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Abstract: The contribution of transverse ribs to the soil-geogrids interaction under pullout mode has been well documented. However,
the contribution of transverse ribs to the soil-geogrid interaction under direct shear mode is, at best, unclear. Consequently, this paper
presents the results of a comprehensive direct shear testing program aimed at evaluating the contribution of transverse ribs to the interface
shear. The direct shear tests involved Ottawa sand and several polyester geogrids with a variety of material tensile strength, percent open
area, and aperture pattern. The test results show that the shear strength of sand-geogrid interfaces under direct shear mode is significantly
higher than that of sand-geotextile interfaces. Analysis of shear displacement-strength response of the interfaces indicates that, in addition
to interface shear components due to sand-rib friction and sand-sand shear at the location of the openings, the transverse ribs provide
additional contribution to the overall sand-geogrid interface resistance. Specifically, analysis of the results reveals that the transverse ribs
of the geogrid used in this study provide approximately 10% of interface shear resistance. This contribution is positively correlated with
the tensile strength and the stiffness of geogrid ribs, but is negatively correlated with the percent open area of the geogrid. A simple model
is proposed to quantify the contribution of transverse ribs to the interface shear strength under direct shear mode.
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Introduction

The contribution of transverse ribs to the soil-geogrid interaction
has been quantified in the technical literature by passive resis-
tance mechanisms using pullout tests �e.g., Koerner et al. 1989;
Jewell 1990; Bergado et al. 1993; Sugimoto et al. 2001; Palmeira
2004; Teixeira et al. 2007�. The pullout failure mode plays a
significant role in the design of geogrid-reinforced soil structures
and it has been used for evaluation of internal stability of rein-
forced soil walls. However, the design of geogrid-reinforced soil
structures should also assess the response of the structure for the
case of failure surfaces that may develop along the soil-geogrid
interface �i.e., direct shear failure mode�. The contribution, if any,
of transverse ribs to the soil-geogrid interaction under direct shear
mode has not been properly quantified. Quantification of this con-
tribution is the focus of this investigation. Proper representation
of the soil-geosynthetic interfaces under direct shear mode is also
important for numerical simulation of the deformation response
of retaining structures �e.g., Hatami and Bathurst 2006�. The
shear strength of soil-geogrid interfaces has been investigated
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using direct shear tests by Jarret and Bathurst �1985�, Cancelli
et al. �1992�, Bauer and Zhao �1993�, Cazzuffi et al. �1993�,
Bakeer et al. �1998�, and Abu-Farsakh and Coronel �2006�. While
previous studies have provided good insight into the interface
shear strength along soil-geogrid interfaces, the actual passive
resistance contribution of transverse ribs has not been clearly
identified.

In the case of geomembranes and geotextiles, the interface
shear resistance against soil results solely from the shear resis-
tance between the geosynthetic surface against soil particles be-
cause soil particles are not interlocked with openings. However,
the interaction mechanisms under direct shear mode between soil
and geogrids are more complex than those between soil and sheet
geosynthetics. Geogrids are characterized by a combination of
longitudinal and transverse ribs. Therefore, the interactions be-
tween soil and geogrid may include the following mechanisms:
�1� shear resistance between soil and the surface of the geosyn-
thetic �the ribs, in the case of geogrids�; �2� internal shear resis-
tance of the soil �in the opening area�; and �3� passive resistance
of the transverse ribs. The mechanisms �1� and �2� have been
quantified by researchers such as Alfaro et al. �1995� and Tatlisoz
et al. �1998�. On the other hand, while the contribution of geogrid
transverse ribs has been recognized to provide significant passive
resistance for the case of interaction under pullout mode �e.g.,
Jewell 1990; Bergado et al. 1993; Palmeira 2004�, the contribu-
tion of transverse ribs under direct shear mode is a subject of
controversy. For example, Lopez �2002� reported that the contri-
bution of the passive resistance induced by the transverse ribs of
geogrids is almost negligible under direct shear mode. On the
other hand, Bergado et al. �1993� stated that the apertures of geo-
grids provided significant passive resistance in a series of direct
shear tests on high-density polyethylene �HDPE� geogrid-soil in-
terfaces. Consequently, this study aims at clarifying the contribu-
tion of geogrid transverse ribs to the shear strength of geogrid-soil
interfaces.

