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Abstract: This paper presents results of a series of undrained monotonic compression tests on loose sand reinforced with geo-
textile mainly to study the effect of confining stress on the mechanical behaviour of geotextile reinforced sand. The triaxial tests
were performed on reconstituted specimens of dry natural sand prepared at loose relative density (Dr = 30%) with and without
geotextile layers and consolidated to three levels of confining pressures 50, 100 and 200 kPa, where different numbers and dif-
ferent arrangements of reinforcement layers were placed at different heights of the specimens (0, 1 and 2 layers). The behaviour
of test specimens was presented and discussed. Test results showed that geotextile inclusion improves the mechanical behaviour
of sand, a significant increase in the shear strength and cohesion value is obtained by adding up layers of reinforcement. Also, the
results indicate that the strength ratio is more pronounced for samples which were subjected to low value of confining pressure.
The obtained results reveal that high value of confining pressure can restrict the sand shear dilatancy and the more effect of rein-

forcement efficiently.
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1. INTRODUCTION

Chlef sand, which is widely distributed in the
broad alluvial valley crossed by the Chlef River up
to the zone of confluence of this river with the Fodda
River, is generally medium soil in which more than
95% 1is particle size with some proportion of miner-
als as feldspar and quartz. Therefore it has suffered
high risk environment, largely failure damage has
been located after the last Chlef earthquake occurred
on October 10, 1980 at 12 h 25 GMT. As commonly
observed on sandy soil, liquefaction has been marked
on Chlef sand, inducing some effects on the soil

foundations and earth structures, such as sand boils.
Numerous research studies have been reported to the
liquefaction of Chlef sand (Arab et al. [3]; Belkhatir
et al. [8]; Della et al. [14]; Benghalia et al. [9]),
where different factors that have an effect on the soil
liquefaction phenomenon were studied (the initial
relative density, void ratio, specimen preparation,
specimen size, grading characteristics, stress history,
preshearing and loading conditions). However, only
a few works to study the effect of reinforcement on
Chlef sand have been reported in the literature, in
this work, an experimental investigation on the be-
haviour of reinforced Chlef sand with geotextile is
presented.
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2. LITERATURE REVIEW

Liquefaction cases were observed during various
earthquakes that occurred in Chlef and Algiers re-
gions. Spectacular failures of natural slopes and lique-
faction of saturated sands followed by large-scale
subsidence were recorded during the 1980 Chlef
earthquake. Due to the generation of high excess pore
pressure on the silty sand soil, liquefied sand appeared
at the ground level creating craters, moreover several
other types of damage due essentially to the liquefac-
tion of soil are observed (Benghalia et al. [9]). The
existence of weak soils for building projects requires
some improvement process, various types for im-
proving soil are presented in the literature, and used
in geotechnical engineering to reinforce soil and in-
crease the factor of safety against possible failure
(Nouri et al. [31]).

Nowadays, soil reinforcement technique has be-
come a more frequently used process to improve soil
than densification and chemical stabilization methods,
this is why these latest methods require suitable field
equipment, being difficult and very costly to achieve
(Krishnaswamy and Isaac [24]). Several studies have
investigated geosynthetics reinforced soil using dif-
ferent types of laboratory tests and numerical simula-
tions, the results have generally revealed that rein-
forcement enhances the shear strength of reinforced
sand in comparison with unreinforced sand (Al Refeai
[2]; Ranjan et al. [33]; Yetimoglu and Salbas [36];
Consoli et al. [13]; Liu et al. [27]; Hamidi and
Hooresfand [20]).

Although, many works reported in the literature
demonstrated the efficiency of reinforcement regard-
ing some factors such as: the reinforcement type ef-
fect, reinforcement content, soil properties and gradation,
relative density, particle shape and other parameters
(confining pressure, loading rate). Gray and Ohashi
[18] found through a series of direct shear tests con-
ducted on reinforced dry sand with different types of
fibers that natural and synthetic fiber reinforcement
exhibits a better performance than metal fibers. Krish-
naswamy and Isaac [24] performed a series of cyclic
triaxial tests to evaluate the liquefaction potential of
sand with and without reinforcement. The results
obtained confirmed that the reinforced sand can be
a promising solution for increasing the safety against
liquefaction potential of sand. Rajagopal et al. [32]
carried out a large number of triaxial tests on granular
soil encased in single and multiple geocells to study
the influence of geocell confinement on the strength
and stiffness behaviour of granular soils. Haeri et al.

