrained triaxial compression and
extension tests were conducted on unreinforced and reinforced
isotropically consolidated specimens. Three different consolidation
pressures – 30, 100 and 200 kPa – were used. A complete list of tests
including the void ratios at the end of isotropic consolidation,
fibre contents (wf), consolidation pressures and test type is given in
Table 2. Table 2 presents alternative calculations of the void ratios
when (i) the volume occupied by fibres is ‘attached’ to the volume
of voids, em, and when (ii) the volume occupied by fibres is
‘attached’ to the sand matrix volume, efm. As can be observed, the
differences between these two values of the void ratio are very
small, typically less than 0.05. It is also known that some densifi-
cation inherently occurs during the saturation process of low
density specimens; however, no correction was applied to the
initial specimen volume though the presence of fibres may limit the
collapse of the sand structure.

The specimens were saturated using the CO2 method together
with water back pressure up to 300 kPa. Values of B (Skempton
coefficient) of at least 0.97 were deemed to give indication of
sufficient water saturation for undrained tests (Lindenberg and
Koning, 1981). Conventional axial and volumetric strain measure-
ment systems were used together with an internal load cell. Further
details are given by Diambra et al. (2007b).

Enlarged and lubricated specimen ends of 100 mm diameter
consisting of silicone grease and latex rubber discs were used at the
bottom (two discs) and at the top (three discs). A homogeneous
specimen shape seemed to be well preserved up to or well beyond
20% axial strain (3a) in compression; in extension necking of the
sample was only visible after 10–12% axial straining. It is well
known that the use of lubricated ends amplifies the bedding errors
for the axial strain response, but no local axial measurement system
was used nor were corrections applied to the results since the small
strain response of fibre reinforced soil was beyond the scope of this
experimental study. The calculation of membrane penetration
effects showed these to be negligible, as also observed in previous
studies by Ibraim (1998) for similar sand, specimen dimensions and
membrane thickness. However, the effect of the stiffness of the
membrane has been taken into account and the results corrected
following the recommendations of ASTM (1988) Soils and Rocks D-
18 Committee.

The contact between the top cap of the specimen and the
loading ram is similar to that used by Mohkam (1983) and Ibraim
(1998) (Fig. 4a). The contact is made after a sample has consoli-
dated and requires a two stage process as schematically shown in
Fig. 4b and c. As a result of the initial adjustments of the contact
between the loading ram and the top cap of the specimen, the
initial part of the axial loading for some undrained triaxial tests
showed a sudden pore pressure increase with clear effects on the
estimation of the initial effective stresses. However, as the sample
was further sheared in compression or extension, this effect was
found to be transitory and disappeared very quickly. No quanti-
tative interpretation of the initial undrained response is included
in this paper.



Table 2
List of the triaxial tests performed.

Test em efm wf (%) pc
* (kPa) Compression(C) Extension

(E) Drained(D) Undrained (U)
(q*/p*)a fm

* (�)b

CD100-00 0.991 0.991 0 100 C, D 1.36 33.7
CD100-03 0.983 0.966 0.3 1.73 42.2
CD100-06 0.979 0.945 0.6 1.98 48.1
CD100-09 0.987 0.936 0.9 2.26 55.2

ED100-00 0.989 0.989 0 100 E, D �1.01 37.4
ED100-03 0.988 0.971 0.3 �1.08 41.2
ED100-06 0.985 0.951 0.6 �1.13 44.1

CU030-00 1.015 1.015 0 30 C, U 1.35 33.4
CU030-03 1.007 0.990 0.3 2.02 49.1
CU030-06 1.011 0.976 0.6 2.30 56.2
CU030-09 1.018 0.966 0.9 2.44 60.1

CU100-00 0.999 0.999 0 100 C, U 1.46 36.0
CU100-03 0.981 0.964 0.3 1.82 44.3
CU100-06 0.993 0.959 0.6 2.11 51.3
CU100-09 0.991 0.940 0.9 2.30 56.2

CU200-00 0.985 0.985 0 200 C, U 1.34 33.2
CU200-03 0.980 0.963 0.3 1.82 44.3
CU200-06 0.967 0.933 0.6 1.96 47.6
CU200-09 0.973 0.923 0.9 2.16 52.6

