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Abstract: This paper presents a series of unconsolidated-undrained (UU) triaxial compression tests for investigating the behavior and failure
mechanism of geotextile-reinforced clay and the effects of sandwiching nonwoven geotextile in a thin layer of sand (sandwich technique) on
improving the shear strength of reinforced clay. Test variables include confining pressures, the number of geotextile layers, and thicknesses of
the sand layers. The mobilized tensile strain of reinforcements, estimated according to the residual tensile strain by using a digital image–
processing technique, was used to directly quantify the effects of soil-geotextile interaction on the shear-strength improvement. The test results
showed that the shear strength of reinforced clay increased as the number of geotextile layerswas increased. Failure patternswere changed from
classical Rankine-type failures for unreinforced soil specimens to bulging (barrel-shaped) failures between adjacent geotextile layers. The
effectiveness of reinforcing clay by applying nonwoven geotextile can be attributed to an increase in the apparent cohesion of the reinforced
clay specimen. Regarding the sandwich technique, the test results revealed that layers of sand encapsulating the reinforcement can effectively
provide an improved soil-geotextile interaction, thereby enhancing the shear behavior of reinforced clay. The shear strength increased as the
thickness of the sand layerwas increased.An optimal value of sand-layer thickness formaximum shear-strength improvementwas not observed
at large confining pressures. An appreciable shear-strength improvement was still observed when the sand-layer thickness was increased from
15 to 20 mm at s3 > 100 kPa. The sandwich technique contributes to shear-strength improvement by increasing the friction angle of reinforced
specimens. The mobilized tensile strain and force of the geotextile increased as the number of geotextile layers, thicknesses of the sand layers,
and confining pressure were increased. The mobilized tensile strain and force were strongly correlated to the strength difference between rein-
forced and unreinforced soil. This experimental finding demonstrated that mobilized tensile strain and force directly contribute to the shear-
strength improvement of reinforced clay.DOI: 10.1061/(ASCE)GM.1943-5622.0000611.© 2015American Society of Civil Engineers.
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Introduction

Geosynthetic-reinforced soil (GRS) structures, in which geosyn-
thetic reinforcements are embedded in a soil mass, have several dis-
tinct advantages over conventional retaining structures because of
their ductility, high tolerance to differential settlement without
structural distress, rapidmethod for construction, cost effectiveness,
and adaptation to different site conditions. The backfill material
forms one of the major constituents of GRS walls and slopes and
accounts for 30–40% of their cost. For effective performance of re-
inforced earth structures, current design guidelines (Elias et al.
2001; AASHTO 2002; Berg et al. 2009; NCMA 2010) convention-
ally specify using free-draining granular materials as backfill

materials within a reinforced zone and preclude the use of fine-
grained materials (Fig. 1). The compliant soils shown in Fig. 1 are
backfills that comply with the criteria of either design guidelines,
whereas the marginal soils are those that do not. In addition to the
gradation limits, the plasticity index (PI) of the backfill is also speci-
fied (PI ≤ 6 for walls and 20 for slopes). Because marginal backfills
typically have low permeability, they are referred to by terms such
as poorly draining, low-permeability, low-quality, cohesive, and
fine-grained backfills.

To reduce the construction cost of GRS structures and minimize
the transportation cost and environmental impact associated with
the disposal of the excavated soil, locally available marginal soils
have been used as alternative backfills. The main concern with
using marginal soils as backfill is the possibility of a buildup of pos-
itive-pore water pressure either during construction or after a rain-
fall event, which may weaken the soil, resulting in a reduction in the
soil shear strength and soil-reinforcement interface strength. The in-
herent low strength, moisture instability, possible volume changes,
and creep potential are other concerns with using marginal backfill
(Zornberg and Mitchell 1994). However, with the accumulated ex-
perience and knowledge in both the construction and research of
GRS structures with marginal backfills (Glendinning et al. 2005;
Chen and Yu 2011; Taechakumthorn and Rowe 2012), these con-
cerns can be appropriately alleviated by adopting suitable construc-
tion techniques and drainage systems.

Drained and undrained triaxial compression tests on reinforced
clay and silt, representative of soil elements inside GRS structures,
have been conducted to analyze the shear behavior of reinforced
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marginal soils (Ingold 1983; Ingold and Miller 1982, 1983; Fabian
and Fourie 1986; Fourie and Fabian 1987; Al-Omari et al. 1989;
Indraratna et al. 1991; Noorzad and Mirmoradi 2010; Jamei et al.
2013). Ingold and Miller (1982) found that permeable reinforce-
ments can enhance the shear strength of the reinforced clay because
the excess pore water pressure generated during undrained loadings
can dissipate through radial migration from the soil into the rein-
forcements. However, for clay reinforced with impermeable rein-
forcements, the undrained shear strength decreased substantially
less than that of an unreinforced sample. The Skempton pore water
pressure parameter (A) was applied to explain this phenomenon.
Since impermeable reinforcement did not allow drainage, high
excess pore water pressure developed and accumulated at the clay-
reinforcement interface, which resulted in premature failure along
the interface and finally led to the failure of the specimen. Fabian
and Fourie (1986) reported that high-permeable reinforcements
could increase the undrained shear strength of reinforced silty clay
by nearly 40%, whereas low-permeable reinforcements can
decrease the undrained strength by a similar amount. Al-Omari et
al. (1989) found that progressively developed slippage at the clay-
geomesh interface caused the failure mode of overconsolidated
geomesh-reinforced clay. The reinforcing effect in the undrained
condition is a result of an increase in cohesion, whereas in the
drained condition, the effect is a result of an increase in friction
angle. Noorzad and Mirmoradi (2010) found that the shear
strength of the reinforced specimens was affected by the soil PI
and compaction conditions (i.e., moisture content and relative
compaction). Readers may also refer to Zornberg and Mitchell
(1994) and Mitchell (1995) for a comprehensive review of

experimental studies and case histories on evaluating the soil-rein-
forcement interaction mechanism.