The soil-geogrid interaction under direct shear mode may gov-

ern the stability of geosynthetic reinforced soil structures. How-
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ever, most studies on soil-geogrid interfaces have focused on
reporting the overall interface shear strength, with little insight
into identifying the different components contributing to the in-
terface shear resistance. In order to evaluate the relative contribu-
tion of the three aforementioned mechanisms to the overall shear
resistance of soil-geogrid interfaces, a series of large-scale direct
shear tests was conducted as part of this study. The test results
obtained from this experimental testing program allow quantify-
ing these various components in order to further the understand-
ing of the soil-geogrid interface shear properties.

Material Used in the Experimental Programs

Ottawa sand was used in the direct shear tests conducted through-
out this study. This sand, which classifies as SP according to the
Unified Soil Classification System, was used at a water content of
approximately 4.5%, which corresponds to air-dried conditions.
The dry unit weight of the compacted soil specimens was
16.7 kN /m3, which corresponds to a relative density �Dr� of
80%. Six geosynthetics, including a woven geotextile and five
geogrids, were used in this study. The six geosynthetics are de-
noted as GT, GG1, GG2, GG3, GG4, and GG5, respectively. For
consistency in the analysis of the results presented as part of this
study, the selected geosynthetics were manufactured using poly-
ester �PET� yarns coated with PVC. The geogrids are commer-
cially available products, produced by a single manufacture,
while the PVC-coated geotextile was specially manufactured by
the same provider for the purposes of this study. The physical
characteristics of these geosynthetics are listed in Table 1. These
characteristics include the size of apertures, width of ribs, percent
open area �i.e., the ratio of overall aperture area to geogrid area�,
stiffness of geogrid at 2% strain, and ultimate tensile strength. As
will be discussed, geogrids GG6, GG7, GG8, and GG9 were ob-
tained by removing ribs to other geogrid products.

Test Equipment and Procedures

A large-scale direct shear device was used in this study, which

Table 1. Geosynthetic Geometric Characteristics

Material

Aperture
length l
�mm�

Aperture
Width w

�mm�

Longitudinal
rib width lw

�mm�

Trans
rib wi

�mm

GT — — — —

GG1 26.5 22.1 6.6 4

GG2 26.3 21.6 6.9 4

GG3 26.6 18.5 10.1 4

GG4 7 7 2.5 3

GG5 36.9 17.3 15 1

GG6 17.2 7 2.5 3

GG7 17.2 16.5 2.5 3

GG8 57.8 18.5 10.1 4

GG9 436 7 2.5 3

GG1T 22.1 26.5 4.7 6

GG2T 21.6 26.3 4.6 6

GG3T 18.5 26.6 4.6 10
consisted of a rigid steel base constructed with U-shaped steel
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beams. The length, width, and thickness of the upper and lower
shear boxes were 450, 450, and 130 mm, respectively. The shear-
ing area was 0.2025 m2. As indicated in Federal Highway Ad-
ministration �2001�, because interaction behavior between
geogrids and soils is complex, a large testing area should be used
to characterize interfaces involving geogrids. The length and
width of the shear box exceeded 15 times the maximum size of
the apertures of the geogrids used in this study. The movement of
the lower shear box in the horizontal direction was controlled by
a set of gears mobilized by an electric motor. The vertical loading
system involved a hydraulic jack acting against a rigid reaction
frame that applied the normal load on a rigid plate placed on top
of the upper shear box. This loading system allowed good control
of the normal stress during testing, even when the soil showed
significant volumetric changes �dilatancy or contraction� during
shearing. The variation of normal load during testing was below
2%, which satisfies the ASTM D5321 requirement �ASTM 2002�.
The system was capable of applying vertical and shear forces of
up to 10,000 kN. Fig. 1 shows a frontal view of the large-scale
direct shear device used in this study. The applied vertical force,

Percent
open area

�%�

Stiffness of
geogrid ribs

�kN/m�

Ultimate tensile strength
�kN/m�

Machine
direction

Cross-machine
direction

— — 100 50

65 20.3 60 30

64 23.5 100 30

55 49.8 200 40

49 22.2 100 100

46 48.9 200 40

61 19.8 100 50

72 14.5 50 50

60 42.4 200 20

73 17.1 100 0

65 10.8 30 60

64 12.6 30 100

55 15.3 40 200

Fig. 1. View of large-scale direct shear apparatus
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vertical displacement, applied shear force, and horizontal dis-
placement of lower shear box were recorded throughout the tests.
These data were collected using two load cells and two linear
variable displacement transformers �LVDTs�. The capacity of the
load cells was 10,000 kN while the range of the vertical and
horizontal LVDTs were 50 and 100 mm, respectively.