EU030-00 0.995 0.995 0 30 E, U �1.00 36.9
EU030-03 0.985 0.968 0.3 �1.11 42.9
EU030-06 0.991 0.957 0.6 �1.03 38.4

EU100-00 0.964 0.964 0 100 E, U �0.92 32.9
EU100-03 0.953 0.936 0.3 �1.02 37.9
EU100-06 0.962 0.928 0.6 �1.02 37.9

EU200-00 0.967 0.967 0 200 E, U �0.99 36.4
EU200-03 0.951 0.934 0.3 �1.00 36.9
EU200-06 0.962 0.928 0.6 �1.08 41.2

a q*/p*¼ stress ratio at 3q¼ 20% in compression and 3q¼ 10% in extension.
b fm

* (�)¼mobilised angle of friction at 3q¼ 20% in compression and 3q¼ 10% in extension.
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4. Experimental results

4.1. Notation

In presenting and discussing the experimental results the
notation of Diambra et al. (in press) for axisymmetric triaxial
conditions has been adopted. Thus, p and q are respectively the
total mean and deviatoric stresses acting on the composite with
p¼ p*þ u and p* the effective mean stress, where u is the pore
water pressure. Although the deviator stress is unaffected by pore
water pressure, for uniformity of notation, the deviator stress on
the composite will be denoted as q*. The strain variables of the
composite are the volumetric strain, 3v, and shear strain, 3q. These
stress and strain quantities are related to axial and radial stresses
and strains according to:

p ¼ saþ2sr

3
; q ¼ sa�sr; 3v ¼ 3aþ23r; 3q ¼

2
3
ð3a� 3rÞ (1)

where subscripts a and r denote the axial and radial components
respectively.

If q*/p*¼M, the Mohr-Coulomb mobilised angle of friction fm
* is

defined by:

sin f*
m ¼

3Mc

6þMc
; sin f*

m ¼
�3Me

6þMe
(2)

where the subscripts c and e indicate triaxial compression and
triaxial extension respectively.

The effective stress state of the composite, s* ¼ ½p*; q*�T , is the
main focus of this study. However, for the development of consti-
tutive models for the fibre reinforced soil (see Diambra et al., in
press) it is necessary to use a mixture rule to divide the stresses into
components representing the effective stress states of the sand
matrix s0 ¼ ½p0; q0�T and fibres sf ¼ ½pf ; qf �T :

s* ¼ vms0 þ vf sf (3)

where the volumetric concentration factors vm and vf (for the soil
matrix and the fibres, respectively) scale the individual compo-
nents and are defined as:

vm ¼
Vs þ Vv

V
¼ V � Vf

V
; vf ¼

Vf

V
; and vm þ vf ¼ 1 (4)

and V, Vv ,Vs and Vf are the volumes of the composite, voids, sand
matrix and fibres, respectively (see Diambra et al., in press for
a more detailed discussion). Note also that in definition of vm, the
volume of voids (excluding the part occupied by the fibres) is
considered to be part of the volume of sand matrix. For an unre-
inforced soil, vf¼ 0, sf ¼ 0, vm¼ 1 and s* ¼ s0 ¼ ½p0; q0�T repre-
sents the effective stress in the conventional way.

4.2. Drained triaxial tests

Typical results of drained triaxial compression and extension
tests on isotropically consolidated unreinforced and reinforced
specimens at a consolidation pressure of 100 kPa are presented in
Fig. 5 where the variations of the deviatoric stress, q ¼ q*, and the
volumetric strain, 3v, are presented with the shear strain, 3q. Further
drained triaxial test results are presented by Diambra et al. (in
press).

In compression, the contribution of fibres to the strength of the
composite is evident: except for the very small strain domain for



Fig. 4. (a) Different components used to connect the top cap to the loading ram: triaxial cell (1), specimen top cap (2), connection cap (3), axial loading ram (4), thread (5), rigid bar
(6). (b) Connection stage 1 involves making contact between (2) and (3). (c) Connection stage 2 involves pushing down (6) then screwing down (4) until it makes contact with (2)
while (3) is kept in a fixed position due to the contact with (6).
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which, as noted, very precise measurements were not available, the
deviatoric response was consistently higher when the concentra-
tion of fibres was higher. At 20% axial strain and with wf¼ 0.9%, the
deviator stress was found to reach almost 300% increase compared
with the unreinforced sand. The reinforced specimens show
a somewhat bilinear stress–strain relationship and it appears that,
even though some tests were taken to shear strains of 30–40%, the
deviator stress is still increasing. Similar results have been pre-
sented by Ranjan et al. (1996), Sway and Bang (2007) for sand
specimens reinforced with polypropylene fibres of high tensile
strength. It appears that the fibres have a significant ability to
withstand tension within the sand matrix without breakage or
plastic deformations, as confirmed, in our case, by visual inspection
of fibres exhumed from the specimens after each test.

