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Abstract This paper presents the results of direct shear test
on soil samples reinforced with geosynthetics, conducted
with the aim of characterize the shear strength of reinforced
soil composite. Two types of granular soil (well graded
sand and silty sand) and four types of geosynthetic (woven
and nonwoven geotextile—uniaxial and biaxial geogrid)
were selected. Laboratory testing program were performed
in two shear boxes, circular box with 63 mm in diameter
and square box with 100 mm in length; the samples were
made with loose and dense sand; the reinforcement layer
was placed perpendicular to the failure surface; tests are
conducted with three vertical confining pressures: 15.7,
31.4 and 62.8 kPa. The effect of different factors that
influence the results of the shear tests is analyzed, such as:
the particle size of soils, density of soils, shear box size and
type of geosynthetics. The test results reveal that the
maximum value of shear strength improvement was
achieved for dense silty sand samples reinforced with
biaxial geogrid. In general, the improvement was more
favorable for samples reinforced with geogrid compared to
samples reinforced with geotextile.
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Introduction

The interaction between soil and geosynthetic is of utmost
importance for the design, modeling and performance of
reinforced soil structures. This interaction mechanism
depends on the soil properties, reinforcement characteristics
and the interrelationship between these materials. Many
researches have been carried out to understand the shear
strength behaviour of reinforced soil by conducting direct
shear tests. The choice of mounting of direct shear test
depends on the mechanism of interaction to be reproduced.
Palmeira [1] presents test types that characterize, various
conditions that can occur in some structures of reinforced
soil. Some studies found in the literature, provides laboratory
test results with the reinforcement layer positioned parallel to
the failure plane induced for the shear box [1-14]. In other
research the reinforcing layer is placed perpendicular or
rotated to the failure plane [15-20]. In this research, the
reinforcement layer was placed perpendicular to the failure
plane in order to characterize the behaviour of the composite
material when the soil and the reinforcement are sheared.
This paper presents the results of a series of direct shear
tests carried out to investigate the factors which control the
shear strength of geosynthetic reinforced soil composite for
two types of local soil, with two relative densities and four
types of geosynthetic. Review of literature shows that the
shear behaviour of reinforced soil in direct shear test
depends, among other things, on the properties of soil
(particle size, density), properties of reinforcement (such as
structure and texture) and test conditions (equipment, load
application, placement of reinforcement in the soil sample).
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Materials used in the Experiments
Granular Soil

Two types of locally available river sand were used as
backfill material in this study. By the unified soil classifi-
cation system (USCS), the soils were classified as well
graded sand (SW) and silty sand (SM). The particle size
distribution for both soils was characterized using the dry
sieving method and the results are shown in Fig. 1. In
Table 1 are presented some of the basic properties of the
soils. Figure 2 shows the photographs and magnified view
for understanding the physical appearance and size varia-
tions of these sands. It is observed that the particles are
subangular for both sand types and silty sand (SM) contains
a greater amount of fine particles.

Geosynthetic Specimens

Four types of geosynthetic were used in the experimental
program: uniaxial geogrid, biaxial geogrid, woven geo-
textile and nonwoven geotextile. Figure 3 shows the dif-
ferent geosynthetics used as reinforcement in this study.
These geosynthetics were provided by CORIPA S.A, a
local company. The uniaxial geogrid is made of polyvinyl
alcohol (PVA). The biaxial geogrid is fabricated of
polypropylene (PP) yarns. The woven geotextile is
polypropylene based material. The nonwoven geotextile is
polyester based material. In Table 2, the mechanical
strength parameters of the four types of geosynthetics used
in the tests are shown.
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Fig. 1 Grain size distribution curves of soils used
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Table 1 Properties of soils

Property Type/value

SW SM
Mean grain size, Dso (mm) 1.28 0.66
Size, D3p (mm) 0.64 0.35
Size, Dgs (mm) 3.27 3.66
Maximum size, D,,x (mm) 9.53 9.53
Maximum dry unit weight (Ypax) (kN/m3) 17.58 18.10
Minimum dry unit weight (Ymin) (kN/m%) 14.13 14.77
Coefficient of uniformity (C,) 8.26 -
Coefficient of curvature (C.) 1.38 -

Testing Methodology

An experimental program of 120 direct shear tests was
conducted. Table 3 presents the factors investigated, which
have important effects on the results of direct shear tests,
according to the technical literature consulted. Tests are
performed with conventional direct shear equipment,
where the soil is forced to slide along a horizontal failure
plane under a constant rate of displacement, while a con-
stant load is applied normal to the plane of relative
movement. The shear box comprises an upper box, fixed in
the horizontal directions, and a lower box, without
restriction of movement in the horizontal direction. Two
types of shear box are used, a circular box with diameter
D = 63 mm and a square box with L = 100 mm of side in
plan.