The Ottawa sand used in the large-scale direct shear testing
program was placed at the target unit weight within the lower
shear box. The sand was compacted in three layers using an elec-
tric vibrator. The geosynthetic specimen was then positioned on
top of the lower shear box and subsequently clamped on the front
edge of the lower shear box using seven aligned bolts and a steel
clamping block. The direct shear tests were conducted using nor-
mal loads of 8.5, 18.5, and 38.0 kN, which correspond to nominal
normal stresses of 42, 92, and 187 kPa, respectively. The testing
procedure involved applying the normal load and monitoring the
vertical displacement of the specimens during the test. The shear
load was only applied after the vertical displacement had reached
equilibrium after applying the vertical load. Consistent with
ASTM D5321, a shear displacement rate of 1 mm/min was used
during testing. Excess pore water pressures generated at the inter-
face of air-dried Ottawa sand and geogrid, if any, would dissipate
at this displacement rate. The tests were terminated when the
shear displacement reached approximately 69 mm �i.e., about
15% shear strain, which corresponds to the maximum travel al-
lowed in the equipment�. The maximum shear strength obtained
during the shear process was recorded as the peak shear strength.

Scope of the Testing Program

A set of large-scale direct shear tests were initially performed
with the objective of quantifying the internal shear strength of
Ottawa sand and therefore the contribution of shear resistance
through the geogrid openings. Subsequently, the interface shear
strength between the woven geotextile and the sand was deter-
mined with the objective of quantifying the component of shear
resistance that develops between the sand and the surface of the
geogrids ribs. These components were used as reference values in
the analysis of subsequent tests conducted to evaluate the sand-
geogrid interface shear strength. Of particular interest was the
study of the effect of longitudinal ribs, transverse ribs, and per-
cent open area on the shear strength of sand-geogrid interface. For
the purpose of increasing the range of geometric characteristics of
the geogrids, a fraction of longitudinal and transverse ribs of geo-
grids GG3 and GG4 was removed in order to obtain specimens
with larger percent open area. Specifically, GG6 corresponds to
the geogrid in which half of the transverse ribs of geogrid GG4
were removed, GG7 corresponds to the geogrid in which half of
the transverse and longitudinal ribs of geogrid GG4 were re-
moved, GG8 corresponds to the geogrid in which half of the
transverse ribs of geogrid GG3 were removed, and GG9 corre-
sponds to the geogrid in which all the transverse ribs of geogrid
GG4 were removed. Fig. 2 shows a view of the various geosyn-
thetics used in this study. Direct shear tests were also conducted
using GG1, GG2, and GG3 specimens tested in the cross-machine
direction. The transposed arrangements allowed evaluation of re-
inforcements with different longitudinal and transverse tensile
strength values but with the same percent open area. The geogrids
tested in the cross-machine direction are denoted as GG1T,

GG2T, and GG3T, respectively.
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Direct Shear Test Results

The shear stress versus shear displacement curves obtained from
the direct shear tests conducted on sand, on sand-geotextile inter-
faces, and on sand-GG3 interfaces are shown in Fig. 3. The sand
internal and sand-geotextile interfaces show a reasonably well-
defined peak shear strength, which is reached at comparatively
small shear displacements �usually below 20 mm�. The shear
stress at any shear displacement value �and in particular the peak
shear strength� obtained from direct shear tests on sand is consis-
tently higher than that obtained from direct shear tests on the
sand-geotextile interface. On the other hand, the shear stress-
displacement behavior of the sand-geogrid interface shows a dif-
ferent pattern. Specifically, a “yield” shear stress with a value
slightly higher than the peak shear strength of the sand-geotextile
interface develops at a shear displacement similar to the shear
displacement at peak of the sand-geotextile interface �below