In triaxial extension, the contribution of fibres to the deviatoric
response appears to be very limited: the stress–strain relationships
for reinforced specimens are almost identical to those for unrein-
forced specimens (Fig. 5a). In triaxial compression the deviatoric
strength increase for 0.6% fibre content compared with the unre-
inforced sand reaches 180–200%, but only 8–10% increase in
strength is recorded for the extension tests. The strength response
of the composite in extension therefore appears to be largely
controlled by the sand matrix. As shown by Diambra et al. (2007a),
the method of fabrication leaves most fibres oriented in sub-hori-
zontal directions, whereas the vertical direction is the direction of
tensile strain in a triaxial extension test. These macro results clearly
confirm these findings and emphasise the importance of consid-
ering the effect of fibre orientation on the performance of fibre
reinforced sands. The strength increases provided by fibres are not
isotropic. Rather, the effectiveness of fibres is higher when they are
present in the direction of tensile strains.
Fig. 5. Deviator stress–shear strain and volumetric behaviour for drained compression and e
pressure (wf represents the fibre content).
The volumetric behaviour of unreinforced and reinforced
specimens is presented in Fig. 5b. While the volumetric responses
for unreinforced sand, in both compression and extension, show
initial contraction and only limited eventual dilation at large
strains (greater contraction in compression than in extension),
which is a typical pattern of a low density sand, the volumetric
behaviour of the reinforced sand approaches the characteristic
response of a dense granular soil (even though the void ratio does
not change significantly when fibres are added, see Table 2). After
an initial reduction in volume, less significant than for the unre-
inforced sand, there is volumetric dilation with the dilatancy
increasing with the fibre content. Similar results have been
observed by Ibraim and Fourmont (2007) in direct shear tests
performed on the composite material. For a given fibre content,
the dilatancy is higher in extension than in compression. These
results suggest that the volumetric response of the composite
could be a consequence of an apparent densification mechanism
of the sand matrix resulting from the presence of the fibres in the
voids. In fact constitutive modelling developments (Diambra
et al., 2008b; Diambra, in press) have found that the stress–strain
behaviour is most accurately simulated when the global void ratio
is divided into two parts: one belonging to the matrix and the
other to the fibres. In other words, the fibres ‘steal’ voids from
the matrix for themselves – hence the additional matrix
densification.

The change of the volumetric response from contractive for the
unreinforced sand to dilative for the reinforced one is an important
characteristic which would be expected to influence potential for
the occurrence of static liquefaction. It may significantly alter the
stress changes required to build up sufficient pore water pressure
for liquefaction to occur.
xtension triaxial tests on isotropically consolidated specimens at 100 kPa consolidation



Fig. 6. Triaxial undrained compression and extension tests; 30 kPa initial consolidation pressure.
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4.3. Undrained triaxial tests

Undrained monotonic compression and extension triaxial tests
have been performed under the conditions listed in Table 2. The test
results for reinforced and unreinforced specimens, and their
dependence on the consolidation pressures, are shown in Figs. 6–8
for consolidation pressures of 30, 100 and 200 kPa respectively.
Each of these figures shows: (a) the stress – strain response in terms
of q*:3q (note that 3q¼ 3a for undrained deformation); (b) the
effective stress path for the composite in the (q*:p*) plane; and the
evolution with the shear strain of: (c) the effective stress part of the
excess pore pressure ðDuÞ0, with ðDuÞ0 ¼ Du� Dp normalised by
the effective mean consolidation stress, p*

c, and (d) the composite
effective mobilised angle of friction, f*

m. The use of ðDuÞ0 is
instructive because it shows only the pore pressure resulting from
the suppressed volume change of the soil, and subtracts the pore
pressure change resulting from the imposed changes in total stress
(which has nothing to do with the response of the soil).

