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Abstract: This paper presents an evaluation of the soil-geogrid interaction, conducted to quantify the contributions of passive and
interface shear mechanisms to the overall pullout resistance of geogrids. An experimental testing program was conducted in this inves-
tigation using both large-scale and newly developed individual-rib pullout devices. The large-scale pullout tests were conducted using
uneasily coated geogrid specimens with and without transverse ribs. On the other hand, the individual-rib pullout tests were conducted
using individual longitudinal and transverse ribs. A stress transfer model was implemented to predict the results of large-scale pullout tests
using the parameters obtained from the individual-rib pullout tests. Good agreement was obtained between the results of large-scale
pullout tests and the predictions obtained using parameters collected from individual-rib tests. For the dense mesh geogrids used in this
investigation, the development of passive mechanisms in front of geogrid transverse ribs was found to influence significantly the interface
shear mechanisms that develop along longitudinal ribs.
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Introduction

The behavior of reinforced soil structures is largely governed by
interaction mechanisms that develop between the reinforcement
inclusions and the backfill soil. The main function of the inclu-
sions is to redistribute stresses within the soil mass in order to
enhance the internal stability of reinforced soil structures. The
inclusions undergo tensile strains as they transfer loads from un-
stable portions of the soil mass into stable soil zones.

The redistribution of stresses within a reinforced soil mass as
well as the deformation response of the structure depend on the
shear strength properties of the soil, the tensile properties of the
inclusions, and the stress transfer mechanism taking place be-
tween soil and inclusions. Pullout tests have been typically used
to characterize the stress transfer mechanism. While pullout tests
provide invaluable information on the overall soil-reinforcement
interaction, additional understanding of the multiple mechanisms
that occur during pullout testing is still needed and can provide
valuable insight into the behavior of reinforced soil structures.

Geogrids are geosynthetic products with comparatively large
apertures, which are characterized by a combination of transverse
and longitudinal ribs. These ribs provide passive and interface
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shear contributions, respectively, to the overall geogrid pullout
resistance. The experimental program undertaken in this study
includes tests conducted using a large-scale pullout device as well
as tests conducted using newly developed small-scale devices that
allow quantifying the contribution to pullout provided by the geo-
grid longitudinal and transverse ribs. The results of the testing
program allow evaluation of the contribution of the interface
shear and passive components to pullout resistance, the effect of
spacing between transverse ribs, and the influence of normal
stresses on the geogrid response. In order to evaluate the relative
contribution of various soil-reinforcement mechanisms, the re-
sults obtained from small-scale pullout tests on individual geogrid
ribs are also used to predict the pullout test results from large-
scale devices using a stress transfer model. The use of small-scale
devices, such as those used in this study, allows evaluating the
feasibility of obtaining relevant soil-reinforcement interaction pa-
rameters using testing procedures that are considerably more ex-
peditious than large-scale pullout tests.

Pullout Mechanisms

The pullout interaction mechanisms between soil and geogrid re-
inforcements are more complex than those between soil and strip
or sheet reinforcements. This is because the pullout resistance of
geogrids includes two components: The interface shear resistance
that takes place along the longitudinal ribs �and to a lesser extent
along the transverse ribs� and the passive resistance that develops
against the front of transverse ribs �Koerner et al. 1989�. Although
the first mechanism could be quantified using parameters obtained
from direct shear tests, the latter can only be evaluated using
pullout tests. Evaluations of pullout test results have showed that
geogrids may develop an equivalent interface shear strength that
even exceeds the interface shear strength of the backfill soil �In-
gold 1983�.

The ultimate pullout resistance has been typically interpreted

as the sum of the passive and interface shear components �Jewell
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1996�. However, any synergism between these two load transfer
mechanisms has often been neglected. Several failure mecha-
nisms have been proposed to estimate the passive pullout resis-
tance that develops against transverse ribs. These include the
general shear failure mechanism �Peterson and Anderson 1980�,
the punching failure mechanism �Jewell et al. 1984�, and a modi-
fied punching failure mechanism �Chai 1992�. The general shear
and punching shear failure mechanisms have been reported to
provide upper and lower bounds of experimental pullout test re-
sults �Palmeira and Milligan 1989a; Jewell 1990b�. The interface
shear component between geogrid surface and soil has been gen-
erally estimated considering the surface area of the geogrid and
the interface shear strength properties between the soil and
geogrid.