[19] studied the mechanical behaviour of reinforced
sand with geotextile under monotonic drained condi-
tion. They conducted 160 triaxial compression tests on
unreinforced and reinforced Babolsar dry sand. They
investigated the effect of some determining factors
including geotextile layers, type and orientation of
geotextiles and confining pressure. Nouri et al. [31]
performed compression triaxial tests to evaluate the
drained behaviour of reinforced Chlef sand with and
without plastic layers. Test results demonstrated that
reinforcement layers improved the deviator stress and
the mechanical properties of soil. Venkatappa Rao
et al. [35] performed a series of triaxial tests on sand
reinforced with two forms of coir fiber reinforcement;
they observed that sand reinforced with randomly
distributed coir fiber exhibited a higher increase in
strength parameters compared to layered coir fiber.
Latha and Murthy [26] observed through undrained
triaxial compression tests on reinforced sand that the
geocell is a more effective form of reinforcement than
the planar one. They reported also that the fiber form
exhibits less improvement than planar or cellular
forms. Hosseinpour et al. [21] analysed the behaviour
of geotextile reinforced sand by the finite element
method analysis to investigate the effect of particle
size on the stress of reinforced sand. Liu et al. [27]
conducted a series of ring shear tests to evaluate the
static liquefaction of sand reinforced with propylene
fiber. They found an increase in the peak shear
strength with greater content of fiber. Naeini et al.
[28] studied the interface shear strength of sand rein-
forced by geogrid which included the influence of
sand silt mixtures on the shearing behaviour of rein-
forced silty sand. Furthermore, Naeini and Gholam-
poor [29] investigated the effect of geotextile layers
on the cyclic behaviour of sand using triaxial appara-
tus. Test results indicated that liquefaction resistance
increases with an increase of the number of geotextile
layers.

Recently, reinforced sand laboratory studies have
attracted more attention in the undrained loading con-
ditions. Many studies have been intensively focused
on the undrained response of fiber reinforced sand in
mixing form (Chen [10]; Ahmed et al. [1]; Ibraim et
al. [22]; Noorzad and Fardad Amini [30]; Erdogan
and Altun [16]), where less attention was given to
reinforced sand with planar form of reinforcement
(Latha and Murthy [26]; Kim et al. [23]; Chen et al.
[12]; Tuna et al. [34]).

The present study aims to evaluate the behaviour
of unreinforced and reinforced sand under various
levels of confining pressures. For this purpose,
undrained monotonic triaxial tests on loose sand
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samples reinforced with geotextile layer forms were
conducted.

3. EXPERIMENTAL METHODS

3.1. MATERIALS

3.1.1. SOIL

Natural Chlef sand (Algeria) was used in the pres-
ent experimental investigation. It is alluvial material,
extracted from the Chlef River banks (formerly
known as El Asnam), from a depth of 2.5 m—6 m. As

known, soil liquefaction was remarked in this region
during the last earthquake of October 1980, particu-
larly in the flood plain areas of the river. As a result,
numerous areas of sand boil were visible, and a large
earthquake lake was formed southeast of the canyon
mouth, where the Oued Fodda and Oued Chlef Rivers
join (Fig. 1) (Durville and Méneroud [15]). The soil
used is classified as poorly graded sand (SP) accord-
ing to the Unified Soil Classification System (USCS).
The particle size distribution curve obtained from
sieve analysis and hydrometer tests is presented in
Fig. 2. This soil contains a very small proportion of
non-plastic silt. Figure 3 presents the microscopic
images of sand showing particle mixtures of rounded
medium grain shape. The physical properties of the

C:; Flooded zone on oct 2Tth, 1880

= |solabed sand boils

Fig. 1. Localization of the liquefaction phenomenon in Chlef valley during the earthquake of October 1980
(Durville and Méneroud [15])
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Fig. 2. Particle size distribution curve of test soil

sand, which were determined according to the technical
standard tests (ASTM D2487, 2000; ASTM D4253-00,
2002; ASTM D422-63, 1989) are summarized in
Table 1.