4.3.1. Unreinforced specimens
In compression, as well as in extension, the specimens show

a progressive generation of pore pressure and continuous decrease
of effective mean stress acting on the sand. After a peak is reached
rapidly near the start of the test there is a sharp drop of deviator
stress and stabilisation around a steady state as deformation
continues: behaviour typical of static liquefaction. The occurrence
of liquefaction is observed even for specimens consolidated at the
very low stress level of 30 kPa. The effective stress part of the excess
pore pressure ðDuÞ0 developed progressively and reached
a constant value at a shear strain of about 10% in compression and
�5% in extension. The highest pore pressure increase in extension
as well as in compression is about 85% of pc

*.
The mobilised angle of friction at the peak deviator stress for the

extension tests shows some dependency on the effective confining
pressure with 19.8�, 19.6� and 18.2� for 30, 100 and 200 kPa
respectively and this pattern is equally shown by the compression
tests with 22.6�, 21.9� and 20.2� for the same successive effective
consolidation pressures. However, both series of angles appear
much higher than those obtained by Doanh et al. (1997) where an
average of 12.7� for extension and 16.8� for compression for
effective confining pressures ranging from 50 to 300 kPa were
obtained: possibly, the present study has used slightly higher
specimen densities.

The slope Mc
ss¼ q*/p* of the steady state line in compression is

about 1.38 and the corresponding maximum mobilised angle of
friction is around 34� (close to that found by Doanh et al., 1997). In
extension, the stress ratio Me

ss¼ q*/p* at the steady state of defor-
mation is around �0.97 and the corresponding mobilised angle of
friction tends towards 35� which is slightly higher than in
compression.

4.3.2. Fibre reinforced specimens
When different concentrations of fibres are used as inclusions,

the undrained behaviour of the reinforced specimens appears
qualitatively very coherent from one group of tests to another. The
presence of fibres – irrespective of the amount employed and the
initial consolidation pressure – strongly affects the undrained
response. Static liquefaction is fully prevented in compression with
a behaviour comparable to that of a dense unreinforced sand. In
extension there is a clear increase of both undrained peak and
steady state shear strength response for low fibre concentrations
and a strain hardening response for higher values of wf (Figs. 6–8).

Any initial effects of imperfect contacts between the loading
ram and specimen top platen are quickly erased as loading
continues. The responses observed for both compression and
extension loadings are very similar and follow quite closely the
responses of the unreinforced specimens over the small strain
domain in all planes (Figs. 6–8). This suggests that the initial



Fig. 7. Triaxial undrained compression and extension tests; 100 kPa initial consolidation pressure.
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behaviour of the composite is to a certain extent solely controlled
by the sand matrix (Heineck et al., 2005; Yetimoglu et al., 2005;
Ibraim and Maeda, 2007). For a given consolidation pressure,
further shearing in compression induces a monotonic increase of
Fig. 8. Triaxial undrained compression and exten
the undrained deviator stress that is highly dependent on the
amount of the fibres employed, while in extension, for a fibre
content wf¼ 0.3%, the deviator stress still exhibits a softening
behaviour after reaching a peak (although the peak is slightly
sion tests; 200 kPa initial confining pressure.



Fig. 9. Two photos of fully liquefied specimens due to a reversal axial straining at the end of the unloading extension tests: (a) unreinforced specimen; (b) reinforced specimen 0.3%
fibre content.

Fig. 10. Position of the point of phase transformation/characteristic states in the (q*:p*)
stress plane for all the triaxial tests in compression and extension on reinforced
specimens.
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higher than that of an unreinforced specimen), followed then by
hardening (Figs. 6a, 7a, 8a). The undrained deviator peak observed
in extension for the unreinforced and reinforced specimens
(wf¼ 0.3%) vanishes for a fibre content of 0.6% and the deviator
stress increases monotonically similar to the compressive response.

In compression as well as in extension, the undrained stress
paths of the composite specimens in the (q*:p*) plane initially
follow closely the stress path of the unreinforced one but at certain
points the stress paths change direction sharply and show rapid
increases in p* axis and follow somewhat straight trajectories (Figs.
6b, 7b, 8b). For the same confining pressure, these trajectories
appear to have the same slope independent of fibre concentration.
However, straight lines that best fit each trajectory do not intersect
the origin of axes either in compression or extension: a negative q*

axis offset intercept (much higher in absolute value in compres-
sion) is found systematically for all the consolidation pressures.