A comprehensive discussion on the prediction of interface
shear and passive resistance mechanisms has been summarized by
Jewell �1990a� and Bergado et al. �1994�. However, many of the
available equations correspond to inextensible inclusions and may
not rigorously apply to polymeric extensible geogrids. Nonethe-
less, Milligan and Palmeira �1987� reported good comparison be-
tween experimental results and predictions obtained using bearing
capacity equations that are valid for rigid reinforcement. Slightly
modified analytical procedures were also successfully used to
compute the pullout resistance of high-density polyethylene geo-
grids, as reported by Bergado and Chai �1994� and Alfaro et al.
�1995�. Teixeira �1999� also showed that experimental results
from large-scale pullout tests on polyester geogrids could be pre-
dicted within a 10% margin using formulations based on punch-
ing failure mechanisms.

Previous studies have reported that the interface and passive
resistance contributions to the total pullout resistance depend on
the geogrid geometry, soil grain size distribution, and soil density.
Specifically, Jewell �1990a� and Bergado et al. �1993� reported
that geogrid pullout failure mechanism is a function of the ratio
between transverse rib spacing �S� and the transverse rib diam-
eter, the average particle size �D50�, the compaction moisture
content and the soil stiffness. Jewell �1990a� identified limiting
values of the S /D50 ratio that characterize either interface shear or
full interaction mechanisms �i.e., interface shear plus passive re-
sistance�. Additional studies on the variables governing the pull-
out resistance of geogrids were reported by Sarsby �1985�, Lopes
and Ladeira �1996�, Ochiai et al. �1996�, Teixeira and Bueno
�1999�, and Sugimoto et al. �2001�.

An important aspect that can affect the pullout mechanism of
geogrids is the interference that transverse ribs may have on the
interface shear resistance component �Dyer 1985; Palmeira and
Milligan 1989b�. For example, the interference between trans-
verse and longitudinal ribs in rigid metal grids buried in dense
sand was reported to be function of the geogrid length, spacing
between transverse ribs and thickness of transverse ribs �Palmeira
1987; Palmeira and Milligan 1989b�. Such interference has been
attributed to an increased localized vertical stresses towards the
front of the transverse ribs as well as to a decrease in vertical
stresses developing behind the transverse ribs �Palmeira 2004�.
Studies conducted using a variety of geogrid types and mesh den-
sities have focused on quantifying the various pullout mecha-
nisms �Palmeira and Milligan 1989b; Bergado and Chiai 1994;
Alfaro et al. 1995; Lopes and Ladeira 1996; Ochiai et al. 1996;
Teixeira and Bueno 1999; Sogimoto et al. 2001�. However, inter-
pretation of pullout test results continues to be a difficult task,
mostly due to can be attributed to complications in quantifying
the synergism between interface shear and passive resistance

mechanisms.
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The study reported in this paper presents an evaluation of the
soil-geogrid interaction, conducted to quantify the interface shear
and passive contributions to the overall pullout resistance of geo-
grids. Unlike previous studies, experimental data was obtained
not only from conventional pullout tests but also from pullout
tests conducted on individual transverse and longitudinal ribs.
This allows quantification of the contributions by different pullout
mechanisms using a stress transfer model.

Overview of the Testing Equipment

Three different pullout devices were used in the experimental
component of this study. This included a large-scale and two
individual-rib pullout devices. The results from the large-scale
pullout testing program were used to generate experimental re-
sults used as reference for subsequent predictions. The results
from the individual-rib pullout testing program were used to ob-
tain resistance parameters from isolated longitudinal and trans-
verse ribs of geogrids to be used in a stress transfer model.

Large-Scale Pullout Device

The potential synergism between transverse and longitudinal ribs
during pullout testing has led to specific requirements regarding
the geometry and dimensions of pullout testing equipment �e.g.,
Raju et al. 1998�. ASTM D6706 �ASTM 2001a� prescribes that
the dimensions of large-scale pullout test boxes should exceed
610 mm long, 410 mm wide, and 300 mm high. According to this
standard, the box thickness should also exceed 20 times the D85 of
the soil or 6 times the maximum soil particle size. Finally, the box
length should also exceed 5 times the maximum size of the geo-
grid apertures.

The large-scale pullout device used in this study �Fig. 1� con-
sists of a rigid box, reinforced with U-shaped steel beams �Teix-
eira and Bueno 1999�. Although this study was initiated before
ASTM D6706 was adopted, the dimensions of the box used in
this study �1,500 mm long, 700 mm wide, and 480 mm high�
exceed those prescribed by ASTM D6706. A steel frame was used
to support an electric motor that applies the pullout load. The
system is capable of applying a tensile force of up to 60 kN to a
geosynthetic specimen. A displacement rate of 4.6 mm/min was
adopted for the testing program conducted in this study. The nor-
mal load was applied using an air bag, which provided a uniform
surcharge that was considered representative of field conditions.
Two polyethylene membranes, lubricated with grease, were
placed against the internal faces of the walls of the equipment in
order to minimize side effects during pullout testing.