The provision of thin layers of sand sandwiching on both sides
of the reinforcement within clay soil (known as the sandwich or
sand cushion technique) and its influence on improving the strength
and deformation characteristics of reinforced clay have been inves-
tigated using direct shear tests (Abdi et al. 2009), pullout tests
(Sridharan et al. 1991; Abdi and Arjomand 2011; Abdi and Zandieh
2014), and triaxial compression tests (Unnikrishnan et al. 2002).
Experimental results demonstrated that thin sand-layer inclusions
could increase the interface interaction between the clay and rein-
forcement, resulting in improving the overall shear strength of the
reinforced clay. The sand also acted as a lateral drainage layer to
dissipate excess pore water pressure during shearing. In addition,
previous studies (Unnikrishnan et al. 2002; Abdi et al. 2009; Abdi
and Arjomand 2011; Abdi and Zandieh 2014) have indicated an
optimal sand-layer thickness. Providing sand-layer thicknesses
higher than the optimal thickness has not led to further improve-
ment in system performance. The optimal sand thickness ranges
from 8 to 15mm in unconsolidated-undrained (UU) and direct shear
tests, and can reach 8 cm in the large-scale pullout tests. Because
the optimal sand thickness can vary with the types of soil and rein-
forcement for any specific project, Abdi and Zandieh (2014) sug-
gested that the optimal thickness of sand layers can be considered
the minimum thickness required for practical applications. In addi-
tion to its mechanical function, the sandwich technique has been
demonstrated to increase a soil-geotextile or soil-geocomposite sys-
tem’s lateral drainage capacity, accelerate pore water pressure dissi-
pation within reinforced soil (Raisinghani and Viswanadham

Fig. 1. Grain-size distribution of backfill in GRS structures as recommended by design guidelines and the soils used in this study
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2010), and reduce the long-term clogging of nonwoven geotextile
drains (Lin and Yang 2014).

Regarding reinforced clay, few studies have focused on the mo-
bilization of reinforcement tensile strain and load within soil speci-
mens, which is a direct evidence of soil-reinforcement interaction
and is essential for understanding the relationships between soil-
reinforcement interactions and the shear-strength enhancement of
reinforced clay. Accordingly, this study conducted a series of UU
triaxial compression tests on nonwoven geotextile-reinforced clay
to evaluate the effects of including nonwoven geotextile reinforce-
ments and of using the sandwich technique. A digital image–proc-
essing technique proposed by Nguyen et al. (2013) was adopted for
determining the residual tensile strain of reinforcements after tests
and for estimating reinforcement tensile loads. The main objective
of this study was to investigate mobilization of reinforcement ten-
sile strain and load within reinforced clay and their relationships
with the mobilized shear strength of reinforced clay. The study
results provide useful information for effectively and appropriately
applying the sandwich technique to GRS structures.

Experimental Program

A total of 32 UU triaxial compression tests were conducted to eval-
uate the effects of including nonwoven geotextile and thin sand
layers on themechanical behavior of clay. The undrained test condi-
tions were selected to simulate the behavior of cohesive soils sub-
jected to quick loadings (relative to the time required for the dissipa-
tion of pore water pressure of cohesive soils) after construction. The
test variables were confining pressure, the number of geotextile
layers, and thicknesses of the sand layers sandwiching the reinforce-
ments. A digital image–processing technique was used to determine
the deformation of reinforcement layers after triaxial tests.

Test Materials

Soils
Maokong clay and uniform quartz sand were used in this study. Fig.
1 shows the grain-size distribution of tested soil based on ASTM
D422 (2007). The properties of clay and sand are summarized in
Tables 1 and 2. The Maokong clay is obtained from the southeast
mountain region of Taipei, Taiwan. This clay is classified as low-
plasticity clay (CL) by the Unified Soil Classification System with
specific gravity (Gs) of 2.72, liquid limit (LL) of 42, plastic limit
(PL) of 21, and PI of 21. The optimum moisture content and maxi-
mum dry unit weight determined from standard proctor compaction
(ASTM D698 2012) are vopt = 22.7% and g d,max = 15.7 kN/m3,
respectively, and the corresponding degree of saturation calculated
on the basis of the weight-volume relationship is nearly 90%. The

undrained shear strength parameters obtained from UU tests
(ASTM D2850 2007a) are cohesion (cu = 84.7 kPa) and friction
angle (f u = 13.1). The saturated hydraulic conductivity estimated
using Terzaghi’s one-dimensional consolidation theory is ksat = 1.3 -
� 10−10 m/s.

The sand is uniform and clean quartz sand, classified as poorly
graded sand (SP) by the Unified Soil Classification System. The
specific gravity (Gs) coefficient of uniformity (Cu), and gradation
(Cc) were 2.65, 2.17, and 1.04, respectively. The minimum and
maximum dry unit weights of sand were g d,min =14 kN/m3 and
gd,max =16 kN/m

3. The sand layers were prepared carefully to main-
tain a target relative density of 70%. At this target density, the effec-
tive shear-strength parameters were obtained from triaxial compres-
sion tests as c0 = 0 and f 0 = 38.5°, and from direct shear test as c0 =
0 and f 0 = 38.8°. The sand-geotextile interface friction angle was
f a

0 = 35.8°, within the normal stress range of 20–100 kPa, meas-
ured by a modified direct shear test (the top shear box was filled
with soil, and steel platen was placed in the lower one). The satu-
rated hydraulic conductivity from the constant head test was ksat =
1.35� 10−3 m/s.