Fig. 2. Geosynthetic specimens used in this investigation

Fig. 3. Shear stress-displacement behavior of Ottawa sand, sand-
geotextile interface, and sand-GG3 interface
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20 mm�. The shear stress of the sand-geogrid interface continues
to increase beyond this yield shear stress, approaching to the
peak shear strength of the sand for comparatively large shear
displacement values. That is, the sand-geogrid response is bound
between the sand-geotextile and sand shear stress-displacement
curves within the range of shear displacement used in this study
�69 mm�. It should be noted that the geogrids and woven geotex-
tiles used in this testing program have been manufactured using
the same material �PVC-coated PET yarns�. The shear displace-
ment at peak for the sand-geogrid interface is always larger than
the shear displacement at peak for the Ottawa sand and for the
sand-geotextile interfaces. These results suggest that the internal
shear resistance of the sand particles �across the openings, in the
case of the geogrid� and the shear resistance between sand and the
surface of the geosynthetics �surface of the ribs, in the case of the
geogrid� contribute to the overall direct shear resistance at small
displacements. On the other hand, the passive resistance devel-
oped by transverse ribs of the geogrid appears to contribute to the
overall shear resistance at comparatively larger displacements.

The vertical displacement versus shear displacement curve ob-
tained from the direct shear test on the sand-GG3 interface is
shown in Fig. 4. As shown in the figure, the geogrid-sand inter-
face undergoes an initial vertical contraction for small values of
shear displacement. Subsequently, the specimen exhibits dila-
tancy for larger values of shear displacement. A comparison with
the vertical deformation behavior of pure sand, also shown in the
figure, reveals that the geogrid-sand interface experiences com-
paratively smaller vertical displacement during shearing. It is in-
teresting to note that the maximum dilatancy of the sand-GG3
occurs at the shear displacement that corresponds to the yield
shear stress rather than at the shear displacement that corresponds
to the peak shear strength of the interface.

It is recognized that the ultimate shear strength that can be
achieved by the soil-geogrid interfaces may exceed the failure
criterion adopted in this study �i.e., shear at a maximum shear
displacement of 69 mm�. Consequently, it is important to high-
light the relevance of the yield stress observed in the shear stress-
displacement behavior of the soil-geogrid interfaces. Its relevance
stems from two main aspects. First, the yield stress appears to
correspond to the maximum contribution to interface shear pro-
vided by the aforementioned mechanisms �1� and �2�. Second, the
yield stress takes place at a shear displacement that is consistent

Fig. 4. Vertical displacement versus shear displacement results for
direct shear tests of Ottawa sand �internal�, sand-geotextile interface,
and sand-GG3 interface
in magnitude with the shear displacement at peak of the sand-
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geotextile interface and of the pure sand. Consequently, compari-
son of the yield stress of sand-geogrid interfaces with the peak
shear strength of sand-geotextile interfaces provides insight into
the shear stresses at an equivalent level of displacement. The peak
and yield shear strength of sand-GG3 interface is presented in
Fig. 5. A linear shear strength envelope fitting the experimental
results would define a cohesion intercept. This intercept may be
induced by negative pore water pressure due to small water con-
tent in sand, or is probably due to nonlinearity of the shear
strength envelope. The conventional Mohr-Coulomb failure crite-
rion is not used to fit the shear strength data. The peak internal
shear strength of Ottawa sand ��sand� at each normal stress used in
the testing program was adopted as a baseline shear strength
value. The shear strength values of sand-geosynthetic interfaces
��sand-geosynthetic� were normalized using the baseline values at the
corresponding stress level ��n=42, 92, and 187 kPa�. The normal-
ized value is identified as the interface shear strength coefficient,
�, in this study. Similar relationships have been identified in the
literature as the “bond coefficient” �Bergado et al. 1993�, and the
“interface efficiency” �Tatlisoz et al. 1998�. That is

� = �sand-geosynthetic/�sand �1�

The interface shear strength coefficients of different sand-geogrid
interfaces are shown in Fig. 6. Consistent with the test results

Fig. 5. Peak shear strength of Ottawa sand �internal�, sand-geotextile
interface, and sand-GG3 interface