Data collected during large-scale pullout testing included: �1�
pullout force, �2� normal stress applied to the soil surface, �3�
localized vertical soil stresses measured using two total stress
cells buried within the soil �approximately 10 mm above the geo-
grid�, and �4� longitudinal displacements, measured using six lin-
ear variable displacement transformers �LVDTs� connected to
various locations along the geogrid specimen using inextensible
strings. Fig. 2 shows a view of the large-scale pullout device used
in this investigation.

Individual-Rib Pullout Devices

Small-scale pullout devices were developed as part of this inves-
tigation to test individual longitudinal and transverse geogrid ribs.

These tests were conceived with the objective of providing both
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qualitative and quantitative information on the various mecha-
nisms contributing to the pullout resistance of geogrid reinforce-
ments. Accordingly, the individual-rib pullout tests allowed
measurement of the pullout force resulting from applying a con-
stant displacement rate to either longitudinal or transverse geogrid
ribs.

Current recommendations for minimum dimensions of pullout
devices are not expected to apply to individual-rib pullout de-
vices. This is because the comparatively large dimension require-
ments for pullout devices �e.g., in ASTM D6706� are needed to
capture the interactions among the longitudinal and transverse
ribs when testing geogrid reinforcements. Such interactions are
not present when testing individual ribs in small-scale pullout
devices. A preliminary basis for the minimum dimensions of
individual-rib boxes can be drawn from the dimensions of direct
shear boxes used to evaluate the interface shear strength between
soil and geosynthetics. For example, Mitchell et al. �1990� drew
important conclusions on the interface shear strength between soil

Fig. 1. Schematic view of large-scale pullout test device: �a�

Fig. 2. View of large-scale pullout test device used in this study
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and various geosynthetics using direct shear tests conducted using
70 mm�70 mm geosynthetic samples. The minimum dimensions
of the longitudinal-rib pullout tests developed as part of this study
are 120 mm in the direction of loading and 70 mm in the trans-
verse direction whereas the minimum dimensions of the
transverse-rib pullout tests are 140 mm in the direction of loading
and 28 mm �i.e., one rib long� in the transverse direction. As will
be discussed in the analysis of the results, additional evidence on
the adequacy of the dimensions of the individual-rib devices is
provided by the good comparison obtained between the results of
small-scale longitudinal-rib pullout tests and large-scale pullout
tests conducted on geogrid specimens without transverse ribs.

The longitudinal-rib pullout tests were conducted using the
pullout box illustrated in Fig. 3, which is 120 mm long, 70 mm
wide, and 50 mm high. The tests were conducted using 100-mm-
long longitudinal geogrid ribs. The testing procedure involved
placing the box at the base of a tensile testing loading frame with
the longitudinal geogrid rib aligned vertically and secured with a
clamp. As illustrated in Fig. 3�a�, a uniform normal stress was
applied using an air bag. Use of this pneumatic system for normal
load application allowed good control of the normal stress during
testing, even when the soil showed dilatancy or contraction dur-
ing shearing. Lubricated polyethylene films were used along the
side walls of the boxes in order to minimize friction between the
soil and side walls. The pullout force and the imposed displace-
ments were monitored during testing.

The transverse-rib pullout tests were conducted using the pull-
out box illustrated in Fig. 4, which is 140 mm long, 28 mm wide,
and 50 mm high. The tests were conducted using two transverse
ribs placed at the same spacing as in the geogrid where they were
obtained from. The transverse-rib pullout tests were also con-
ducted by securing the box on a tensile testing machine and

iew; �b� elevation view �note: dimensions are in millimeters�
plan v
attaching the transverse geogrid ribs to a specially designed
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clamping system. As illustrated in Fig. 4�a�, a uniform normal
stress was applied during testing using two air bags. Also in this
case, use of a pneumatic normal loading system allowed good
control of normal stress and vertical displacement �dilatancy or
contraction� of the soil during transverse-rib pullout testing. Two
layers of polyethylene film, lubricated with grease, were installed
against the sidewalls. The two clamps developed for this device,
each securing one of the ribs, were connected to the same arm.
This led to a uniform displacement rate being applied to the ex-
tremities of the two transverse ribs �Fig. 4�b��. The pullout force
applied to the second transverse rib �Transverse rib 2 in Fig. 4�b��
was measured during testing using a load cell. The load in the
second rib was expected to better account for the interaction be-

Fig. 3. Schematic views of the longitudinal-rib pullout test device:
�a� elevation view; �b� plan view �note: dimensions are in
millimeters�

Fig. 4. Schematic views of the transverse-rib pullout test device: �a�
elevation view; �b� plan view �note: dimensions are in
millimeters�
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tween successive transverse ribs in geogrid reinforcements. The
original design for the transverse-rib pullout test included only
one air bag. However, unlike tests conducted on the longitudinal-
rib pullout device, preliminary transverse-rib pullout tests showed
some difficulty in controlling the normal load in cases involving
significant soil dilatancy. Consequently, the original design of the
transverse-rib pullout device was modified by incorporating a sec-
ond air bag, as shown in Fig. 4�a�. This modification proved ef-
fective in adequately controlling the applied normal stress. Fig. 5
shows a view of the small scale pullout devices. Specifically, Fig.
5�a� shows a view of the longitudinal-rib pullout device, Fig. 5�b�
shows a side view of the transverse-rib pullout device, and Fig.
5�c� shows the grips used in the transverse-rib pullout system.

A load frame with a capacity of 30 kN was used to perform
both the longitudinal- and transverse-rib pullout tests �DL 3000,
manufactured by EMIC Ltda., São José dos Pinhais-PR, Brazil�.
The system allowed automatic control of the displacement rate
imposed during pullout testing. Conventional clamps were used
for the longitudinal-rib pullout tests while customized clamps
were used for the transverse-rib pullout tests. Consistent with the
displacement rate used for the large-scale pullout tests, a constant
displacement rate of 4.6 mm/min was adopted for the
longitudinal- and transverse-rib pullout tests.

Pullout load versus displacement curves were generated using
the longitudinal- and transverse-rib pullout devices. This provided
not only qualitative but also quantitative information on the two
mechanisms contributing to the overall pullout resistance of geo-
grids. In addition, data collected using the individual-rib pullout
devices served as input for a stress transfer model used subse-
quently to predict the pullout resistance obtained from large-scale
pullout devices.

Materials

Soils

Two soils were used in the pullout testing program conducted as

Fig. 5. View of the individual-rib pullout devices: �a� longitudinal-
rib pullout box; �b� transverse-rib pullout box; and �c� grip for
transverse-rib pullout device
part of this study. Most tests were conducted using a non-plastic
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sandy soil, Soil A, which classifies as SM-SP according to the
Unified Soil Classification System. Additional large-scale pullout
tests were conducted using Soil B, which classifies as SM accord-
ing to the USCS. Both soils present a similar grain size distribu-
tion, as shown in Fig. 6. The physical characteristics, shear
strength parameters, and placement conditions of the soils used in
this investigation are listed in Table 1. The shear strength param-
eters of Soils A and B listed in Table 1 were determined using
direct shear tests conducted using soil specimens prepared using
the same relative compaction and placement moisture content as
the specimens prepared for the pullout testing program.

Geogrids

Two geogrids, identified as G1 and G2, were used in this inves-
tigation. Specifically, the geogrid products were uniaxial polyester
geogrids coated with PVC. They are manufactured by Huesker
Synthetic GmbH and commercialized as Fortrac 200/35-30 and
110/30-20. Geogrid G1 has a rectangular mesh configuration with
29�28 mm internal openings. The longitudinal and transverse
ribs of Geogrid G1 are 8 and 3 mm wide, respectively. The frac-
tion of the solid area of Geogrid G1 in relation to its total area, �s,
is 0.29. Some of the large-scale pullout tests were conducted
using Geogrid G1 with its transverse ribs removed ��s=0.22�.
Geogrid G2 has a rectangular mesh configuration with 20
�18 mm internal openings. The longitudinal and transverse ribs
of Geogrid G2 are 7 and 3 mm wide, respectively, leading to a
solid area fraction �s=0.37. The thickness of transverse ribs for

Fig. 6. Particle size distribution of soils used in this study

Table 1. Soil Characteristics

Property Soil A Soil B

Specific gravity, GS 2.664 2.666

Liquid limit, wL �%� — 18

Plastic limit, wP �%� NPa 14

Maximum dry unit weight, �d,max �kN/m3�b 18.85 19.16

Optimum water content, wop �%�b 10.2 10.7

Friction angle, � �°� 36 33

Cohesion, c �kPa� 15 25

Degree of compaction �%� 100 95

USCS soil classification SM-SP SM
aNP�nonplastic soil.
b
In relation to Standard Proctor test �ASTM D 698�.
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both geogrids is 1.5 mm. Fig. 7 presents the unit tension versus
strain curves for Geogrids G1 and G2, as obtained from tensile
tests conducted in agreement with ASTM D 6637 �ASTM 2001b�.
The unit tension value reported in Fig. 7 is normalized by the unit
width by accounting for the spacing between geogrid longitudinal
ribs. As shown in the figure, the geogrids show an approximately
linear load-displacement response until rupture.