The pore pressure response of the reinforced specimens in
compression as well as in extension typically show an initial
increase in (Du)0/pc

* ratio up to a peak level (significantly affected by
the presence of fibres) followed by a decrease which, for some
amounts of fibres, can even become negative (Figs. 6c, 7c, 8c),
indicating a switch from suppressed contraction to suppressed
dilation. For a given consolidation pressure, the rate at which ðDuÞ0
decreases with continued straining is lower in extension than in
compression and higher for higher fibre concentrations. For a given
fibre content, the rate at which (Du)0/pc

* decreases following the
peak is lower for higher consolidation pressures.

The mobilised angle of friction, fm
* , of the specimens reinforced

with 0.3–0.9% of fibres in compression increases monotonically
with the shearing and, at 20% of shear strain, respectively ranges
from 49� to 60� for 30 kPa consolidation pressure, from 44� to 56�

for 100 kPa and from 44� to 52� for 200 kPa (Figs. 6d–8d and Table
2). It can be observed that for a given fibre concentration, the
mobilised angle of friction is higher for lower values of the
consolidation pressure. In extension, for all fibre contents and
consolidation pressures, the range of the mobilised angle of fric-
tions at 10% of shear strain presents a narrow variation with values
around 40� 3�.

Given the strict definition of liquefaction, a complete monotonic
loading liquefaction was not attained as can be observed for any of
the unreinforced specimens tested in this study, either in
compression or in extension. Full liquefaction is possible, however,
for unreinforced and reinforced specimens by applying a strain
reversal (implying a sudden 90� rotation of principal strain axes) at
the end of the monotonic loading. Fig. 9 shows pictures of the fully
liquefied specimens: the unreinforced specimen (Fig. 9a) clearly
shows a completely collapsed structure, while the reinforced one
(Fig. 9b) is still able to maintain some structural stability even after
the removal of the membrane. Considering that one of the conse-
quences of liquefaction is the lateral spreading of the soil, it seems
that the presence of fibres can limit or even prevent the occurrence
of this phenomenon.

4.3.3. Characteristic states
The undrained effective stress paths for medium dense and

dense sands typically include a point of vertical tangency, dp0/
dq0 ¼ 0, which corresponds to the switch from suppressed
contraction to suppressed dilation. This is similar to the so-called
characteristic state (Luong, 1980) which also refers to a stress state
corresponding to the transition from a contractive response to
a dilative one. However, Luong originally defined the characteristic
state (stress state corresponding to a volumetric strain increment
d3v¼ 0) based on conventional drained compression triaxial tests
which certainly implies that there might be some stress path
dependency. There may be some similarity between the charac-
teristic stress state that we are deducing from the shape of the
undrained effective stress path and the so-called ‘phase trans-
formation’ stress ratio introduced by Ishihara et al. (1975). This
particular state can be identified in a (q0:p0) undrained effective
stress path as the point where the effective mean stress reaches
a minimum value and the tangent is parallel to the q0 axis. The



Fig. 11. Triaxial undrained compression and extension stress paths of tests on isotropically consolidated specimens to different consolidation pressures, pc
*: (a) wf¼ 0.3%; (b)

wf¼ 0.6%; (c) wf¼ 0.9%.
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definition of the characteristic state in this way is therefore inde-
pendent of the total stress path.

The positions of these characteristic state points for all the
reinforced specimens in compression and in extension in the (q*:p*)
Fig. 12. Effective stress paths (q*:p*) normalised with the effective mean
stress plane are shown in Fig. 10. Irrespective of the fibre contents
and initial consolidation pressures used in this study, the charac-
teristic states can be well fitted in compression as well as in
extension by two straight lines (with good regression coefficients)
consolidation pressure, pc
*: (a) wf¼ 0.3%; (b) wf¼ 0.6%; (c) wf¼ 0.9%.



Fig. 13. Effective stress path (q*:p*) normalised with the effective mean consolidation
pressure, pc

*, of all tests on reinforced specimens.
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passing through the origin of the (q*:p*) axes with slopes of 1.47 in
compression and �1.00 in extension. The corresponding mobilised
angles of friction are 36.2� in compression and 36.9� in extension.