Geotextile
A commercially available nonwoven fabric was used in this work.
This material was selected on the basis of its large plastic deforma-
tion, such that residual deformation of the reinforcement can be pre-
served easily when the tensile force applied to the reinforcement was
released after each test. The load-elongation behaviors of the rein-
forcement were tested by wide-width (ASTM D4595 2011) and
biaxial tensile tests (Nguyen et al. 2013) in the longitudinal and trans-
verse directions, andpuncture-strength test (ASTMD62412009).

The puncture-strength test was used to evaluate the axisym-
metric tensile behavior of geotextile associated with the geotextile
samples in the reinforced specimens subjected to the axisymmet-
ric loading conditions under triaxial tests. The puncture-strength
test was performed using a modified California Bearing Ratio
(CBR) steel mold with an inside diameter of 150 mm and a pair
of collar clamps attached to the mold (Fig. 2). Abrasive papers
were applied to the inner surfaces of collar clamps to prevent geo-
textile slippage during tests. A steel rod 50 mm in diameter was
attached to a load ring and pushed the geotextile specimen down-
ward at a constant rate of displacement. During the test, the test
data recorded the vertical displacement (y) and the applied force
of the puncture rod (P) and can be converted in the form of tensile
load versus strain, representing the tensile load-strain response of
geotextiles under axisymmetric conditions, by the following

Table 1. Properties of Maokong Clay

Property Value

Unified Soil Classification System CL
LL (%) 42
PL (%) 21
PI (%) 21
Specific gravity (Gs) 2.72
Optimum moisture content (vopt; %) 22.7
Maximum dry unit weight (gd,max; kN/m

3) 15.7
Cohesion (cu; kPa) 84.7
Friction angle (f u; degrees) 13.1
Saturated hydraulic conductivity (ksat; m/s) 1.3� 10−10

Table 2. Properties of Quartz Sand

Property Value

Unified Soil Classification System SP
Specific gravity (Gs) 2.65
D10 (mm) 0.6
D30 (mm) 0.9
D60 (mm) 1.3
Coefficient of curvature (Cc) 1.04
Coefficient of uniformity (Cu) 2.17
Minimum dry unit weight (gd,min; kN/m

3) 14
Maximum dry unit weight (gd,max; kN/m

3) 16
Unit weight (g ; kN/m3) 15.4
Cohesion (c'; kPa) 0
Friction angle (f '; degrees) 38.5
Saturated hydraulic conductivity (ksat; m/s) 1.35� 10−3

© ASCE 04015083-3 Int. J. Geomech.
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equations proposed by McGown et al. (1998) and Bergado et al.
(2001). The tensile load in geotextile was calculated as follows:

T ¼ P
2 p rp sin b

(1)

where T = tensile force per unit width of geotextile in kN/m; P =
measured puncture force in kN; rp = radius of steel rod (25 mm);
and b = angle between the deformed geotextile plane and initial
horizontal position, as illustrated in Fig. 2. The value of b is
obtained from the trigonometric function

sin b ¼ y
a
¼ y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ a02

p (2)

where y = vertical displacement of puncture rod; a0 = initial length
of geotextile from the inner edge of CBR mold to the outer edge of
the steel rod; and a = deformed length of geotextile. The mobilized
tensile strain (« ) is calculated according to the German standard
[Deutsche Industrie Norm (DIN)]

ɛ ¼ a� a0
a0

(3)

Fig. 3 shows the load-elongation responses of geotextile under
wide-width and biaxial tensile tests and the puncture-strength tests.
Tables 3 and 4 summarize the physical, hydraulic, and mechanical
properties of geotextile. Based on permittivity test results (ASTM
D4491 2007b), this geotextile is considered as a permeable rein-
forcement with a permeability of 3.5� 10−3 m/s in the cross-plane
direction, which is several orders of magnitude higher than the per-
meability of the clay used in this study. In addition, the tensile test
results indicate that the geotextile is an anisotropic tensile material;
the tensile strength and stiffness of the geotextile in the longitudinal
direction (i.e., the stronger and stiffer direction) were larger than
those in the transverse direction (i.e., the weaker and softer direc-
tion). Compared with various tensile test methods, the stiffness of
geotextile obtained from biaxial tensile test, puncture-strength test,
andwide-width tensile test ranges fromsmall to large, respectively.

Specimen Preparation

A natural clay sample brought from a local site in the form of wet
bulk was placed in an oven for a minimum of 24 h and then crushed
and ground into dry powder in a mortar. Standard proctor compac-
tion tests (ASTM D698 2012) were performed to determine the op-
timum moisture content and maximum dry density of the clay sam-
ple. Measured quantities of soil sample and water corresponding to

Fig. 2. Puncture-strength tests of geotextile: (a) geotextile clamped between collar clamps; (b) during test; (c) schematic of deformed geotextile and
variables for calculating tensile strength

© ASCE 04015083-4 Int. J. Geomech.
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the optimum moisture content were mixed together, placed in a
plastic bag within a temperature-controlled chamber, and sealed for
a minimum of 2 days to ensure a uniform distribution of moisture
within the soil mass.