Testing Procedures

Large-Scale Pullout Tests

The specimens used for the large-scale pullout testing program
were prepared by compacting the soil to the target unit weight and
moisture content within the pullout box. The weight of moist soil
required to achieve the target dry unit weight was initially pre-
pared and homogenized. Compaction was subsequently con-
ducted using a manual hammer with a circular base of 120 mm in
diameter and a weight of 60 N, dropped from a height of 300 mm
until reaching the target unit weight. The soil was compacted in
six 75-mm-thick layers. After placing the initial three layers, the
geogrid specimen was positioned within the box and attached to
the clamp used to apply the pullout force.

Six inextensible tell-tail strings were used to monitor the in-
ternal displacements along the reinforcement. Specifically, dis-
placements of the geogrids were monitored at 33, 264, 495, 726,
957, and 1,188 mm from the front of the specimen using six
LVDTs. The strings were encased within polyethylene tubes
placed along the reinforcement to minimize friction. In addition,
two total stress cells were positioned within the soil mass, 10 mm
above the geogrid, to monitor the development of localized nor-
mal stresses within the soil mass.

After placement of the geogrid, the upper portion of the box
was filled with soil compacted following the same procedures
used in the three initial layers. An air bag was installed over the
soil surface before placing the top cover. Use of a pneumatic

Fig. 7. Results of tensile tests on Geogrids G1 and G2
system for normal loading facilitated applying a uniformly dis-
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tributed pressure, which was applied using a compressor con-
trolled by a regulator. The applied load and the displacements in
the six tell-tails were monitored until the ultimate pullout resis-
tance was achieved.

Individual-Rib Pullout Tests

The specimens for the individual-rib pullout tests were prepared
by compacting the soil to the target unit weight and moisture
content within the small-scale boxes using 12.5-mm-thick layers.
Soil compaction was conducted by tamping using a 10 N manual
hammer with a square base of 20-mm-long sides. The hammer
was dropped from a height of 100 mm until reaching the target
unit weight. The compaction procedures used in individual-rib
tests were consistent with those used in the large-scale pullout
tests and aimed at obtaining comparable soil conditions in the
various pullout devices. As the compaction profile is a function of
the layer thickness, a special compaction control procedure was
implemented to replicate the density profile achieved in large-
scale pullout tests into the vicinity of the upper and lower soil-
geogrid interfaces. Specifically, the soil density profile in the
large-scale pullout box prepared using 75-mm-thick compacted
soil layers was evaluated with the objective of reproducing the
same conditions in the individual-rib pullout tests. Fig. 8 shows
the density profile �shown as relative compaction in relation to
Standard Proctor maximum dry unit weight� in a 75-mm-thick
layer compacted to achieve a target density corresponding to
100% relative compaction. As shown in the figure, the relative
compaction is approximately 100% towards the top of the layer, it
reaches approximately 106% in the upper third portion of the
compacted layer, and it decreases to a relative compaction of
approximately 95% toward the base of the compacted layer.
While the relative compaction profile shown in Fig. 8 is a func-
tion of the soil type, compaction equipment and compaction
procedures, similar profiles were expected for the specimens pre-
pared for the large-scale pullout testing program conducted as
part of this investigation. In order to reproduce the compaction

Fig. 8. Profile of relative compaction within a 75 mm thick layer
�Soil A�
conditions obtained in the large-scale pullout specimens into the
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individual-rib pullout specimens, the bottom layers of the small-
scale specimens were compacted to a target relative compaction
of 100%, whereas the upper layers were compacted to a target
relative compaction of 95%.

The internal walls of the individual-rib pullout boxes were
lined using lubricated polyethylene membranes in order to mini-
mize side friction during testing. After preparing of the two
bottom soil layers, the individual ribs were placed in the boxes
following the layout shown in Figs. 3 and 4 for the longitudinal-
and transverse-rib pullout tests, respectively. The two top soil
layers were subsequently placed over the individual rib elements.
The air bag and top cover plate of the small-scale boxes were
subsequently installed. The individual-rib pullout boxes were
placed in the load frame and the geogrid ribs were subsequently
fixed to the clamping system. Individual-rib pullout tests were
conducted using a constant displacement rate of 4.6 mm/min. An
automated data acquisition system was used to collect displace-
ment and pullout force during testing. The repeatability of the
new testing procedures was evaluated by performing a series of
conformance tests, which lead to coefficients of variation of 4 and
6% for longitudinal- and transverse-rib pullout tests, respectively.
All instruments, load cells, pressure cells and displacement trans-
ducers, were periodically calibrated following manufacturer’s
procedures. The individual-rib pullout tests were expeditious, par-
ticularly when compared with large-scale pullout tests. While
sample preparation and testing of large-scale pullout tests would
typically take 3–4 days, individual-rib pullout tests would be typi-
cally accomplished in less than 4 hours.