Table 1. Summary of basic Chlef sand physical properties

Properties of sand Value
Effective size, Djo (mm) 0.182
Medium size, D5, (mm) 0.452
Uniformity coefficient, Cy () 2.962
Coefficient of curvature, Cc (-) 1.033
Specific density, Gs (g/cm®) 2.70
Maximum void ratio, ep.y (—) 0.98
Minimum void ratio, ey, (-) 0.58
Silt plasticity index, I,si) (%) 5.5%
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Fig. 3. Scanning electron micrograph images of the soil particles

3.1.2. GEOTEXTILE REINFORCEMENT

A non-woven (NW) geotextile (S41) supplied by
TenCate Geosynthetics manufacturer (France) is used
in these experiments. The commercial product is
polypropylene based material in the form of planar
layers. For this study, reinforcement layers were cut
on circular form of 100 mm in diameter and were
placed at different heights of specimen. Arrangements
of one and two layers of geotextile were considered
for the reinforced sample as shown in Fig. 4, while
unreinforced specimen was also tested to provide
a base of comparison of the effect of reinforcing mate-
rial on the behaviour of soil. The physical and me-
chanical properties of the geotextile as obtained from
data sheets attached to geotextile sold by the company
are presented in Table 2.

“« ke

Fig. 4. Layers arrangement of geotextile on sand samples

Table 2. Physical and mechanical properties
of geotextile used in the study

Property NW-Geotextile
Maximum tensile strength, 7i,,, (KN/m) 12-14
Permeability coefficient, K (m/s) 0.09-0.10
Punching resistance CBR (kN) 1.75
Surface weight, W, (g/m?) 155
Nominal thickness, # (mm) 1.60 (£0.10)
Strain tensile strength, & (%) 70-90

3.2. EXPERIMENTAL SETUP

All the tests were conducted by Geotechnical team
of Navier laboratory (CERMES) at Ecole Nationale des
Ponts et Chaussées (ENPC) in France with the collabo-
ration of the Laboratory of Materials Science and Envi-
ronment (LMSE) at University Hassiba Benbouali of
Chlef in Algeria. An advanced automated triaxial test-
ing apparatus was used to conduct the monotonic
undrained tests; this apparatus was also used by Feia et
al. [17]. Figure 5 presents a general view of the setup
showing the triaxial and the data acquisition system.
The axial force is applied through a 50 kN electrome-
chanical press (TriScan). An internal submersible load
cell of 50 kN is used to measure the axial load. The
measurement of specimen axial deformation is per-
formed by a linear variable differential transformer
(LVDT) of 50 mm displacement placed vertically to the
cell. Pressure sensors of 1.5 MPa are used to measure
the confining cell pressure and the pore pressure. The
measurement of water volume change is performed by
a volumeter of 100 cm’ capacity.

3- Acquisition data system

4-Pore pressure sensors

5-Axial displacement (LVDT
Sensor)

= 6_Digital viewers sensors
7-Loading frame
8- Sensor of axial force
9-Soil

Fig. 5. View of experimental device



Effect of geotextile reinforcement on shear strength of sandy soil: laboratory study 7

3.3. SPECIMEN PREPARATION

Laboratory reconstituted unreinforced and rein-
forced sand samples with non-woven geotextile were
used in this study. Triaxial tests were performed on
cylindrical specimens measuring 100 mm in diameter
by 200 mm in height (H/D = 2.0) (ASTM D4767,
2011). Dry funnel pluviation method was used to pre-
pare sand samples according to ASTM Standards.
Unreinforced specimens were prepared by first es-
timating the dry weight of specimen corresponding
to the loose density (Dr = 30%), then deposited into
the mold. For the reinforced specimen, after cutting
the geotextile into circular forms, reinforcement
inclusions are placed horizontally on the surface as
each layer of sand is formed (Fig. 6), considering
both the different arrangements of reinforcement
layers and the relative density of sand. This study
included one and two layer arrangements of geo-
textile positioned as shown in Fig. 4. Table 3 sum-
marizes experimental program with illustrations of
the various parameters.