Fig. 6. Interface shear strength coefficient, �, for the different sand-
geosynthetic interfaces
EERING © ASCE / DECEMBER 2009



presented in Fig. 5 for one set of interface shear tests, Fig. 6
shows that the sand-geotextile interface strength is significantly
lower than the shear strength of the sand. Since the size of aper-
tures in the woven geotextile is too small to allow for direct
contact between sand particles, the shear resistance of this inter-
face can be attributed to a single mechanism, that is, shear be-
tween the geosynthetic surface and the sand particles. The
interface shear strength coefficient ��� of sand-geotextile ranges
from 0.7 to 0.8. Similar values have been reported in technical
literatures �e.g., Martin et al. 1984�. That is, the shear strength of
the soil-geotextile interface is lower than the shear strength of the
soil. The yield stress of the various sand-geogrid interfaces are
also shown in Fig. 6. As shown in this figure, and consistent with
the remarks made previously for the case of GG3 test results, the
yield stress of sand-geogrid interfaces is similar to the peak
strength of the sand-geotextile interface, while the “peak”
strength of sand-geogrid interface is approaching the peak shear
strength of the sand ��=1�.

The interface shear strength coefficient ��� values for the dif-
ferent sand-geogrid interfaces are listed in Table 2. It can be ob-
served that the interface shear strength coefficient ��� of sand-
geogrid interfaces generally ranges from 0.9 to 1, although some
values are as high as 1.07. The mean interface shear strength
coefficient of each sand-geogrid interface was calculated as the
average of the three values obtained at each normal stresses. For
the sand-geogrid interfaces tested in this study, the mean interface
shear strength coefficient ranges from 0.92 to 1.01, with standard
deviation values ranging from 0.02 to 0.06.

The � values obtained in this study are generally consistent
with those reported in previous investigations. Cancelli et al.
�1992� reported interface shear strength coefficients ranging from
1.04 to 1.12 for interfaces between HDPE and polypropylene �PP�
geogrids against sand, Cazzuffi et al. �1993� reported interface
shear strength coefficient of 0.97 for sand-HDPE geogrid inter-
face, while Bakeer et al. �1998� reported interface shear strength
coefficient of 0.92 for lightweight aggregrate-HDPE geogrid in-
terface. Abu-Farsakh and Coronel �2006� found interface shear
strength coefficients for sand-PET geogrid interface ranging
from 0.90 to1.05 for various conditions of soil density and water
content.

The interface shear strength of sand-geogrid interface obtained

Table 2. Direct Shear Test Results

Interface

Normal stress=42 kPa Normal stress=92 k

�max

�kPa� � 

�max

�kPa� �

Sand 40.1 1.00 — 77.6 1.00
Sand-GT 29.1 0.72 — 55.0 0.71
Sand-GG1 38.7 0.96 0.06 71.5 0.92
Sand-GG2 40.4 1.01 0.11 72.3 0.93
Sand-GG3 39.1 0.97 0.10 71.4 0.92
Sand-GG4 39.1 0.98 0.12 73.1 0.94
Sand-GG5 39.2 0.98 0.13 69.4 0.89
Sand-GG6 39.6 0.99 0.09 74.1 0.95
Sand-GG7 39.6 0.99 0.07 75.9 0.98
Sand-GG8 39.7 0.99 0.10 70.0 0.90
Sand-GG9 37.8 0.94 0.02 70.2 0.90 �

Sand-GG1T 39.4 0.98 0.08 72.7 0.94
Sand-GG2T 39.1 0.97 0.07 69.5 0.90
Sand-GG3T 40.4 1.01 0.13 70.7 0.91
in this study is higher than that of sand-geotextile interface. The
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higher interface shear strength is attributed to the effect of geogrid
apertures and transverse ribs, which provide passive resistance
even under direct shear mode. The pattern of shear stress-
displacement of the sand-geogrid interface shown in Fig. 3 pro-
vides evidence that the additional strength is developed from
passive resistance induced by the transverse ribs. This is because
passive resistance mechanisms develop at comparatively large
shear displacements. On the other hand, mechanisms involving
shear resistance between sand and the surface of the geosynthetic
�see pattern of sand-geotextile interface� or internal shear resis-
tance of the sand �see pattern of internal sand shear strength�
develop at comparatively small shear displacements.