Test Results and Analysis

Scope of the Testing Program

A combination of large-scale and individual-rib pullout tests was
performed with the objective of estimating the contribution of the
different mechanisms to the pullout resistance of geogrids. The
several types of pullout tests were conducted using normal
stresses of 25 and 50 kPa. The large-scale pullout tests were con-
ducted using Geogrids G1 and G2, whereas the individual-rib
pullout tests were conducted using Geogrid G1. Large-scale pull-
out tests were also conducted using geogrids with their transverse
ribs removed in order to evaluate the contribution of the interface
shear resistance mechanism to the overall pullout resistance. By

Fig. 9. Load-displacement curves from tell-tails located along the
geogrid specimen in a large-scale pullout test �Test LS3�
comparison with results obtained from longitudinal-rib pullout
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tests, the results from large-scale pullout tests with specimens
without transverse ribs also allowed evaluation of the potential
effect of box size on the small-scale pullout test results. In addi-
tion, large-scale pullout tests were also conducted using geogrids
with a fraction of the transverse ribs removed in order to evaluate
the effect of transverse rib spacing. The spacing between ribs in
the transverse-rib pullout tests was 28 mm, which corresponds to
the transverse rib spacing of the original geogrid. Tables 2 and 3
summarize the scope of the large-scale and individual-rib pullout
testing programs.

Large-Scale Pullout Test Results

Fig. 9 shows the results obtained from a typical large-scale pull-
out test �Test LS3, see Table 2�. Fig. 9 shows the applied pullout
force as a function of internal displacements, measured using tell
tails attached at different locations within the geogrid specimen.
Fig. 10 shows the displacement profiles along the geogrid length
for Pullout Test LS3. The profiles are presented for increasing
values of the pullout force, which is shown in Fig. 10 as a per-
centage of the maximum pullout resistance. The maximum dis-
placement occurs at the point of application of the pullout load
and decreases towards the back of the geogrid following a non-
linear trend that reflects the effect of reinforcement extensibility.

Fig. 11 presents the localized normal stresses, as measured by
two total stress cells �TSC1 and TSC2� located approximately
10 mm over the soil-geogrid interface �Test LS3�. The total stress
cells have a diameter of 28 mm and were aligned at the central
portion of the geogrid apertures �in between two longitudinal
ribs�. Cell TSC1 was initially located in between two transverse
ribs �at a distance of 528 mm from the point of application of the
pullout load�, whereas Cell TSC2 was initially located directly

Table 2. Scope of Large-Scale Pullout Testing Program

Test Geogrid Soil

Normal
stress
�kPa�

Length
�mm�

Spacing between
transverse ribs

�mm�

LS1 G1 A 25 350 32

LS2 G1 A 25 600 32

LS3 G1 A 25 1,200 32

LS4 G1 A 50 600 32

LS5 G1 A 25 600 No transverse ribs

LS6 G2 B 25 600 22

LS7 G2 B 25 600 44

LS8 G2 B 25 600 66

Fig. 10. Distribution of displacements along the geogrid �Test LS3�
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over a transverse rib �at a distance of 99 mm from the point of
load application�. The cell active area covers practically the entire
geogrid opening area �28�29 mm�. The localized normal
stresses in the beginning of the test �i.e., for zero frontal displace-
ment� correspond to the applied normal stress of 25 kPa. How-
ever, as the test progresses, the localized stresses measured by the
total stress cells oscillate and show normal stress values ranging
from approximately 10 to 50 kPa. It should be noted that the
distance between peaks in the measured localized stresses is con-
sistent with the spacing between transverse ribs of the Geogrid
G1 used in Test LS3 �i.e., 32 mm, as shown in Table 2�.

The soil in front of the transverse ribs is displaced over and
under the transverse ribs during pullout testing, which causes a
tendency toward dilation over the transverse ribs �Dyer 1985�. As
dilation is partially inhibited, the normal stresses tend to increase
in the vicinity of the transverse ribs and tend to decrease in be-
tween transverse ribs. This is consistent with the oscillation of
normal stress measurements shown in Fig. 11�a�, where the soil
directly over transverse ribs is overstressed, whereas the soil in
the zone between transverse ribs �i.e., over the apertures� shows a
comparative decrease in normal stress. It should be noted that the
measurements shown in Fig. 11�a� correspond to stress cells