The ASTMDS5321.08 [21] standard suggests that the
minimum shear box dimension should be greater than
300 mm; 15 times the Dgs of the coarse soil used in the
test, or a minimum of 5 times the maximum opening size
(in plan) of the tested geosynthetic. In addition, the depth
of each shear box should be 50 mm or six times the
maximum particle size of the tested coarse soil, whichever
is greater. However, smaller shear boxes could be used if it
can be shown that the data generated using smaller devices
contains no scale or edge effects when compared to the
above-mentioned minimum size devices. Various studies
have shown that the size of the sample does not affect
significantly the friction parameters obtained in the test
[2, 11, 15, 18], these works recommend that a ratio
between mean particle size to length of the box must be in
the range of 50-300.

The geosynthetic specimens were positioned perpen-
dicular to the failure plane (see Fig. 4) in order to deter-
mine the behaviour of soil-geosynthetic system when the
shear force acts normal to the reinforcing layer. Athana-
sopoulos [16] and Bauer and Zhao [17] consider this type
of testing at most appropriate to represent the field condi-
tions. The test method used in this study differs from both
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the direct shear test and the pull-out test which are pre-
sently used for evaluating soil-geosynthetic interaction.
These test methods have basic differences in the boundary
conditions, stress paths and failure mechanisms imposed to
the specimen. A complete review on the advantages and
limitations of these tests is presented by Palmeira [1]. A
perpendicular direction of the reinforcement was chosen in
order to facilitate its installation in the shear box, however,
it is know that it does not represent the optimum orientation
for obtain the maximum reinforcement effect in the soil
mass. Some reports suggest values for the optimal orien-
tation of reinforcement in the soil sample [15, 17, 18, 20].
For the direct shear test, the samples were prepared at the
relative densities of 10 and 90 %. The geosynthetic speci-
mens were positioned vertically along a center-line on a
shear box with the longitudinal fibers perpendicular to the
failure plane (Fig. 5a). Subsequently, the shear box was
filled with the sand. The sand was placed inside the shear
box by raining method to achieve the desired relative den-
sity of 10 % for loose samples. For dense samples the sand
were compacted to a relative density of 90 % by tamping.
The preparation of some samples is illustrated in Fig. 5Sa, it
is observed that the lateral earth pressure maintains the
verticality of the geosynthetic at the beginning of the trial.
Figure 5b shows some failed specimens, it can be seen the
deformation in the geosynthetic caused by placement of
reinforcement perpendicular to the shearing plane.

graded sand (SW)

=Ty
et

(b) Sil.tj;sand (SM)

The direct shear tests were conducted using three dif-
ferent normal stresses of 15.7, 31.4 and 62.8 kPa. All the
tests involved applying the normal stress and monitoring
the vertical displacement. Shear test was performed with a
displacement speed of 1 mm/min at the time of loading
shear load, and vertical load was controlled, to be main-
tained at a constant level. Values of shear force, horizontal
displacement and vertical displacement of the top cap of
the sample were recorded at regular intervals during
shearing. Data were acquired using a DTF Datalogger
where they are passed directly to the computer for pro-
cessing. Direct shear apparatus is shown in Fig. 6.

Results and Discussion

To evaluate the frictional behavior of geosynthetic rein-
forced soil composite, shear stress—horizontal displacement
and vertical displacement-horizontal displacement curves
are performed. Horizontal displacement is defined as a
percentage of the quotient of shear displacement divided by
the length of shear box. For the circular box the length was
taken as the diameter, D = 63 mm, while for the square
box, the length is equal to the equivalent diameter. This
corresponds to the diameter of a circular area that is equal
to the square area of the box (100 x 100 mm?) and is
calculated as follows:

@ Springer
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Fig. 3 Different geosynthetics
used in the tests (dimensions in

mm)
w]
g
o} 1.5
(a) Uniaxial geogrid (b) Uniaxial geogrid
(¢) Woven geotextile (d) Nonwoven geotextile
D — 2B ! with the four types of geosynthetic, for loose and dense
equ \/_ﬁ’ (1) samples, in circular shear box, are shown in Fig. 7a, b

where Dy, is the equivalent diameter and B is the width of
the square box (100 mm). The equivalent diameter in this
case was Deq, = 112.84 mm. The test results are discussed
in following subsections.