The shear strength of sand-geogrid interfaces under direct
shear mode has been usually attributed to shear resistance be-
tween sand and the surface of the geosynthetic �the ribs, in the
case of geogrids�, and internal shear resistance of the sand �in the
geogrid openings�. A conventional expression �e.g., Bergado et al.
1993� proposed to predict the shear strength in a sand-geogrid
interface mobilized under direct shear mode is

�sand-geogrid = �n � ��1 − ��tan � + � tan �ds� �2�

where �=percent open area of geogrid; �=interface friction angle
between sand and geosynthetic; and �ds=internal friction angle of
sand obtained from direct shear tests. Eq. �2� can be rearranged as

�sand-geogrid = ��1 − ���sand-geosynthetic + � tan �sand� �3�

That is, the interface shear strength of sand against geogrid is
estimated by adding the shear strength of sand and the shear
strength of the sand-geosynthetic interface, weighted respectively
by the percent open area and the geosynthetic area ratio. The
geosynthetic area ratio, which equals �1−��, is the ratio of the
area of ribs �longitudinal and transverse� to the total geogrid area.
Information about the percent open area and the geosynthetic area
ratio for the materials used in this study is shown in Table 1,
while the shear strength of sand ��sand� is shown in Table 2. In
addition, the shear resistance between sand and the surface of the
geosynthetic ��sand-geosynthetic� was defined in this study using the
results reported in Table 2 from direct shear tests conducted on
sand-geosynthetic interfaces. These measured values were used
with Eq. �3� to predict the shear strength of each sand-geogrid

Normal stress=187 kPa

	� �� 	
 �


�max

�kPa� � 


142.7 1.00 — 1.00 0 — —
110.8 0.78 — 0.74 0.035 — —
136.7 0.96 0.04 0.95 0.024 0.04 0.020
137.4 0.96 0.04 0.97 0.038 0.06 0.038
131.8 0.92 0.02 0.94 0.031 0.06 0.038
151.9 1.06 0.18 0.99 0.064 0.13 0.046
133.0 0.93 0.05 0.93 0.041 0.08 0.042
142.6 1.00 0.09 0.98 0.023 0.08 0.013
152.8 1.07 0.13 1.01 0.051 0.09 0.041
134.8 0.94 0.03 0.95 0.043 0.05 0.043
133.3 0.93 �0.01 0.93 0.020 0.00 0.017
129.0 0.90 �0.02 0.94 0.039 0.03 0.048
126.4 0.89 �0.03 0.92 0.049 0.01 0.055
131.0 0.92 0.02 0.95 0.054 0.06 0.059
Pa




—
—
0.02
0.04
0.05
0.09
0.05
0.07
0.06
0.02
0.02
0.04
0.00
0.04
interface, accounting only for the shear resistance between sand
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and the surface of the geogrid ribs, and the internal shear resis-
tance of the sand �mechanisms �i� and �ii��. The differences be-
tween the measured and predicted shear strength are shown in
Fig. 7, which indicates that the shear strength predicted by Eq. �3�
does not compare well with the measured values. In most cases,
the magnitude of the predicted shear strength is smaller than the
measured value. Also, the peak shear strength of sand-geotextile
interfaces develops at smaller shear displacements than the peak
shear strength of sand-geogrid interfaces. Consequently, an addi-
tional mechanism should be contributing to the shear resistance of
sand-geogrid interfaces at comparatively large shear displace-
ments. These test results provide evidence that the passive resis-
tance induced by transverse ribs �i.e., mechanism �3�� provides an
additional sand-geogrid interface shear strength under direct shear
mode.

Passive Resistance Contribution to Sand-Geogrid
Interface Shear Strength

Inspection of the shear stress-displacement behavior of sand-
geogrid interfaces �Fig. 4� and evaluation of the difference be-
tween measured and predicted interface shear strength when
considering only mechanisms �1� and �2� provided evidence that
passive resistance �mechanism 3� also contributes to the shear
strength of sand-geogrid interfaces. A parameter is proposed to
quantify the passive resistance contribution to the overall shear
strength of sand-geogrid interfaces. Specifically, the passive resis-
tance contribution ratio, 
, is defined as


 = ��sand-geogrid − �1 − ���sand-geotextile − � tan �sand�/�sand-geogrid

�4�

That is, the passive resistance contribution is quantified as the
difference between the measured overall direct shear strength and
the pure shear resistance �mechanisms �1� and �2��. The parameter

 is the ratio between the passive resistance contribution and the
overall direct shear strength.