Fig. 11. Localized normal stresses in the vicinity of soil-geogrid
interface: �a� measured using stress cells located between
longitudinal ribs; �b� measured using stress cells located between and
directly over longitudinal ribs
aligned with the geogrid apertures �between two longitudinal
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ribs�. Accordingly, the localized normal stresses oscillate around
an average normal stress value that exceeds the applied normal
stress of 25 kPa. To compensate for the relative increase in nor-
mal stress observed along the geogrid apertures �between two
longitudinal ribs�, a relative decrease in normal stress in relation
to the applied normal stress should take place along the geogrid
longitudinal ribs. This can be observed in Fig. 11�b�, which shows
the oscillation of localized normal stresses around an average
normal stress value that is below the applied normal stress of
25 kPa. In this case, the total stress cells were placed at the same
distance from the point of load application �150 mm� but Cell
TSC1 was located between two longitudinal ribs, whereas Cell
TSC2 was located directly over a longitudinal rib. As shown in
Fig. 11�b�, the relative decrease in localized normal stresses along
the longitudinal ribs was confirmed by the measurements of Load
Cell TSC2. This suggests that the presence of transverse ribs not
only induces the development of zones with localized normal
stress variations, but that the localized redistribution of normal
stresses appears to have a detrimental effect on the interface shear
resistance component that develops along longitudinal ribs.

The progressive nature of passive resistance mobilization
along the geogrid length and interference between ribs is consis-
tent with the photoelastic observations of the pullout response of
geogrids reported by Milligan et al. �1990�. This study reported
that passive resistance mobilization reduced the interface shear
mobilization between soil and transverse ribs and, to a certain
extent, between soil and longitudinal ribs. This is also consistent
with observations reported by Palmeira �2004�, who indicated that
the fraction of the ultimate pullout resistance due to interface
shear may be significantly smaller than that due to passive
mechanisms.

Fig. 12 compares the results of Pullout Tests LS2 and LS5,
conducted using Geogrid G1 with and without transverse ribs.
The tests were conducted using a normal stress of 25 kPa. As
shown in Fig. 12, the pullout resistance of the geogrid with trans-
verse ribs is higher than that of the geogrid without transverse
ribs. As the pullout resistance of the geogrid with transverse ribs
is only 26% higher than that of the geogrid without transverse
ribs, a cursory interpretation of these results could erroneously
suggest that the passive resistance mechanisms provides only a
comparatively small contribution to the overall pullout resistance.
However, the pullout resistance of geogrids without transverse
ribs should not be considered representative of the contribution of
interface shear to the pullout resistance of geogrids. This is be-

Fig. 12. Results of pullout tests conducted using geogrids with and
without transverse ribs
cause, as will be discussed in the evaluation of individual-rib
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pullout tests, the contribution of interface shear to the geogrid
pullout resistance may be significantly reduced due to the inter-
action between longitudinal and transverse ribs.

Additional insight on the pullout behavior of geogrids can be
obtained by evaluating measurements of localized normal
stresses, as obtained from total stress cells placed on tests with
and without transverse ribs. Fig. 13�a� shows the localized normal
stresses measured in Test LS5 performed using a geogrid speci-

Fig. 14. Effect of transverse-rib spacing on pullout resistance

Fig. 13. Experimental results from pullout test conducted using a
geogrid specimen without transverse ribs �Test LS5�: �a� localized
normal stresses in the vicinity of soil-geogrid interface; �b� load-
displacement curves from tell-tails located along the geogrid
specimen
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men without transverse ribs. The measurements were obtained
using total stress cells placed directly over a longitudinal rib at
528 and 99 mm from the point of application of the pullout force.
As shown in Fig. 13�a�, oscillations of localized normal stress do
not take place as the test progresses. However, the localized nor-
mal stresses are also observed to increase with increasing pullout
displacement, reaching a magnitude of approximately 38 kPa
�i.e., a value 52% higher than the applied normal stress�. Fig.
13�b� shows the applied pullout force as a function of the internal
displacements measured using tell tails attached at different loca-
tions within the geogrid specimen. The increased localized nor-
mal stress that develops with increasing displacements can be
attributed to the effect of inhibited dilatancy of the soil in vicinity
of longitudinal ribs. Unlike the normal stress oscillations ob-
served in the test conducted using a geogrid with transverse ribs,
the localized normal stresses reach constant value at large dis-
placements in the test conducted using a geogrid without trans-
verse ribs. Consequently, no detrimental effect due to normal
stress relief along the longitudinal ribs is observed in the absence
of transverse ribs.