A series of UU triaxial compression tests were performed on
unreinforced clay, clay reinforced with the geotextile (reinforced
clay specimen), and clay reinforced with the geotextile encapsu-
lated in a thin layer of sand (sandwich specimen). A cylindrical soil
specimen with a diameter of 50 mm and a height of 100 mm was
prepared. For the unreinforced specimens, the clay was compacted
in five layers by using a static compaction approach. For the rein-
forced clay specimens, the split mold was filled with clay in several
layers, depending on the arrangement of the geotextile layers (Fig.
4). After each clay layer was compacted and leveled, the clay sur-
face was scarified prior to adding the overlying geotextile layer and

the next soil layer for developing favorable interface bonding with
the overlying material. The reinforcement was then placed horizon-
tally, and the amount of soil for the next layers was poured and com-
pacted. This procedure was repeated until specimen preparation was
completed. This specimen preparation procedure differs from those
described by Ingold and Miller (1982) and Unnikrishnan et al.
(2002). In their tests, the reinforced soil samples were prepared by
cutting compacted clay samples by using a wire saw and trimming
the cut faces,whichdidnotmodel both the compactingof soil and the
underlying reinforcement under actual construction conditions. The
interface bonding in the sample prepared using the cutting method
was likely less than that in the sample prepared using the proposed
methodof compacting the soil andgeotextile together.

For the sandwich specimens (Fig. 5), clay was placed into a rub-
ber membrane stretched inside a split mold. A vacuum pressure,
between the mold and membrane, was applied to stretch the rubber
membrane for easy preparation of the sample. After the clay was
compacted and leveled to a desired height, half of the predetermined
quantity of moist sand was placed and compacted with a small tam-
per to achieve the required thickness and density. The uniformity of
thickness and density of the sand layer were carefully maintained
over several trials. Afterward, the reinforcement layer was intro-
duced above the lower part of the sand, and then the remaining por-
tion of sand and clay soil was placed according to the aforemen-
tioned procedure.

Testing Program

A total of 16 tests were performed on the unreinforced and rein-
forced clay under different confining pressures (i.e., 50, 100, 150,
and 200 kPa) and involving various numbers of geotextile layers
(i.e., zero, one, two, and three layers). Regarding the reinforced clay
constructed using the sandwich technique, a total of 16 tests were
conducted by varying the thickness of the sand layer (i.e., 5, 10, 15,
and 20 mm) and confining pressure (i.e., 50, 100, 150, and 200
kPa). The sand-layer thicknesses discussed in the remainder of the
paper indicate the total thickness including the sand layers at the top
and bottom of the nonwoven geotextile, as shown in Fig. 4(b). In
UU tests, the specimens were not saturated (as compacted condi-
tions) and were loaded axially at a strain rate of 1.5 mm/min.
Because all of the reinforced specimens showed ductile behavior,
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Fig. 3. Comparisons of tensile load-elongation response of nonwoven geotextile under various test conditions

Table 3. Physical and Hydraulic Properties of Nonwoven Geotextile

Property Value

Fabrication process Needle-punched polyethylene
terephthalate nonwoven geotextile

Mass (g/m2) 200
Thickness (mm) 1.78
Apparent opening size (mm) 0.11
Permittivity (s−1) 1.96
Cross-plane permeability (m/s) 3.5� 10−3

Table 4.Mechanical Properties of Nonwoven Geotextile

Direction

Ultimate
strength
(kN/m)

Failure
strain
(%)

Secant stiffness
at peak value

(kN/m)

Wide-width tensile test
Longitudinal 9.28 84.1 11.03
Transverse 7.08 117.8 6.01

Biaxial tensile test
Longitudinal 7.53 20.3 37.09
Transverse 5.91 24.3 24.32

Puncture strength test
Axisymmetric 12.3 65.6 18.75
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no definite peak was noticeable on the stress-strain curve. Thus, the
tests continued until the strain levels of the reinforced specimens
reached 20%, and this strain level was considered the failure strain.
The same approach to selecting failure strains has been reported on
by Ingold and Miller (1983), Fabian and Fourie (1986), and
Unnikrishnan et al. (2002). Finally, the repeatability and consis-
tency of the test results were carefully examined by conducting a
few tests on the reinforced clay under the same conditions.

Technique for Measurement of Reinforcement Strain

The deformation of reinforcement under undrained loading was deter-
mined using a digital image–processing technique. The geotextile was
cut into circular discs with a diameter of 50 mm, and the line along the
diameter was divided into strips with a 10-mm line spacingmarked by
red and blue lines to indicate longitudinal and transverse directions,
respectively. An image of the undeformed geotextile before tests was
taken using a high-resolution digital camera [Fig. 6(a)]. After tests,
the geotextile was retrieved from the reinforced specimen carefully,
and the image (at the same resolution density) of the geotextile disc
was taken immediately before further deformation occurred as a result
of changes in the moisture distribution [Fig. 6(b)]. Then, the average
residual tensile strain was calculated as

ɛr ¼ d
0 � d
d

(4)

where « r = calculated residual tensile strain of a reinforcement; d
0
= di-

ameter of the deformed geotextile specimen determined by counting
the number of pixels (i.e., the fundamental unit of a digital image); and
d = length of the undeformed reinforcement specimen in pixels.

Because the reinforcement was unloaded and retrieved from a dis-
mantled specimen after each test, the measured residual tensile strain,
representative of reinforcement plastic deformation, was less than its
mobilized tensile strain during testing. In this study, residual and
mobilized tensile strain relationships were established by first testing
the reinforcement under various loading conditions at several target
tensile strain levels, and then releasing the tensile loadings. Both tar-
get tensile strain values (controlled during tests) and the correspond-
ing residual strain values (obtained after releasing the loading) were
recorded and plotted. In Fig. 7, the mobilized and residual tensile
strains appear to have a unique relationship, irrespective of different
loading conditions. As a result, a linear function (i.e., « =
1.14« rþ 4.16) regressed from relationships between mobilized and

residual tensile strain was constructed. The intercept in the linear
function (as shown in Fig. 7) indicates that the plastic deformation of
geotextile starts to occur when over 4% of the tensile strain is mobi-
lized. This linear function is later used to determine the mobilized
tensile strain frommeasured residual tensile strain.