Shear Stress Versus Horizontal Displacement
Shear stress versus horizontal displacement curves for all

samples tested were performed. The curves of the samples
with soil type (SW) without reinforcement and reinforced

@ Springer

respectively. It is observed different behaviour for the loose
and dense sand. As we can see from Fig. 7a, for the loose
sand, shear stress shows a gradual increase to the maximum
value at a certain strain value at which the curve reaches an
asymptotic behaviour, while for the dense sand (see
Fig. 7b) stress increases to a peak with increasing shear
strain from zero to a certain magnitude and thereafter, it
decreases gradually to the residual shear stress with the
increase of the strain. Peak shear stress occurs for strain
between 5 and 8 % for loose sands and strain between 3
and 5 % for dense sands.
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Table 2 Mechanical properties of geosynthetics (provided from the suppliers technical brochures)

Property Reinforcement

Uniaxial

Biaxial

Woven Nonwoven

Type of geosynthetic material Uniaxial Geogrid

Type of polymer Polyvinyl (PVA)

Biaxial geogrid
Polypropylene (PP)

Woven geotextile Nonwoven geotextile

Polypropylene (PP) Polyester (PET)

Nominal mass per unit area (g/mz) 240 200 386 250
Modulus to def. 5 % (kN/m)
LD* 630 >360 - -
CD" - >360 - -
Modulus to def. 2 % (kN/m)
LD? 700 >400 - -
cpP - >400 - -
Mesh opening (mm)
LD* 20 40 - -
(el 30 40 - -
Thickness (mm)
LD? 1.0 1.5 1.0 1.2
cp® 1.0 1 1.0 1.2
* Longitudinal direction
® Cross machine direction
Table 3 Tests conducted No. Effect to be investigated Variables
1 Soil particle size SW with D5y = 1.32 mm
SM with Dsy = 0.66 mm
2 Soil density of samples Relative density, Dr = 10 % (loose)
Relative density, Dr = 90 % (dense)
3 Sample size Circular box, D = 63 mm
Square box, L = 100 mm
4 Type of geosynthetics Uniaxial, biaxial, woven and nonwoven

N
Slip or : k3
failure plane | |

Fig. 4 Scheme of direct shear test performed (modified from
Athanasopoulos [16])

Shear stress versus horizontal displacement behaviour for
soil type (SM) is similar to that shown for the samples with
soil type (SW) as we can see in Fig. 8. On the other hand, the
shear stress increases as the confining pressure increased,
Fig. 9a and b show the shear stress versus horizontal

displacement curves for samples reinforced with woven
geotextile, for soil type (SW), with two relative densities and
prepared in two shear box type. As shown in the figure, the
samples prepared in the square box (L = 100 mm), showed
higher values of shear stress compared with samples in cir-
cular box (D = 64 mm). The peak value of shear stress
occurs to minor deformations in circular box that the square
box. This behaviour can occur for the border effect, which is
higher in the smaller box (circular box). To include a
geosynthetic layer in soil samples, the shear stress was sig-
nificantly increased (see Figs. 7, 8).

Vertical Displacement Versus Horizontal
Displacement

Vertical displacement versus horizontal displacement
curves were performed in order to verify the change in the

@ Springer
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(a) Placement of sand and geosynthetics

(b) Failed specimens

Fig. 5 Sample preparation and failed specimens for samples reinforced with nonwoven geotextile (above) and uniaxial geogrid (down)

DIGITAL DIAL -
HORIZONTAL STRAIN

Fig. 6 Direct shear apparatus

sample volume as the direct shear test progresses. In dense
samples, a dilatant behaviour is exhibited as shown in
Figs. 7d and 8d. An expansion occurs until the peak shear
stress occurs, after which, the soil contracts to a value of
constant volume and a residual shear stress. The change of
expansion to compression occurs around of 2, 3 and 5 % of
horizontal displacement for 15.7, 31.4 and 62.8 kPa of
vertical confining pressure respectively. For loose sand
samples, the sample volume decreases as the shear stress
increases to the maximum value where reached a constant
value (see Figs. 7c, 8c). According to the vertical dis-
placement vs. horizontal displacement curves, the type of
geosynthetic had no significant effect on the volume
change of the sample, the expansion or compression of the
samples is determined by the density of the sample.

@ Springer

Failure Envelope

It can be assumed that the shear strength of geosynthetic
reinforced soil composites follows an elastic—plastic (or
rigid-plastic) model and the Coulomb failure criterion
analogously to the behaviour of soil shear strength [22, 23].
The shear stress at the geosynthetic reinforced soil com-
posites can be calculated as follows:

1= C, + gy tan o, (2)

where 7 is the shear stress of geosynthetic reinforced soil,
C, is the apparent cohesion, g, is the normal stress and 0 is
the friction angle of geosynthetic reinforced soil.

In this paper, linear failure envelopes were performed
using the values of peak shear stress (loose sand) and peak
and residual shear stress (dense sands). Shear stresses
obtained for the three normal stresses used (15.7, 31.4 and
62.8 kPa) are plotted. Failure envelopes were made by cal-
culating the linear trend of the data for all samples. In
Fig. 10, lineal failure envelopes are presented grouped by
type and relative density of the soil. The comparison of
different envelopes shows the effect of inclusion of
geosynthetic elements in the soil mass, an apparent cohesion
occurs in reinforced soil samples. Better results for shear
stress in sand well graded (SW), loose and dense, are
obtained for the samples reinforced with woven geotextile.
For silty sand (SM) loose, higher shear stress values are given
with the inclusion of biaxial geogrid, for samples with silty
sand (SM) dense, best results of peak and residual shear
stresses are obtained with the samples reinforced with woven
geotextile and biaxial geogrid respectively.