4.3.4. Normalised stress paths
The stress paths in the (q*:p*) plane for tests on specimens rein-

forced with identical amounts of fibres but consolidated to different
values of effective mean stress p*

c, are shown in Fig. 11. On the
compression side, and for one fibre content, the linear effective stress
paths developed after the characteristic state run practically parallel
to each other, with a higher intercept on the positive p* axis (or lower
intercept on the negative q* axis) for higher consolidation pressures.
In extension, Fig. 11a and b, a close examination of the stress paths
may show a similar pattern but the distances between these parallel
lines and the negative q* axis intercept are both extremely small:
therefore a common line passing through the origin of (q*:p*) axes
could well approximate these linear stress paths. When these effec-
tive stress paths are normalised with p*

c (Fig.12) it appears that all the
linear paths fall onto an identical straight line, unaffected by the
proportion of fibres: Fig. 13 groups all the normalised stress paths of
all the undrained tests performed in this study. In compression, its
slope is approximately 2.75 and its intercept with the p*/pc

* axis occurs
at a value of around 0.3 while in extension the slope is around�0.84.
Fig. 14. Effective stress paths (q*:p*) of composite and (q0:p0) of sand matrix in triaxial compr
100 and 200 kPa) and (b) for 200 kPa consolidation pressure and different fibre contents, w
stresses). Solid symbols represent data after adjustment (i.e. stresses in the sand componen
4.3.5. Fibre stress contribution
The incremental stress–strain relationship for a reinforced soil,

with the volume of fibres very small compared to the volume of the
composite, is summarised in the Appendix (Diambra et al., in press,
2008b; Diambra, in press). Such a relationship can be used to
separate the contributions of the sand and the fibres to the behav-
iour of the composite. The data in Figs. 6–8 and 11 have been
accordingly re-analysed to show that, once the contribution of fibres
has been taken out of the composite (q*:p*) stresses (curves marked
with hollow symbols in Fig. 14), leaving only the (q0:p0) stresses
acting on the sand component (curves with solid symbols in Fig.14),
the data at large shear strains collapse onto a unique line irrespective
of fibre content and initial stress conditions. The slope is about 1.30
in triaxial compression and �0.93 in triaxial extension, corre-
sponding very closely to a large strain friction angle of 33�, of the
order normally expected for unreinforced Hostun RF sand. A critical
(steady) state condition in the sand composite is nicely recovered.

5. Summary and conclusions

The analysis of the triaxial compression and extension tests on
fibre reinforced and unreinforced sand specimens has revealed
a number of points of interest.

� In trying to understand the behaviour observed in all triaxial
tests it is important to take into account the actual somewhat
sub-horizontal fibre orientations generated by the fabrication
process. The drained test results clearly show that the strength
increase contributed by the presence of fibres is highly aniso-
tropic. This actual fibre orientation is specifically included in
the model summarised in the Appendix. Qualitative awareness
of this actual orientation is needed to appreciate the difference
in response in compression and extension.
� Although the stress–strain response in extension is not much

influenced by the presence of the sub-horizontal fibres
(strength response rather dominated by the sand matrix), the
volumetric behaviour in both compression and extension
loading is significantly affected – even though the void ratio
does not change significantly when fibres are added (see Table
2). These results clearly suggest that the volumetric response of
the composite could be a consequence of an apparent densi-
fication of the sand matrix resulting from the presence of the
fibres in the voids: the fibres appear to steal some of the voids
from the sand. This idea is supported by the results of
a constitutive model proposed by Diambra et al. (2008b).
� The presence of fibres clearly affects the undrained behaviour

in compression as well as in extension and converts a strain
ession and extension for (a) 0.6% fibre content and different consolidation pressures (30,

f (0.3, 0.6 and 0.9%). Hollow symbols represent data before adjustment (i.e. composite
t of the composite).
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softening response (typical for a loose unreinforced sand) into
a strain hardening response. Static, or monotonic loading
liquefaction appears to be prevented for both loading condi-
tions but a higher concentration of fibres is needed for the
prevention of liquefaction in extension. Normalisation of the
stress paths with the mean effective stress at the end of
consolidation shows a common path once the characteristic
state is reached irrespective of the fibre concentration. The
mobilised angles of friction coming from the slopes of the
stress paths at large strains are vastly different for compression
and extension and this is a consequence of the anisotropic
nature of the distribution of fibre orientations. The angle of
friction of reinforced specimens mobilised at the characteristic
state appears independent of the fibre contents and initial
consolidation pressure conditions used in this study, as well as
the loading conditions (compression/extension).
� While full sample liquefaction is possible for unreinforced and

reinforced specimens by applying a strain reversal (implying
a sudden 90� rotation of principal strain axes) at the end of the
monotonic loading, it seems that the presence of fibres can
limit or even prevent the occurrence of the lateral spreading of
the soil as normally observed for unreinforced samples.
� Analytical developments based on the tensile stress contribu-