Results and Discussion

Failure Pattern

Fig. 8 shows typical photos of deformed specimens after the tests.
The unreinforced clay specimen [Fig. 8(a)] failed along a classic
Rankine shear plane with an inclined angle of 45þ f 0/2. The rein-
forced clay specimens [Figs. 8(b–d)] had a ductile behavior that
failed when bulging occurred between two adjacent reinforcement
layers. No clear shear plane was observed in the reinforced clay
specimens. As the number of geotextile layers was increased, the
deformation became comparatively uniform (less bulging). This
result suggests that including geotextile alters the failure pattern
from brittle to ductile because of the flexibility of geotextile and the
geotextile’s capability of preventing the development of shear
bands within a specimen. Similar failure patterns were reported by
Fabian and Fourie (1986).

Single layer 2 layers 3 layersUnreinforced

H/3

H/2 H/3

H/3
H/2

H/4
H/4
H/4
H/4

H=100mm

d=50mm

(a)

(b)

clay
sand

geotextile

t/2
t/2

H/
3/////H/2

H/2

33333333333333333333333333333333333333333333333
H/3

H/3

H/3

H/4
H/4
H/4
H/4

Fig. 4. Geotextile arrangements for triaxial compression tests on: (a)
reinforced clay with various geotextile layers; (b) sandwich specimen

Clay

Sand
Geotextile

SandClay

Geotextile

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Preparation of a reinforced clay specimen with the sandwich
technique: (a) vacuum applied to stretch the membrane; (b) clay soil
poured, compacted, and leveled; (c) half amount of sand placed; (d)
geotextile placed horizontally; (e) top view of sandwich specimen
inside the split mold; (f) completed sandwich specimen ready for test
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Fig. 8(e) presents a typical image of the deformed sandwich
specimen. The failure was caused by a bulging of the clay and a dis-
continuous deformation at the sand-clay interface. The bulging and
deformation were attributed to a lateral expansion of clay restrained
by the sand-clay interface. Because the sand particles were prone to
penetrate the clay [Fig. 8(f)], the sand-clay interface shear strength
could be stronger than the shear strength of the clay itself. Thus, the
zone of maximum lateral deformation moved away from the sand-
geotextile interface to the clay.

After being tested, the geotextile was retrieved from the disman-
tled specimens, and the tensile deformation of the geotextile was
closely analyzed. The tensile deformation was larger along the
transverse direction (blue line in Fig. 6) than along the longitudinal
direction (red line in Fig. 6) because the geotextile has higher stiff-
ness in the longitudinal direction than in the transverse direction.
Inspecting the geotextiles after the tests showed that no geotextile
had broken at an axial strain of 20% by the completion of the test.

Stress-Strain Behavior

Fig. 9 shows the stress-strain responses of the unreinforced and rein-
forced clay specimens [Fig. 9(a)] and sandwich specimens [Fig. 9(b)]

under a confining pressure of 200 kPa. Tables 5 and 6 present sum-
maries of the test results regarding maximum deviatoric stress
(i.e., sd, max) determined according to the measured stress-strain
curves.

The reinforced clay specimens reached higher peak shear-
strengths compared with the unreinforced soil specimens at a spe-
cific confining pressure, suggesting that including permeable rein-
forcements can effectively improve the undrained shear strength of
clay. The peak shear strength increased as the number of geotextile
layers and confining pressure were increased. This experimental
result suggests that the clay-geotextile interaction is stronger under
high confining pressure or narrow reinforcement spacing. The same
observation has also been reported by Ingold and Miller (1982),
Fabian and Fourie (1986), Indraratna et al. (1991), and Noorzad and
Mirmoradi (2010). As explained by Noorzad and Mirmoradi
(2010), the geotextile layers intercept the failure plane within the
specimen, redistribute the mobilized stresses evenly within the soil,
and hence enhance the shear strength of the reinforced soil.

At low strain levels (up to 3–5% of the axial strain), the unrein-
forced clay specimen exhibited a higher modulus (or mobilized
higher shear strength) compared with the reinforced specimen [Fig. 9
(a)]. The effects of reinforcement started (i.e., mobilized shear
strength of the reinforced soil exceeded that of the unreinforced soil)
under an axial strain ranging from approximately 3 to 5%. This result
suggests that including a geotextile was not advantageous in enhanc-
ing the shear strength of the reinforced clay at a low strain level. The
reinforcement requires a sufficient deformation to mobilize its tensile
force for improving the overall shear strength of reinforced soil.

Regarding the sandwich specimens, the test results indicated
that the shear strength of the sandwich specimen increased as the
sand-layer thickness increased, and the efficiency of the sand thick-
ness increased as the confining pressures increased [Fig. 9(b); Table
6]. This result suggests that providing a thin layer of sand around
reinforcements is effective in enhancing the shear behavior of rein-
forced clay. Moreover, without the disadvantageous effect of rein-
forcement at a low strain level, the mobilized shear strength (or
modulus) of the sandwich specimens at the low strain level signifi-
cantly increased and could exceed that of the unreinforced clay for
the sandwich specimens with thicker sand layers because the sand
was stiffer than the geotextile. A practical implication of the
research reported here is that the sandwich technique can be effec-
tive for reinforcement applications, such as pavements, in which the
mobilized strain level is typically low.