A lineal regression to estimate the soil friction angle and
the apparent cohesion of geosynthetic reinforced soil com-
posites was performed. In Table 4, peak friction angles of
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Fig. 7 Shear behaviour for well graded sand (SW), for normal stress of 31.4 kPa, without reinforced and reinforced soil (circular box)

interface for all samples tested are shown. Most of the
reinforced soil exhibited better performance compared to
unreinforced soil; friction angles of reinforced sand were
greater, indicating an improvement in the shear strength of
the soil. No significant difference in the soil friction angle
between two types of boxes are found, the variation in fric-
tion angle was less than 3.3 %, the angle was slightly lower
in the samples prepared in the square box (100 x 100 mm?).
It has been found that the friction angle and angle of repose
are somewhat correlated [13, 24, 25]. The average angle of
repose for the two types of soil used in this experimental
program was estimated in accordance with the procedures
given in ASTM C1444 [26]. Figure 11 presents angles of
repose for well graded sand (SW) and silty sand (SM). It was
observed that the measured values are close to friction angle
of loose samples without reinforcement obtained in direct
shear tests (see Table 4; Fig. 10). Therefore, the angle of
repose measured for the soil validates the results of direct
shear tests for samples with unreinforced loose sand.
Residual friction angles for dense samples are presented in
Table 5; variation in residual friction angle for the two types
of shear box was less than 1.5 %. Apparent cohesion values

for peak shear stress and residual shear stress are shown in
Tables 4 and 5; apparent cohesion was greater in the case of
square shear box for most samples in the two soil types and
for both densities.

Shear Strength Improvement

In this study, shear strength improvement index will be used
to estimate the improvement in shear strength of the soil to
include geosynthetic. This index is defined as the ratio of the
shear strength at the geosynthetic reinforced soil composites
to the shear strength of the soil at the same overburden
condition. Similar relationships have been identified in the
literature as the “Interface Efficiency” [2, 5]. Shear strength
improvement for cohesive soil is defined as:

C, + o, tan d,

C=—"-—"-, 3
C + oy tan ¢ 3)
And for granular soils:
tan o,
i= ) 4
tan ¢ “)

@ Springer
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where C; is the shear strength improvement, C, is the
apparent cohesion of reinforced soil, C is the cohesion of
soil without reinforcement, o, is the normal stress, J, is the
friction angle of geosynthetic reinforced soil composites
and ¢ is the friction angle of soil without reinforcement.
Most of the reinforced soil samples exhibit apparent
cohesion, so that the Eq. 3 is used to calculate the shear
strength improvement of the geosynthetic reinforced soil
composites, the results for peak and residual shear stress
are presented in Tables 6 and 7 respectively. The shear
strength improvement of the reinforced sand ranged from
1.03 to 2.21 depending on the type of geosynthetic and
vertical stress. Shear strength improvement values showed
smaller differences between both shear boxes for higher
values of vertical stress.

Apparent Friction Angle at Soil-Geosynthetic
Interface

Alternative way of calculating the improvement in the soil
when geosynthetic elements are included is to calculate the

@ Springer
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g. 8 Shear behaviour for silty sand (SM), for normal stress of 31.4 kPa, without reinforced and reinforced soil (circular box)

apparent friction angle of soil-geosynthetic interface rather
than estimate it by linear regression of failure envelopes.
To calculate the apparent friction angle was used the model
presented by Hataf and Rahimi [27] for fiber reinforced soil
and the model developed for Athanasopoulos [16], which
are presented below. The underlying assumptions in the
derivation of the mathematical equations of the model are
as follows:

e During direct shear testing the thickness of the shear
zone, z, remains constant.

e The sand mass outside the shear zone remains in the at-
rest condition.

From the second assumption it follows that the normal
stress, gy, acting on the sand-geotextile interface will be

on = Koy, (5)

where K, is the coefficiency of earth pressure at
rest = 1 — sin¢g, and o, is the vertical confining pressure.
The value of tensile force, T, developed in the sheet of
reinforcement will be,
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Fig. 9 Shear behaviour for well graded sand (SW) reinforced with woven geotextile, for normal stresses of 15.7, 31.4 and 62.8 kPa, for circular

and square shear box

T = A,K,0, tan d, (6)

where A; is the area of sand-geotextile contact surface, and
0 is the apparent friction angle at the interface. The shear
strength increase, At, of reinforced sand will be as follows
(Hataf and Rahimi [27]):

At = 141f (sin 0 + cos Otan ¢), (7)
where At is the difference of peak strength between rein-
forced and unreinforced sand, Ay is the sheared area of sand
in the direct shear test, 0 is the angle defined in Fig. 4, and
¢ is the angle of internal friction of soil.