Fig. 6. Reinforced sample preparation:
(a) preparation of sand layer,
(b) geotextile emplacement into soil sample

3.4. TEST PROCEDURE

Consolidated undrained compression tests were
performed using triaxial apparatus on both fully satu-
rated unreinforced and reinforced sand specimens.
Saturation of the specimens was accomplished by
flushing with carbon dioxide for approximately 20 min
after which de-aired water was slowly percolated
through the specimen from the bottom. Moreover, the
back pressure was applied to improve the degree of
saturation which can be checked when the Skempton
pore pressure coefficient (B = Au/Ac) achieved mini-
mum value of more than 0.95. Following this step, the
specimen is isotropically consolidated at a mean ef-
fective pressure of 50, 100 and 200 kPa, and then
subjected to undrained monotonic triaxial loading at
a constant strain rate of 0.5%/minute. All the tests
were continued up to 18% axial strain and the results
were recorded using data acquisition equipment.

4. EXPERIMENTAL RESULTS
AND DISCUSSION

4.1. UNREINFORCED SAND

Figure 7 shows the results of undrained monotonic
compression tests of loose sand specimens without
reinforcement and consolidated under confining pres-
sures of 50, 100, and 200 kPa. The typical curves of
deviatoric stress (¢ — &,), excess pore pressure (Au — &,)
and stress paths (¢ — p') are presented. From this fig-
ure, the sample subjected to low level of confining
pressure shows behaviour of limited liquefaction,
where sample exhibits a limited strain softening at the
beginning of the test. The rate of increase of the de-
viator stress is shown to be rapid at the beginning and
thereafter it becomes appreciably low as axial strain is
reached more than 10%. However, increasing the con-
fining pressure increases the deviator stress of sample

Table 3. Experimental program

Te§t Samples Sample symbol Relative density Conﬁn?ng pressute
loading Dr (%) p. (kPa)
Unreinforced Unreinforced 30% 50, 100, 200
CU  |One Layer of reinforcement |1 L-NW (H =6 cm) 30% 50, 100, 200
Two Layers of reinforcement |2 L-NW (H = 6; 14 cm) 30% 50, 100, 200

CU - consolidated undrained, NW — non-woven geotextile.
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Fig. 7. Undrained response of unreinforced sand samples:
(a) deviator stress versus axial strain, (b) excess pore pressure against axial strain, (c) effective stress path

(Fig. 7a and Fig. 7¢). From Fig. 7b, the pore pressure
curve is found to develop firstly then followed by a de-
crease phase after a peak value. These increase—de-
crease phases are translated into contracting—dilating
behaviour. It is noted that the peak pore pressure is
more pronounced for the higher value of confining
pressure (p. = 200 kPa), with a slight decrease tend-

ing to a relatively constant level than for specimen
consolidated to low effective stress (p. = 50 kPa),

which continues to drop to a low level.
4.2. REINFORCED SAND
Variation of the deviator stress

Typical stress-strain curves for unreinforced and
reinforced specimens under confining pressures of 50,

100, and 200 kPa, with different numbers of geotextile
layers, are presented in Fig. 8a—c. Note that the rein-
forcement greatly increases the deviator stress espe-
cially under low confining pressure, compared with
the unreinforced samples. However, for the samples
reinforced with the same reinforcement configuration,
the effectiveness of reinforcement decreases with
increasing confining pressure (e.g., for two layers
reinforcement: at 50 kPa of confining pressure, the
deviator stress increases by 97%, for 100 kPa of con-
fining pressure, it increases by 82%). The increase in
deviator stress at 200 kPa of confining pressure was
limited (24%), which is because, this type of geotex-
tile is characterised by poor tensile strength at high
elongation. The figures also show that the maximum
deviator stress increases with the increasing number
of reinforcement layers. The significant effect of the
geotextile layers appears in the high strain whereas in
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Fig. 8. Deviator stress versus axial strain curves of sand samples reinforced with various number of geotextile layers
under different confining pressures: (a) p. =50 kPa, (b) p. =100 kPa, and (c) p. =200 kPa
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low strain (below 5%), where the reinforcement does
not influence the behaviour of the axial stress-strain of
the samples. Further, geotextile increases the ductility
of sand samples. The results observed are in agree-
ment with those reported recently by Erdogan and
Altun [16], where the authors concluded that the pres-
ence of fiber reinforcement improves the soil strength
and changing strain-softening stress-strain behaviour
of sand samples into strain-hardening one prevents the
occurrence of static liquefaction in saturated sands.