The passive resistance contribution ratio �
� of different sand-
geogrid interfaces are listed in Table 2. The results show that most
of the 
 values of sand-geogrid interface range from 0 to 0.1,
although some cases 
 is as high as 0.18. Of particular interest is
the passive resistance contribution ratio �
� of test GG9, as all

Fig. 7. Deviation of measured shear strength from value predicted by
Eq. �3�
transverse ribs were removed. The 
 values obtained for test GG9
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are essentially negligible �0.02, �0.02, and �0.01 for normal
stress of 42, 92, and 187 kPa, respectively�. These results provide
evidence that transverse ribs provide a passive resistance contri-
bution under direct shear mode.

The passive resistance contribution ratio, 
, for different sand-
geogrid interfaces are shown in Fig. 8. The average and standard
deviation of 
 values for different normal stress level are also
shown in the figure. The results show that the average 
 value is
largest �
=0.09� for a normal stress of 42 kPa, indicating that the
passive resistance contribution is more significant at low stress
levels. The passive resistance contribution ratio is similar for nor-
mal stress values of 92 and 187 kPa �approximately 0.05�. How-
ever, the variability in 
 value increases with increasing normal
stress levels.

The mean passive resistance contribution ratio �
� of each
sand-geogrid interface was calculated by averaging the three val-
ues obtained for tests conducted at different normal stresses. Sta-
tistical data of the 
 value for different sand-geogrid interfaces
are listed in Table 2. The average 
 values range from 0 to 0.13,
with standard deviation values ranging from approximately 0.01
to 0.05. It is noted that 
 values range from 0.04 to 0.13 for
commercially available geogrid products �GG1 to GG5�. These
results indicate that the passive resistance contribution is relevant
under direct shear mode.

Two limitations are noted in the evaluation of the passive re-
sistance contribution by Eq. �4�. First, the shear stress of the sand-
geogrid interface appears to continue to increase beyond the
maximum displacement of 69 mm that corresponds to the maxi-
mum travel of the equipment used in this study. Consequently, the
passive resistance contributed by geogrid ribs may indeed be
higher than that reported in Table 2. Second, it should be noted
that the calculated 
 values become negative in some cases. Pos-
sible explanation for these results is provided by Palmeira and
Milligan �1989� and Milligan et al. �1990� who reported that pas-
sive resistance mobilization in pullout tests is reduced by the
interface shear mobilization between soil and transverse ribs �and
to a certain extent between soil and longitudinal ribs�. This obser-
vation was confirmed by Teixeira et al. �2007� who conducted a
series of pullout tests on individual longitudinal and transverse
geogrid ribs. They measured a localized reduction in normal
stresses in the vicinity of the longitudinal ribs for the case of
pullout tests. A similar localized reduction in normal stresses may
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Fig. 8. Passive resistance contribution ratio, 
, for different sand-
geogrid interfaces
occur in the vicinity of longitudinal ribs tested under direct shear
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mode. It should be noted that a normal stress reduction is not
expected for sand-geotextile interfaces because of the planar na-
ture of geotextiles. Therefore, the use of sand-geotextile direct
shear test results as shear resistance between sand and the surface
of the ribs ��sand-geotextile� in Eq. �4� may overestimate the shear
resistance between sand and the surface of the geogrid ribs. None-
theless, the contribution of transverse ribs to interface shear
strength, as quantified by Eq. �4�, provides a systematic approach
to calculate the passive resistance contributed by geogrid ribs.

Factors Affecting the Passive Resistance
Contribution

Fig. 9 summarizes the results of a parametric evaluation con-
ducted to quantify the sensitivity of the passive resistance contri-
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Fig. 9. Correlation of the passive resistance contribution ratio, 
, w
aperture length; �d� percent open area; �e� ultimate tensile strength in
direction
bution ratio �
� to other relevant geogrid parameters. Trend lines
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are shown for each normal stress ��n=42, 92, and 187 kPa� to
illustrate the effect of confinement on the passive resistance con-
tribution. Steep trend lines indicate parameters with a significant
effect on 
 while flat trend lines indicate a negligible effect. The
coefficient of determination �R2�, in which R is the correlation
coefficient, for each trend line is also shown in the figures. A
small value of R2 denotes comparatively low correlation with the
selected parameter.