The value of angle 0, according to Fig. 4, depends on the
shear displacement at peak strength, Ahpe,, and the

thickness of shear zone, z. In this study, an average value of z
was obtained by conducting direct shear tests, in the two
types of soil (SW and SM); reinforced with a sheet of thin,
smooth aluminium foil. A visual examination of the rein-
forcement sheet after testing revealed that a strip along the
centre-line of the sheet was characterized by a rough surface.
The width of this roughened strip was taken to be equal to the
thickness of the shear zone, z. Thus, the average value of
shear zone thickness was, z = 5 mm for both shear box and
two types of soil. Then, the angle 0 is calculated as:

0 = tan' <%> (8)

by combining Egs. (6) and (7) the value of J can be
obtained as follows:

@ Springer
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Fig. 10 Comparison of the failure envelopes for unreinforced and reinforced sand
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where At is estimated from the results of tests. The values
of o for all specimens tested were calculated and then the
average value was estimated for three vertical confining
pressure values.
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The values of apparent interface friction angle in the nor-
malized form, §/¢, are shown in Table 8 for peak shear stress,
and are shown in Table 9 for residual shear stress in dense soil.
It is noteworthy that for the samples in both shear boxes,
uniaxial geogrid has the lowest improvement in relation to the
other inclusions. As shown in Table 8, samples with silty sand
(SM) had a more favorable shear behaviour compared to
samples with well graded sand (SW) for peak shear stress.
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Fig. 10 continued

Effect of Different Parameters in Shear Strength
Behaviour of Geosynthetic Reinforced Soil
Composite

Particle Size

It can be seen in Tables 6 and 7, in samples with silty sands
(SM), with average size Dso = 0.66 mm, more optimal
improvement in the peak shear strength was obtained in
comparison with samples with well graded sand (SW) with
Dso = 1.32 mm. That is, on the soil with lower average
particle size and larger amount of fines, higher improve-
ment was obtained in the frictional behaviour of the rein-
forced soil; these results are similar with that reported by
Athanasopoulos [16] and Liu et al. [6]. From the data in
Table 4, the peak friction angles of reinforced soils with
greater average particle size (sand SW, D5y = 1.32 mm)
were higher than the samples with lower average particle
size (silty sand SM Dsy = 0.66 mm), although the
improvement in the shear strength of the soil-geosynthetic
interface was greater in soils with lower average particle
size.

Density of Samples

Regardless of soil type or size of the shear box, loose
samples always showed a distinct behaviour, characterized
by an increase in shear stress with increasing the horizontal
displacement up to a peak shear stress value. Dense
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samples (Dr = 90 %) also show a typical behaviour; the
shear stress increases to a peak with increasing horizontal
displacement from zero to a certain magnitude and there-
after, it decreases gradually to the residual shear stress with
the increase of the horizontal displacement (see Figs. 7a-b,
8a—b). The reason for this correspondence is that there is a
considerable degree of interlocking on dense soil and there
is an additional friction on the interface between soil and
reinforcement. The behaviour exhibited by the samples
tested corresponds to the typical behaviour reported in
technical literature for direct shear tests on reinforced
granular soils [5, 10, 16].

Dilatancy effect, typical of the behaviour of dense sand
samples is clearly seen in Figs. 7d and 8d, an initial
expansion occurs in the sample volume, followed by a
contraction up to a constant volume when the residual
shear stress is reached. The initial expansion in the volume
of the sample occurs because the particles are so inter-
locked with each other in the dense sand, when the shear
force is applied to a rearrangement of these particles occurs
and the volume increases. After reaching the peak shear
stress, the particles rearranged and the sample experiences
a decrease in volume until reaching a constant volume.
Meanwhile, samples with loose sand (Dr = 10 %) have a
contractionary behaviour, where the sample volume
decreases with increasing shear stresses up to a value of
constant volume when the shear stress reaches the maxi-
mum value. The dense sand samples reached higher values
of peak shear stress in comparison with the loose sand

@ Springer
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Table 4 Summary of direct shear test results for peak shear stress

Reinforced soil sample Circular box D = 63 mm

Square box L = 100 mm  Difference between two types of box

Soil type  Relative Reinforcement ~ Cohesion Friction Cohesion Friction Cohesion Friction
density (%) type (kPa) angle (°) (kPa) angle (°) (%) angle (%)
SW 10 Without 0.0 50.9 7.2 50.1 - 1.6
Uniaxial 7.9 51.9 12.7 51.5 60.8 0.8
Biaxial 2.4 51.7 7.2 51.3 200 0.8
Woven 11.2 51.8 12.8 51.9 14.3 0.2
Nonwoven 13.9 51.9 15.7 51.9 12.9 -
SW 90 Without 11.1 59.2 31.0 58.6 179.3 1.0
Uniaxial 11.0 64.9 37.8 63.8 243.6 1.7
Biaxial 24.1 63.1 44.5 62.3 84.6 1.3
Woven 26.0 64.1 33.8 64.0 30.0 0.2
Nonwoven 37.9 63.4 51.9 62.6 36.9 1.3
SM 10 Without 0.0 42.5 0.7 423 - 0.5
Uniaxial 9.3 48.5 9.3 48.2 0.0 0.6
Biaxial -0.5 49.7 0.9 49.7 280 0.0
Woven 114 50.1 14.1 50.4 23.7 0.6
Nonwoven 5.0 48.9 3.1 50.5 61.3 33
SM 90 Without 20.1 58.1 332 57.8 65.2 0.5
Uniaxial 18.3 63.8 39.2 63.3 114.2 0.8
Biaxial 25.3 64.7 38.3 64.7 514 0.0
Woven 49.8 63.4 55.6 63.3 11.6 0.2
Nonwoven 55.5 63.4 65.7 61.6 18.4 2.9