1 cm

d0

d0

d

(a) (b)

Fig. 6. Example of a geotextile specimen: (a) undeformed; (b) deformed after test

ε = 1.14εr + 4.16
R² = 0.95

0

10

20

30

40

50

0 10 20 30 40

M
ob

ili
ze

d 
Te

ns
ile

 S
tra

in
, ε

(%
)

Residual Tensile Strain, εr (%)

Wide-Width Tensile Test

Biaxial Tensile Test

Axisymmetric Tensile TestPuncture Strength Test

Fig. 7. Relationships between mobilized and residual tensile strains
under various loading conditions
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Strength Improvement

The effects of including nonwoven geotextile and providing thin
sand layers around reinforcements on shear-strength improvement
were evaluated using the strength ratio and strength difference. The
strength ratio (SR) is defined as the ratio of the maximum deviator
stress of reinforced specimens to that of unreinforced specimens
under the same confining pressure. The strength difference (SD) is
defined as the shear-strength difference between reinforced speci-
mens and unreinforced specimens at a specific confining pressure,
which also indicates the net strength improvement from applying a
reinforcement or sand layer

SR ¼ ðsd;maxÞre
ðsd;maxÞun

(5)

and

SD ¼ ðs d;maxÞre � ðsd;maxÞun (6)

where (sd, max)re and (sd, max)un = maximum deviatoric stress of re-
inforced and unreinforced specimens, respectively.

Fig. 10(a) shows that the strength ratio of the reinforced clay
increased as the reinforcement spacing decreased (i.e., as the num-
ber of geotextile layers increased). The results showed that the SR =
1.70–1.56 for specimens with a reinforcement spacing of 23.7 mm
(i.e., three geotextile layers), whereas SR = 1.15–1.02 for specimens
with a reinforcement spacing of 50 mm (i.e., a single geotextile
layer). The shear-strength improvement was negligible (SR � 1.0),
especially for reinforced clay specimens with a single geotextile
layer at s3 ≤ 100 kPa. This result suggests that the weak clay-geo-
textile interaction existed under low confining pressure and large
reinforcement spacing. Additionally, the effect of the confining
pressure on the strength ratio is not clearly shown in Fig. 10(a). A

Clay

Geotextile

Sand

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Failure patterns of reinforced clay and sandwich specimens: (a) unreinforced; (b) single layer; (c) two layers; (d) three layers; (e) sandwich
specimen; (f) sand-clay interface showing penetration of sand particles into clay (lower part of specimen)
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possible explanation is that the soil undrained shear strength did not
change much with the confining pressure during undrained tests.
Similar conclusions can also be drawn from the strength difference
data [Fig. 10(b)].

Fig. 11 shows that both the SR and SD of sandwich specimens
increased as the sand-layer thickness increased. As discussed, a
negligible shear-strength improvement was obtained for reinforced
clay specimens with a single geotextile layer under low confining
pressure; however, even with a minimal 5-mm sand cushion layer
(2.5 mm on top and 2.5 mm on the bottom of the nonwoven geotex-
tile), the SR is improved from SR = 1.04 to 1.20 at s3 = 50 kPa, and
from SR = 1.02 to 1.23 at s3 = 100 kPa. The strength ratio can rise
to SR = 1.53 for the sandwich specimen by using a sand layer with a
thickness of 20 mm at s3 = 200 kPa. These results suggest that a
sand layer can strengthen the soil-geotextile interaction. Regarding
the effect of confining pressure, the results were somewhat scattered
but clearly showed that the SR and SD values are increased by rais-
ing s3, which results from the behavior and strength of sand,
depending highly on the confining pressure.

At s3 ≤ 100 kPa, no further shear-strength improvement was
gained when a sand-layer thickness exceeded 10–15 mm. A similar
range of sand thickness values (8–15 mm) was reported by
Unnikrishnan et al. (2002) on the basis of their UU test results. At
s3 > 100 kPa, an appreciable shear-strength improvement was still
observed when the sand-layer thickness was increased from 15 to
20 mm. In contrast to the direct shear and pullout tests of previous
studies (Abdi et al. 2009; Abdi and Arjomand 2011; Abdi and
Zandieh 2014), a reduction in shear strength when providing sand-
layer thicknesses over the optimal sand thickness was not observed
in the test results in the present study. The optimal sand thickness,
which depends on the types of soil and reinforcement, the size of
the test apparatus, and the applied loading conditions, is probably
associated with the failure mechanism of the interface shear band.
Further investigation is required to understand the optimal thickness
of the sand layer.

Comparing the effect of sand-layer thickness to the number of
geotextile layers was also instructive. The test results showed that
a sandwich specimen with a 10-mm sand layer and reinforced
clay specimen with two geotextile layers had approximately the
equivalent effect on the strength difference at s3 = 200 kPa, and
a sandwich specimen with a 15-mm sand layer and reinforced
clay specimen with two geotextile layers had a similar effect at
s3 = 150 kPa.

Failure Envelope

Fig. 12 shows the failure envelopes of the unreinforced and rein-
forced clay specimens in the principal stress space. The stress at
20% strain was defined as failure deviatoric stress, as discussed pre-
viously in “Testing Program.” As the number of reinforcing layers

0

100

200

300

400

500

600

0 5 10 15 20

D
ev

ia
to

ric
 S

tre
ss

, σ
d

(k
Pa

)

Axial Strain, εa (%)

Three layers
Two layers
One layer
Unreinforced

0

100

200

300

400

500

600

0 5 10 15 20

D
ev

ia
to

ric
 S

tre
ss

, σ
d

(k
Pa

)

Axial Strain, εa (%)

t=20mm
t=15mm
t=10mm
t=5mm
Clay-geotextile

(a)

(b)

(t = 0 mm)

Fig. 9. Stress-strain response under undrained loading (s3 = 200 kPa):
(a) reinforced clay specimens with different reinforcement layers; (b)
sandwich specimen with different sand thicknesses