Variation of the excess pore pressure

Figure 9 illustrates the evolution of excess pore
pressure of tests performed on samples of sand alone
and samples reinforced either with one or two layers
of geotextile. The pore pressure generation was drawn
for the confining pressures of 50, 100 and 200 kPa,
respectively. As can be seen, curves from Fig. 9 show
a similar trend, the pore pressure development and
dissipation is alike for all the tests. Firstly, there is
a rapid increase for the range of axial strain from 0%
to 3%, then followed by an important decrease after
3% axial strain and especially for low confining pres-
sure (Fig. 9a). It was also observed that increasing
reinforcement layers (2 layers) increases the peak pore
pressure of reinforced samples when compared with
unreinforced sand (Fig. 9b and Fig. 9¢), except for the
sample consolidated at confining pressure of 50 kPa,
there was observed a significant reduction in excess
pore pressure by adding reinforcement (Fig. 9a). De-
spite significant research, few attempts have been
made to study the effect of confining pressure on the
undrained behaviour of reinforced soil in planar form,
and particularly on the pore pressure response of rein-
forced sand with geotextile layers.

T
wn
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Tuna et al. [34] in their experimental work have
reported similar results, indicating that when com-
pared at the same initial relative density, the use of
geotextile reduces dilation especially at higher con-
fining pressure. Chen et al. [12] have concluded that
inclusion of geogrid reinforcement increases the peak
pore pressure of coarse grained soil with a limited
effect of confining pressure. Kim et al. [23] have
found that geotextile layers reduce the dilatancy of
dense sand. Chen and Loehr [11] observed in their
laboratory works that the pore pressure response of
fiber reinforced sand depends mainly on initial density
of soil samples subjected to low confining pressure.

In fact, increasing confining pressure reduces the
dilatancy of unreinforced samples, which was also
observed on the pore pressure development and dissi-
pation curves of reinforced sand. This explains mainly
the relationship between the geotextile and the higher
confining pressure. As seen in Figs. 8 and 9, rein-
forced samples exhibit high deviator stress with low
dissipation phase in the pore pressure, inversely un-
reinforced samples present a minimum deviator stress
and important decrease on the pore pressure when
compared to reinforced samples.

Strength properties

The effective stress paths of undrained monotonic
triaxial tests are plotted in Fig. 10. As can be seen
from this figure, geotextile inclusion reduces the
contractive behaviour of samples at low stress levels
(Fig. 10a) and as expected, increasing confining pres-
sure amplified the contractancy of reinforced sand,
especially for samples reinforced with 2 layers of
geotextile. This contractancy is the result of an incre-
mental increase of confining pressure that led to re-
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Fig. 9. Excess pore water pressure versus axial strain curves of sand reinforced with various number of geotextile layers
under different confining pressures: (a) p. =50 kPa, (b) p. =100 kPa, and (c¢) p. =200 kPa
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Fig. 10. Effective stress path curves of sand unreinforced and reinforced with various number of geotextile layers
under different confining pressures: (a) p. =50 kPa, (b) p. =100 kPa, and (¢) p. =200 kPa
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Fig. 11. (01 — 03)/2 versus (o7 — 03)/2 envelopes plot
of geotextile reinforced samples at the end of tests

(18% axial strain)

striction of the mobilized surface between reinforce-
ment and soil (decreasing void ratio) and to initiation
of deformability reinforcement (Figs. 10b—c). In addi-
tion, there can be shown the role of reinforcement to
increase dilation tendency of reinforced samples at
low confining pressure, where an important increase
in the mean effective and deviator stresses has oc-
curred by adding reinforcement layers.

Figure 11 shows the (o] — 03)/2 versus (o] + 03)/2
envelopes plot of geotextile reinforced samples at
18% axial strain. As indicated in this figure, the en-
velopes of all specimens are linear and relatively par-
allel. The values of such strength parameters as cohe-
sion and friction angle calculated from Fig. 11 are
presented in Table 4. It is noted that the cohesion in-
creases with increasing number of geotextile layers,

Table 4. Strength parameters values for unreinforced and reinforced sand versus axial strain

Axial strain Cohesion Friction angle
(%) C’ (kPa) ' (°)
Samples Unreinforced One layer Two layers | Unreinforced One layer Two layers
18 16.36 28.71 68.24 19.29 17.69 15.32

Fig. 12. Photographs of specimens after shearing: (a), (b) and (c) unreinforced specimens,
(d) one layer reinforced specimen, and (e) two layer reinforced specimen



Effect of geotextile reinforcement on shear strength of sandy soil: laboratory study 11

whereas the friction angle tends to decrease. These
trends were also mentioned by Latha and Murthy [25]
and Erdogan and Altun [16] and can be attributed to
the role of reinforcement to interlock the soil particles,
reducing the number of contact points between the
layers of soil particles.