(a) Well graded sand (SW)

Fig. 11 Angle of repose

samples. In Table 4 can be seen that the friction angles are
greater for dense sands, which are similar with the results
obtained by Tuna and Altun [10]. Also, the apparent
cohesion achieved was higher in the dense samples in
comparison with loose samples (see Table 4).

Sample Size
Both boxes considered in the study have difference in

shape, however, for qualitative comparison purpose the
results are shown in the same graph. Figure 9a and b

@ Springer

(b) Silty sand (SM)

showed higher peak shear stress values for most of the
samples tested in the larger shear box (square box,
L = 100 mm) compared to the samples tested in the
smaller shear box (circular box, diameter D = 63 mm).
The failure envelopes for samples in square box are drawn
above the failure envelopes of the samples in circular box
(see Fig. 10), which shows higher stress values for samples
in larger shear box. However, although shear stresses are
higher in the larger box (square box), the friction param-
eters are more favorable for the samples tested in the
smaller box (circular box). Also, the peak friction angles
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Table 5 Summary of direct shear test results for residual shear stress

Reinforced soil sample

Circular box D = 63 mm

Square box L = 100 mm  Difference between two types of box

Soil type  Relative Reinforcement ~ Cohesion Friction Cohesion Friction Cohesion (%) Friction angle
density (%) type (kPa) angle (°) (kPa) angle (°) (%)
SwW 90 Without 0.1 49.1 0.3 49.0 200 0.2
Uniaxial -1.6 60.4 23 60.3 243.8 0.2
Biaxial —4.1 59.1 59 582 243.9 1.5
Woven -0.4 60.5 0.5 60.5 225 0.0
Nonwoven 1.4 58.6 52 58.2 271.4 0.7
SwW 90 Without 14.2 49.9 9.8 50.1 449 0.4
Uniaxial 9.4 55.6 8.3 55.3 13.3 0.5
Biaxial 13.1 56.2 17.7 55.8 35.1 0.7
Woven 28.9 54.8 45.1 54.7 56.1 0.2
Nonwoven 35.1 54.7 412 54.3 17.4 0.7

Table 6 Shear strength improvement (C;) for peak shear stress

Reinforced soil sample Circular box D = 63 mm

Square box L = 100 mm

Difference between two types of box (%)

Soil type (Dr)  Geosynthetic ~ Vertical stress, g, (kPa)

Vertical stress, o, (kPa)

Vertical stress, o, (kPa)

type

15.7 314 62.8 15.7 314 62.8 15.7 314 62.8

SW (10 %) Uniaxial 1.44 1.24 1.14 1.25 1.17 1.11 15.2 6.0 2.7
Biaxial 1.15 1.09 1.06 1.03 1.03 1.04 11.7 5.8 1.9

Woven 1.61 1.32 1.18 1.26 1.18 1.13 27.8 11.9 44

Nonwoven 1.75 1.40 1.22 1.37 1.24 1.16 27.7 12.9 5.2

SW (90 %) Uniaxial 1.19 1.23 1.25 1.23 1.23 1.23 34 0.0 1.6
Biaxial 1.47 1.35 1.27 1.31 1.27 1.23 12.2 6.3 3.3

Woven 1.56 1.43 1.34 1.16 1.19 1.21 34.5 20.2 10.7

Nonwoven 1.85 1.58 1.41 1.45 1.37 1.29 27.6 15.3 9.3

SM (10 %) Uniaxial 1.88 1.56 1.39 1.80 1.52 1.38 44 2.6 0.7
Biaxial 1.26 1.27 1.28 1.63 1.46 1.38 29.4 15.0 7.8

Woven 2.10 1.70 1.50 2.21 1.78 1.55 5.2 4.7 3.3

Nonwoven 1.60 143 1.34 1.48 1.41 1.37 8.1 14 2.2

SM (90 %) Uniaxial 1.11 1.16 1.21 1.21 1.22 1.23 9.0 52 1.7
Biaxial 1.29 1.30 1.31 1.23 1.26 1.29 4.9 32 1.6