Table 5. Summary of UU Test Results of Reinforced Clay Specimens

Confining pressure
(s3; kPa)

Maximum deviatoric stress (sd,max; kPa)

Unreinforced
One
layer

Two
layers

Three
layers

50 236.4 246.7 349.5 401.9
100 278.7 285.0 399.2 436.4
150 304.6 347.6 405.6 476.9
200 324.3 358.7 435.5 517.3

Table 6. Summary of UU Test Results of Sandwich Specimens

Confining pressure
(s3; kPa) Unreinforced

Maximum deviatoric stress (sd,max; kPa)

Sand-layer thickness

Sand geotextile
b

0 mm
a

5 mm 10 mm 15 mm 20 mm

50 236.4 246.7 285.7 279.6 301.4 303.0 361.5
100 278.7 285.0 343.4 365.8 369.1 372.2 555.6
150 304.6 347.6 349.9 383.3 420.4 436.5 737.2
200 324.3 358.7 397.8 441.6 446.9 497.5 894.0

aThe clay reinforced by a single layer of geotextile without a sand layer.
bReinforced sand with a single layer of geotextile.
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was increased, the failure envelopes of the reinforced clay speci-
mens shifted upward. Because of weak clay-geotextile interaction
under low confining pressure and large reinforcement spacing, the
failure envelope of the reinforced clay with a single geotextile layer
was close to that of the unreinforced clay. The failure envelopes of
the reinforced clay with two and three geotextile layers appear to be
parallel to that of the unreinforced clay. Parallel shifts in the failure
envelopes of reinforced clay have also been reported by Noorzad
and Mirmoradi (2010) and Al-Omari and Hamodi (1991). Except
for the reinforced clay specimens with a single geotextile layer, the
change in soil shear strength caused by reinforcement could be
described by applying apparent cohesion theory, which was initially
developed by Schlosser and Long (1974) on the basis of the test
results of reinforced sand. The increase in reinforced soil shear
strength was similar to that of the unreinforced soil improved by
adding an amount of apparent cohesion. Applying apparent cohe-
sion theory to the failure envelopes of the reinforced clay was lim-
ited by the conditions of high confining pressure or small reinforce-
ment spacing, in which the clay-geotextile interaction was stronger
and the mobilized geotextile tensile strength was higher.

Fig. 13 shows the effect of providing a thin layer of sand on the
failure envelopes. In contrast to the results observed in the rein-
forced clay specimens, the slopes of the failure envelopes steepened
as the thicknesses of the sand layers were increased, resulting in
increases in the friction angles and slight decreases in the cohesion.
Specifically, compared with the unreinforced clay, a reinforced clay
specimen with a 20-mm sand-layer thickness exhibited an increase
in friction angle from f u = 13.1° to 23.2° and a cohesion decrease
from cu = 84.7 to 79.3 kPa, which was a 77% increase in friction
angle and only a 7% decrease in cohesion. A postexperiment
inspection of dismantled clay specimens and deformed geotextile
revealed that the observed shear-strength improvement could be
attributed to improved soil-geotextile interaction at the sand-geo-
textile interface, as will be discussed in the next section.

Mobilized Reinforcement Tensile Strain

Fig. 14 presents the mobilized tensile strains resulting from varia-
tions in the number of geotextile layers and in the thickness of the
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Fig. 10. Influence of reinforcement spacing on the shear-strength improvement for reinforced clay specimens: (a) SR; (b) SD
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sand layers. The mobilized reinforcement tensile strain was esti-
mated from residual tensile strain, as discussed in “Technique for
Measurement of Reinforcement Strain.” The values of the mobi-
lized tensile strain in a transverse (lower stiffness) direction are
shown in Fig. 14 because the geotextile exhibited a larger deforma-
tion along this direction. The test results showed that the mobilized
tensile strain increased with increases in the number of geotextile
layers, thickness of the sand layer, and confining pressures, suggest-
ing that these conditions enhanced the soil-reinforcement interac-
tion, causing an increase in mobilized reinforcement tensile strain
and force and, consequently, an increase in the shear strength of the
reinforced clay.

In addition, as shown in Fig. 14(b), providing a thin layer of sand
around the geotextile improved the mobilized tensile strain in the
sandwich specimens. Compared with the mobilized tensile strains
in the reinforced clay specimens with a single geotextile layer, the
tensile strains in the sandwich specimens were mobilized substan-
tially with an increase in sand-layer thickness, particularly under

high confining pressure. Specifically, the mobilized tensile strain
more than doubled (from 8.36 to 17.86%) as the thickness of the
sand layer was increased from t = 0 to 20 mm at s3 = 200 kPa. This
result confirmed that sand layers can enhance the soil-reinforcement
interaction and further increase the shear strength of reinforced
clay.

Fig. 15 shows the relationship between mobilized tensile
strains in the geotextile and strength differences (i.e., net strength
improvement by the effect of either reinforcements or sand
layers). Fig. 15 also indicates values for the mobilized tensile
force of the geotextile estimated by multiplying the mobilized
tensile strain by the secant stiffness under axisymmetric loading
measured from puncture-strength tests. As shown in Fig. 15, the
mobilized tensile strain and force were strongly correlated with
the strength difference. The data from both the reinforced clay
and sandwich specimens fell into a unique linear relationship.
This linear relationshipdemonstrated that themobilized tensile strain
and force directly contributed to the shear-strength improvement of
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the clay. Notably, no shear-strength improvement could be gained
for a mobilized tensile strain of less than approximately 5% because
of the nonlinear load-elongation responses of the geotextile. The
reinforcement exhibited lower stiffness at a low strain level. As dis-
cussed in “Stress-Strain Behavior,” the geotextile required sufficient
deformation to mobilize its tensile force for improving the overall
shear strength of the reinforced soil. Another possible explanation is
that some tensile strains were mobilized during specimen prepara-
tion, before axial loadingwasapplied.