Fig. 9�a� shows that the passive resistance contribution ratio
�
� is positively correlated with the interface shear strength coef-
ficient ���. An increasing value of 
 with increasing � value
�ratio of �sand-geogrid to the internal shear strength of sand� suggests
that the sand-geogrid interface shear strength increases beyond
the sand-geotextile values and are due to the passive contribution
of transverse ribs. Fig. 9�b� shows the correlation of 
 with stiff-
ness of geogrid measured at 2% strain. Fig. 9�c� shows that the
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length. Consequently, the magnitude of passive resistance contri-
bution is positively correlated to the number of transverse ribs.
Fig. 9�d� shows that the passive resistance contribution decreases
with increasing percent open area. Figs. 9�e and f� show the effect
of the tensile strength of longitudinal and transversal ribs on the 

value. Previous studies, conducted using large-scale direct shear
tests on sand-geogrid interfaces, have reported that the tensile
strength of HDPE and PP geogrids has little effect on interface
shear strength �e.g., Cancelli et al. 1992�. However, the test re-
sults obtained in this study indicate that increasing tensile strength
of PET geogrids leads to higher passive resistance contribution.
Although these correlations are not strong, similar trends were
observed in both the machines and cross-machine directions.

Conclusions

A series of large-scale direct shear tests was conducted to evaluate
the sand-geogrid interface shear strength using Ottawa sand and a
variety of geosynthetics. Particular emphasis was placed on quan-
tifying the contribution of passive resistance mechanisms to the
overall shear strength of sand-geogrid interfaces. The main con-
clusions that can be drawn from this investigation are as follows:
• In addition to the shear resistance components �sand internal

and sand-geogrid rib interfaces�, the passive resistance in-
duced by transverse ribs provides an additional contribution to
the shear strength of sand-geogrid interfaces under direct shear
mode.

• The passive resistance contribution under direct shear mode
takes place at shear displacement values that are compara-
tively large �i.e., larger than the shear displacement at peak of
the soil�. Consequently, a soil-geosynthetic system can rely on
increased interface shear strength �beyond that induced by in-
ternal shear mechanisms� but only after developing compara-
tively large shear displacements.

• The shear stress-displacement behavior of sand-geogrid inter-
faces shows a different pattern from that of the sand-geotextile
and sand-sand interfaces. A yield shear stress with a value
slightly higher than the peak shear strength of the sand-
geotextile interface is observed at a shear displacement value
similar to the displacement corresponding to the peak sand
shear strength. The shear stress of the sand-geogrid interface
continues to increase, with a peak interface shear strength ap-
proaching the shear strength of the sand at comparatively large
shear displacements.

• The interface shear strength coefficient ��� for the sand-
geogrid interfaces tested in this study ranges from 0.92 to 1.01.
Conventional equations proposed to predict the sand-geogrid
interface shear strength shows that the predicted values are
smaller than the measured results.

• The passive resistance contribution ratio �
� is proposed to
quantify the passive resistance contribution in relation to the
overall shear strength of sand-geogrid interfaces. The passive
resistance contribution ratio averages 6.3% for the sand-
geogrid interfaces tested in this study. These results indicate
that the passive resistance is a relevant contribution under di-
rect shear mode.

• The passive resistance contribution ratio is positively corre-
lated with the interface shear strength coefficient, the geogrid
stiffness, and the tensile strength of longitudinal and transver-
sal ribs, but it is negatively correlated with the aperture length
and percent open area of the geogrid.

This study provides evidence that the passive resistance be-
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tween soil and geogrid interface is not negligible. A simple equa-
tion is proposed to evaluate the contribution of passive resistance
to the overall shear strength of sand-geogrid interface under direct
shear mode.

Notation

The following symbols are used in this paper:
� � interface shear strength coefficient;

 � passive resistance contribution ratio;
� � interface friction angle between sand to

geosynthetic;
	� � mean value of interface shear strength

coefficient;
	
 � mean value of passive resistance contribution

ratio;
�n � normal stress;
�� � standard deviation of interface shear strength

coefficient;
�
 � standard deviation of passive resistance

contribution ratio;
� � percent open area;

�ds � internal friction angle of sand;
�sand � internal shear strength of sand;

�sand-geogrid � shear strength of sand-geogrid interface; and
�sand-geotextile � shear strengths of sand-geotextile interface.
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