Woven 1.79 1.60 1.45 1.49 1.42 1.36 20.1 12.7 6.6

Nonwoven 1.92 1.68 1.50 1.63 1.49 1.37 17.8 12.8 9.5

for samples in the square box are less than the peak friction
angles for samples in the circular box, the biggest differ-
ence between values of peak friction angle for the two
types of shear box was 3.3 % and presented in silty sand
(SM) dense, reinforced with nonwoven geotextile (see
Table 4). In contrast to peak friction angles, residual fric-
tion angles were slightly higher for the samples in circular
box. The maximum difference between values of residual
friction angle for the two types of box was 1.5 % for
samples of well graded sand (SW) reinforced with biaxial

geogrid (see Table 5). As shown in Table 4, the values of
apparent cohesion for peak shear stress are greater in
square shear box, the maximum difference in the apparent
cohesion between the two types of shear box was 26.8 kPa,
and this value was reached to the well graded sand (SW)
dense, reinforced with uniaxial geogrid. For residual
stresses, the apparent cohesion was also higher in square
box, the biggest difference in the values of apparent
cohesion between the two types of box was 23.8 kPa for
samples of well graded sand (SW) reinforced with
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Table 7 Shear strength improvement (C;) for residual shear stress

Reinforced soil sample Circular box D = 63 mm

Square box L = 100 mm

Difference between two types of box (%)

Soil type (Dr)  Geosynthetic ~ Vertical stress, g, (kPa)

Vertical stress, g, (kPa)

Vertical stress, o, (kPa)

type
15.7 314 62.8 15.7 314 62.8 15.7 314 62.8
SW (90 %) Uniaxial 1.44 1.48 1.50 1.11 1.27 1.38 29.7 16.5 8.7
Biaxial 1.22 1.33 1.39 1.16 1.26 1.32 5.2 5.6 53
Woven 1.51 1.52 1.53 1.32 1.41 1.46 144 7.8 4.8
Nonwoven 1.50 1.46 1.44 1.88 1.69 1.56 253 15.8 8.3
SM (90 %) Uniaxial 0.99 1.07 1.14 1.08 1.13 1.16 9.1 5.6 1.8
Biaxial 1.11 1.17 1.21 1.43 1.35 1.30 28.8 154 7.4
Woven 1.56 1.43 1.33 2.35 1.89 1.57 50.6 322 18.0
Nonwoven 1.74 1.54 1.39 2.21 1.79 1.51 27.0 16.2 8.6

Table 8 Values of /¢ for peak shear stress

Reinforced soil sample Circular box D = 63 mm

Square box L = 100 mm

Difference between two types of box (%)

Soil type (Dr)  Geosynthetic ~ Vertical stress, o, (kPa) Vertical stress, o, (kPa) Vertical stress, o, (kPa)
ype 15.7 314 62.8 15.7 314 62.8 15.7 314 62.8
SW (10 %) Uniaxial 1.61 1.62 1.37 1.73 1.62 1.60 7.5 0.0 16.8
Biaxial 0.60 1.01 0.42 0.76 0.96 0.83 26.7 52 97.6
Woven 1.23 1.17 0.64 1.42 1.17 0.96 15.4 0.0 50.0
Nonwoven 1.36 1.28 0.81 1.50 1.42 1.10 10.3 10.9 35.8
SW (90 %) Uniaxial 1.42 1.44 1.43 1.49 1.51 1.49 4.9 4.9 4.2
Biaxial 1.43 1.38 1.32 1.49 1.48 1.44 4.2 7.2 9.1
Woven 1.29 1.31 1.13 0.68 1.42 1.27 89.7 8.4 12.4
Nonwoven 1.35 1.38 1.18 1.46 1.43 1.37 8.1 3.6 16.1
SM (10 %) Uniaxial 1.99 1.96 1.85 2.02 2.06 1.97 1.5 5.1 6.5
Biaxial 1.51 1.07 1.37 1.86 1.95 1.81 23.2 82.2 32.1
Woven 1.58 1.42 1.15 1.85 1.85 1.62 17.1 30.3 40.9
Nonwoven 1.33 0.97 0.90 1.55 1.54 1.43 16.5 58.8 58.9
SM (90 %) Uniaxial 1.44 1.40 1.44 1.53 1.52 1.51 6.3 8.6 4.9
Biaxial 1.42 1.40 1.37 1.50 1.48 1.48 5.6 5.7 8.0
Woven 1.44 1.36 1.27 1.50 1.44 1.41 4.2 5.9 11.0
Nonwoven 1.45 1.40 1.29 1.50 1.48 1.41 34 5.7 9.3

nonwoven geotextile (see Table 5). Shear strength
improvement (Tables 6 and 7) shows a maximum differ-
ence of 29.4 % between both shear boxes.