Conclusions

A series of UU triaxial compression tests were performed to investi-
gate the behavior and failure mechanisms of reinforced clay speci-
mens with nonwoven geotextile and reinforced clay specimens with
geotextile embedded in a thin layer of sand. The main goals of this
work were to evaluate the effects of including nonwoven geotextile

reinforcement layers and using the sandwich technique on the
shear-strength improvement of clay, and to investigate the mobili-
zation of reinforcement tensile strain/load within reinforced clay
and their relationships with the mobilized shear strength of rein-
forced clay. The conclusions of this study can be summarized as
follows:
• The reinforced clay specimens exhibited a ductile behavior

that failed when bulging occurred between two adjacent rein-
forcement layers. The sandwich specimens failed because of
the bulging of the clay and discontinuous deformation at the
sand-clay interface.

• Both the reinforced clay and sandwich specimens enhanced
the peak shear strength of the clay. The peak shear strength
increased as the number of geotextile layers and the thickness
of the sand layer increased.

• At low strain (up to 3–5% of the axial strain), the reinforced
clay specimen exhibited a lower modulus compared with the
unreinforced specimen. The mobilized shear strength of the
sandwich specimens with thicker sand layer at low strain sig-
nificantly increased and could exceed that of unreinforced
clay.

• With a minimal 5-mm sand-cushion layer, the SR was
improved from 1.04 to 1.20 and from 1.02 to 1.23 at s3 = 50
and 100 kPa, respectively. The SR rose to 1.53 for the sand-
wich specimen with a sand-layer thickness of 20 mm at s3 =
200 kPa.

• Regarding the sandwich specimens, no further shear-strength
improvement was gainedwhen a sand-layer thickness exceeded
the range of 10–15 mm at s3 ≤ 100 kPa, whereas an appreci-
able shear strength improvement was still observed when the
sand-layer thickness was increased from 15 to 20 mm at
s3 > 100 kPa. An optimal sand-layer thickness exceedance
that led to a reduction in shear strength was not observed
in test results for total sand-layer thicknesses tested up to
20 mm.

• The failure envelope of the reinforced clay with a single geo-
textile layer was close to that of the unreinforced clay because
of weak clay-geotextile interaction under large reinforcement
spacing. The failure envelopes of the reinforced clay with two
and three geotextile layers appeared to be parallel to that of the
unreinforced clay. The enhancement in shear strength could be
explained by the increase in apparent cohesion. Regarding the
sandwich specimens, the slopes of the failure envelopes steep-
ened, causing an increase in the friction angles, as the thick-
nesses of the sand layers increased.

• The mobilized tensile strain increased with an increase in the
number of geotextile layers, thickness of the sand layer, and
confining pressures. This finding indicates a stronger soil-rein-
forcement interaction under these conditions. The mobilized
tensile strain and force were strongly correlated with the
strength difference in both the reinforced clay and sandwich
specimens, demonstrating that mobilized tensile strain and
force directly contribute to the shear-strength improvement of
clay.
Finally, this investigation clearly demonstrated that small

reinforcement spacing and thick sand layers can effectively
strengthen the soil-geotextile interaction, thereby enhancing the
shear strength of clay. Therefore, as a practical application, low-
permeability and fine-grained soils could be used as backfill in
reinforced structures by considering a proper drainage design
and construction techniques that involve using permeable geo-
textile layers and providing layers of high-friction, coarse-
grained soil around reinforcement.
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Notation

The following symbols are used in this paper:
A¼ Skempton pore water pressure pa-

rameter (dimensionless);
a0, a¼ initial and deformed length of geo-

textile under puncture strength test,
respectively (m);

Cu, Cc¼ coefficient of uniformity and curva-
ture, respectively;

c0 ¼ effective cohesion (Pa);
cu¼ undrained cohesion (Pa);

D10, D30, D60¼ diameter through which 10, 30, and
60% of the total soil mass is passing,
respectively (m);

d, d
0 ¼ diameter of the undeformed and

deformed geotextile specimen, respec-
tively (m);

Gs¼ specific gravity (dimensionless);
H¼ total height of specimens (m);

ksat¼ saturated hydraulic conductivity (m/s);
LL¼ liquid limit (%);
P¼ measured puncture force (N);

PL¼ plastic limit (%);
rp¼ radius of steel rod (m);

SD¼ strength difference (Pa);
SR¼ strength ratio (dimensionless);
T¼ tensile force per unit width of geo-

textile (N/m);
t¼ thickness of the sand layer (m);
y¼ vertical displacement of puncture

rod (m);
b ¼ angle between the deformed geotex-

tile plane and initial horizontal posi-
tion (degrees);

g ¼ unit weight (N/m3);
gd,min, gd,max¼ minimum and maximum dry unit

weight, respectively (N/m3);
« ¼ reinforcement mobilized tensile

strain (dimensionless);
«a¼ axial strain (dimensionless);
« r¼ reinforcement residual tensile strain

(dimensionless);
sd¼ deviatoric stress (Pa);

sd, max¼ maximum deviatoric stress (Pa);
(sd, max)re, (sd, max)un¼ maximum deviatoric stress of rein-

forced and unreinforced specimens,
respectively (Pa);

s1f¼ axial stress at failure (Pa);
s3¼ confining pressure (Pa);
f u¼ undrained friction angle (degrees);

f 0, f a
0 ¼ effective friction angle of soil and

soil-geotextile interface, respectively
(degrees); and

vopt¼ optimum moisture content (%).
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