tion of fibres and including the key aspect of fibre orientation
distribution have shown that it is possible to convert the
stresses acting on the composite, which are the stresses
measured directly in the experiments, to the stresses acting on
the sand component of the composite. Once the contribution of
fibres has been taken out of the composite stresses, the exper-
imental data for all the tests at large shear strains nicely collapse
onto a unique line corresponding very closely to the mobilised
steady state or critical state angle of friction of the tested sand.
The stresses acting on the sand matrix may be scrutinised in the
usual way when looking for behavioural characteristics such as
formations of critical states or limiting compression lines.
� Practical application of the use of flexible fibres to improve the

liquefaction resistance of real soils will evidently require
consideration of large scale methods of preparation of the
sand–fibre mixtures and the possible costs of any compaction
procedures used to produce particular initial densities. These
issues lie beyond the scope of the research presented in this
paper which is part of an overall campaign to develop reliable
constitutive models to describe the mechanical behaviour of
the mixtures.
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Appendix. Fibre stress contribution

The incremental stress–strain relationship for a reinforced soil
may be written as (Diambra et al., in press, 2008b; Diambra, in press):

_s
* ¼ vm _s

0 þ vf _sf ¼ ½Mm� _3þ vf

h
Mf

i
_3 (A1)

where ½Mm� is the stiffness matrix for the sand, ½Mf � is the stiffness
matrix for the fibres, and vm and vf are respectively the volumetric
concentrations of the sand matrix and fibres as defined by (4). vf is
directly related to wf (fibre concentration by dry weight of sand)
through the following relationship: vf¼ (Gs/Gf)wf/(1þ em), where
em is the void ratio when the volume of fibres is ‘attached’ to the
volume of voids.

When conventional triaxial p� q notations are adopted, and
when fibre orientation distribution is symmetrical with respect to
the vertical axis, vf _sf may be written in the expanded form
(Diambra et al., in press):

vf

"
_pf
_qf

#
¼ Ef fb

�
M11 M12
M21 M22

��
_3p
_3q

�
(A2)

where Ef is the Young’s modulus of the fibres, fb is a dimen-
sionless fibre sliding function (fb ¼ 1 for perfect bonding
between fibres and sand and fb ¼ 0 for full sliding),
M11 ¼ ð1=9ÞðF11 þ F12 þ 2F21 þ 2F22Þ,
M12 ¼ ð1=3ÞðF11 � ðF12=2Þ þ 2F21 � F22Þ,
M21 ¼ ð1=3ÞðF11 þ F12 � F21 � F22Þ,
M22 ¼ ð1=2Þð2F11 � F12 � 2F21 þ F22Þ and the Fij terms represent
the components of the matrix:2
66666664
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(A3)

in which rðqÞ is the fibre orientation distribution function that can
be defined based on the experimental and analytical developments
of Diambra et al. (2007b). The integration limits in (A3) are a1 ¼ 0
and a2 ¼ q0 for compression loading and a1 ¼ q0 and a2 ¼ p=2
for extension loading, where q0 ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�_3r=_3a

p
is the direction

of zero incremental strains.
Following Diambra et al. (2008b, in press) and Diambra (in

press), it is assumed that

fb ¼ 0:6

 
1� exp

 
� 0:75

p*

pref

!!
(A4)

rðqÞ ¼ nf
0:43jcosðqÞj

1:04� 0:83cosðqÞ2
(A5)

with pref¼ 100 kPa a reference pressure. The dependency of fb on p*

allows the replication of an enhanced bonding between fibres and
sand matrix at higher confining stresses as observed in the exper-
iments (Diambra et al., in press).

Using these relations it is possible to convert the stresses acting
on the composite (p* and q*), which are the effective stresses
measured directly in the experiments (after taking pore pressures
into account), to the stresses acting on the sand component of the
composite (p0 and q0) in the following incremental form:

_p0 ¼ _p* � Ef fb
�
M11 _3p þM12 _3q

�
and

q0 ¼ _q* � Ef fb
�
M21 _3p þM22 _3q

�
ðA6Þ

The results in Figs. 5–7 and 9 have been re-analysed and the
contribution of fibres extracted according to (A6), with
Ef¼ 900 MPa, shown in Fig. 12.
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