Type of Geosynthetics
Reinforced soil samples have higher shear stresses relative
to samples without reinforcement. The maximum values of

peak and residual shear stress were 180.91 and 133.42 kPa,
these values are presented for samples of silty sand (SM)

@ Springer

dense, reinforced with woven geotextile in square shear
box. Based on the data failure envelopes presented in
Fig. 10, can be seen that the samples reinforced with non-
woven geotextile showed failure envelopes with shear
stresses higher except for samples of silty sand (SM) loose,
where the failure envelope with higher shear stresses was
achieved for samples with woven geotextile. Similar results
were presented for the apparent cohesion (see Table 4), the
samples with nonwoven geotextile reached higher values
for apparent cohesion, except in the samples of silty sand



Int. J. of Geosynth. and Ground Eng. (2016) 2:17

Page 15 of 16 17

Table 9 Values of /¢ for residual shear stress

Reinforced soil sample Circular box D = 63 mm

Square box L = 100 mm

Difference between two types of box (%)

Soil type (Dr)  Geosynthetic ~ Vertical stress, g, (kPa)

Vertical stress, g, (kPa)

Vertical stress, o, (kPa)

type
15.7 314 62.8 15.7 314 62.8 15.7 314 62.8
SW (90 %) Uniaxial 1.35 1.43 1.33 1.35 1.38 1.44 0.0 35 8.3
Biaxial 1.12 1.27 1.01 1.21 1.22 1.30 8.0 3.9 28.7
Woven 0.87 1.05 0.73 0.92 1.11 1.11 5.7 5.7 52.1
Nonwoven 0.97 0.98 0.68 1.27 1.15 1.17 30.9 17.3 72.1
SW (90 %) Uniaxial - 0.82 1.17 - 1.37 1.33 - 67.1 13.7
Biaxial 0.83 0.87 0.93 1.35 1.29 1.28 62.7 48.3 37.6
Woven 0.89 0.78 0.70 1.29 1.22 1.14 44.9 56.4 62.9
Nonwoven 0.94 0.89 0.75 1.27 1.21 1.11 35.1 36.0 48.0

(SM) loose, where apparent cohesion was greater for sam-
ples with woven geotextile. However, although the samples
reinforced with geotextile are showed higher values of shear
stresses, the higher friction angles of reinforced soil were
achieved for the samples reinforced with geogrids, as seen
in Tables 4 and 5. This occurs because the failure envelopes
of these samples had higher slopes compared to the other
samples. For the samples of well graded sand (SW) dense,
the best and worst shear strength improvement occurs for
samples reinforced with uniaxial and biaxial geogrid
respectively. For samples of silty sand (SM), maximum
shear strength improvement occurs for samples reinforced
with biaxial geogrid in loose and dense sand. The values of
peak and residual apparent friction angle in the normalized
form, 6/¢, showed the optimum behaviour for samples
reinforced with geogrid for both types of soil used in the
tests (see Tables 8 and 9). The behavior of reinforced soil
composite obtained from this study is mainly pertinent to
geosynthetic properties presented in Table 2 so additional
testing is required to present a complete comparison of
geotextile-soil and geogrid-soil composite.

Conclusions

This paper presents the results of direct shear tests program,
carried out in order to establish the effect of some factors on
the frictional behaviour of geosynthetic reinforced soil
composite. The variables considered in the tests were: two
types of granular soil, samples with two relative densities,
two types of shear box and 4 types of geosynthetic included.
From the study, the follow conclusions can be drawn:

1. Peak friction angles of reinforced soil for samples of
loose sand increased between 0.8 and 8.2° depending
on the type of geosynthetic employee; Apparent

cohesion presented in reinforced soil was higher for
the samples reinforced with geotextile, which reached
maximum values of cohesion of 65.7 kPa for samples
reinforced with nonwoven geotextile in dense soil.
Sample size had no significant effect on the shear
parameters of geosynthetic reinforced soil composite,
the friction angle of reinforced soil presented similar
values in the two types of shear box and apparent
cohesion was slightly higher for samples prepared in
shear square box of 100 x 100 mm”. The maximum
difference in the apparent cohesion between the two
types of shear box was 23.6 kPa, which is a value of
cohesion that does not have much influence on the
shear strength of the soil. Tests may be conducted
using a large shear box to verify the sample size effect.
The improvement achieved in the shear strength by
including a geosynthetic layer in the soil mass was
greater in samples reinforced with geogrid, the max-
imum values of shear strength improvement, C;, were
2.21. The improvement achieved in dense samples was
similar to peak and residual stresses. The behavior of
geosynthetic reinforced soil composite depends on
specific properties of geosynthetic and soil, these
findings cannot be generalized and need to be verified
for other types of geosynthetic-soil composite.

The interaction at the geosynthetic—soil interface can
be represented by an apparent friction angle J, and
this value is determined from experimental investi-
gation. Evaluation of the apparent interface friction
angle in the normalized form 6/¢p (maximum and
mobilized values), are found from the range from
2.06 to 0.42 and this ratio reached minimum values
for high vertical stress. The maximum values of /¢
are presented for dense samples reinforced with
uniaxial geogrid.
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