Figure 12 shows photographs of test specimens af-
ter shearing. Specimens showed instability with shear
band formation on unreinforced specimen subjected to
levelling up of confining pressure (Fig. 12a, b and c).
For reinforced specimen, geotextile inclusion increases
the confinement of specimen leading to an increase in
the deformation of specimens (Fig. 12d—e), reinforced
specimens showed the formation of bulging deforma-
tion up the layers of reinforcement position without
any shear band rupture.

Sand—geotextile strength ratio

The performance of geotextile inclusions on
sand samples behaviour is shown in Fig. 13, where
the strength ratio parameter (SR) is defined as the
ratio of the maximum deviator stress of reinforced

sand (¢}, ) to the maximum deviator stress of un-

Ur
max

reinforced sand (g
Murthy [25])

) as calculated by (Latha and

SR = (Gmax / Gor) - (1)

Table 5 summarizes the values of maximum de-
viator stress and corresponding values of the strength
ratio of all the tests. The obtained results indicate that
the strength ratio increases with increasing geotextile
layers and as shown in Fig. 13a, b, where it is ob-
served that specimens reinforced with two geotextile
layers exhibited more strength than sand alone or with
one layer of reinforcement. Considering the effect of
confining pressure, all reinforced specimens present
a strength ratio superior or equal to 1, however
Fig. 13b demonstrates an important decrease of the
strength ratio with increasing confining pressure, e.g.,
the strength ratio of samples with two layers of rein-
forcement are 1.97, 1.82 and 1.24 for confining pres-
sures of 50, 100 and 200 kPa, respectively. In general,
geotextile improves the shear strength of Chlef sand

Table 5. Maximum deviator stress and strength ratio values of experimental program

Specimens p. (kPa) Gmax (kPa) SR (-)

50 114.71 -

Unreinforced 100 147.86 -
200 275.01 -
50 129.91 1.13

1 L-NW 100 187.47 1.27
200 280.43 1.02
50 226.03 1.97

2 L-NW 100 286.47 1.82
200 341.73 1.24

Note: gnax = Maximum Deviator Stress, SR = The Strength Ratio.
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Fig. 13. Maximum deviator stress and strength ratio versus geotextile layers for different confining pressures
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especially under lower confining pressures. These
results are in perfect agreement with those given by
Zhang et al. [37] and Chen et al. [12].

5. CONCLUSIONS

A series of triaxial compression tests were per-
formed to study the undrained behaviour of unrein-
forced and reinforced sand with non-woven geotex-
tile. The purpose of this study was to investigate the
effect of initial confining pressure and geotextile rein-
forcement on the behaviour of sand. The main conclu-
sions from the present study can be summarized as
follows:

(1) The presence of geotextile enhances the behaviour
of sand samples, the obtained results show that
reinforced samples exhibit a continued increase in
shear resistance by adding up layers of reinforce-
ment; in addition, failure envelope was found to
need more axial strain when compared to the un-
reinforced samples, particularly no noticeable peak
stress at strain was observed up to 18% for rein-
forced samples.

(2) The effect of reinforcement is visible only under the
lowest confining pressure. The geotextile type of re-
inforcement used is characterized by poor tensile
strength at high elongation; the higher value of con-
fining pressure reduces the reinforced sand dilatancy
and the more effect of reinforcement efficiently.

(3) It seems that the confining pressure has a large
effect on the pore pressure variation, as seen that
the increase on confining pressure limits the dissi-
pation phase and increases the excess pore pres-
sure development of sand samples with and with-
out geotextile.

(4) From the g—p' stress path, it is observed that geotex-
tile reinforcement improves the cohesion strength
of reinforced soil, and reduces the internal friction
angle by decreasing the number of contact points
between the soil particles.

(5) Both pore pressure evolution and strength ratio of
reinforced sand are strongly affected by the initial
stress levels. Indeed the increase in confining pres-
sure increases the pore pressure and reduces the
strength ratio.
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