Additional large-scale pullout tests were performed to study
the effect of spacing between geogrid transverse ribs, S �Tests
LS6, LS7 and LS8 in Table 2�. The geogrid specimens were pre-
pared by removing the transverse ribs from Geogrid G2, which
has an original transverse rib spacing of 22 mm. Pullout tests
were then conducted using Geogrid G2 with transverse rib spac-
ings of 22, 44, and 66 mm. Fig. 14 shows the results from tests
performed with the different geogrid mesh densities. Although a
decreasing pullout resistance is expected for increasing transverse

Fig. 15. Effect of specimen length on pullout resistance: �a� force v

Fig. 16. Results of individual pullout tests: �a� lon
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rib spacing, the results in Fig. 14 show that there is an optimum
spacing that maximizes the pullout resistance. When the trans-
verse rib spacing is below the optimum value, the pullout re-
sponse appears to be detrimentally affected by the effect that
transverse ribs cause on the interface shear component of the
pullout resistance. On the other hand, when the transverse rib
spacing is above the optimum value, the pullout resistance is
comparatively decreased because of the small number of trans-
verse ribs that provide passive resistance contribution to the over-
all pullout resistance. These results highlight the significant effect
of transverse rib spacing on the overall pullout resistance of poly-
meric geogrids.

Large-scale pullout tests were also performed with the objec-
tive of evaluating the effect of the geogrid length on the pullout
resistance. Specifically, Tests LS1, LS2, and LS3 �see Table 2�
were performed using Geogrid G1 with specimen lengths of 350,
600, and 1200 mm. The tests were conducted using Soil A and a
normal stress of 25 kPa. Fig. 15�a� shows the results of this pull-
out testing program. As shown in Fig. 15�a�, an increasing speci-
men length leads to increasing pullout resistance, increased initial
stiffness, and increased displacement at peak pullout resistance. It
should be noted that the pullout resistance increases approxi-
mately linearly with the geogrid specimen length. Indeed, the
three pullout force-displacement curves appear to collapse into a
single normalized curve when the pullout force and the frontal
displacement are normalized in relation to the specimen length
�Fig. 15�b��. This normalized response should not be assumed for
conditions other than those used in this study without careful
consideration of the extensibility of the geogrids. However, at

displacement curve; �b� normalized force versus displacement curve

al-rib pullout tests; �b� transverse-rib pullout tests
ersus
gitudin
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least for the conditions considered in this pullout testing program,
the pullout resistance was found to be directly proportional to
reinforcement length in spite of the complex stress transfer
mechanisms that take place during pullout testing of geogrids.

Individual-Rib Pullout Test Results

Longitudinal- and transverse-rib pullout tests were conducted
using Soil A and individual ribs obtained from Geogrid G1. The
specimens were prepared following the previously described pro-
cedures. The same materials and soil placement conditions were
used in these tests as in the large-scale pullout tests to allow
comparison of the test results. Fig. 16�a� presents the results of
the longitudinal-rib pullout tests summarized in Table 3. The em-
bedment length of the specimens used in the longitudinal pullout
tests was 100 mm. However, in order to facilitate comparison
with the results from transverse pullout tests, the pullout force
values presented in Fig. 16�a� were scaled to represent an embed-
ment length of 32 mm �i.e., the transverse-rib spacing� and a pull-
out force per unit width �1 m�. The tests were performed under
normal stresses of 25 and 50 kPa. The longitudinal-rib pullout test
results show an initially linear portion, followed by a well-defined
peak and a postpeak loss in pullout resistance. The displacement
at peak pullout force increases with increasing normal stress.

Fig. 16�b� presents the results of the transverse-rib pullout
tests summarized in Table 3. Since the width of the transverse-rib
pullout box is 28 mm, the results presented in Fig. 16�b� were
scaled to represent the pullout force per unit width �1 m� of geo-
grid reinforcement. As previously mentioned, the distance be-
tween transverse ribs in Geogrid G1 is 32 mm. Consequently, this
spacing was used between the two transverse ribs in the
individual-rib pullout device. The pullout resistance values re-
ported in Fig. 16�b� correspond to the pullout resistance from
Transverse Rib 2 only �see Fig. 4�b��. The tests were performed
under normal stresses of 25 and 50 kPa. As in the longitudinal-rib
pullout results, the transverse-rib pullout results present an
initially linear portion, followed by a well-defined peak and a
postpeak loss in pullout resistance. As transverse ribs reach a
displacement of 32 mm, which corresponds to the transverse rib
spacing �i.e., as Transverse Rib 2 reaches the initial position of
Transverse Rib 1, see Fig. 4�b��, the pullout force reaches an
approximately constant value. As in the case of longitudinal-rib
pullout tests, the displacement at peak pullout resistance increases
with increasing normal stress. However, the magnitude of the
displacement at peak obtained in transverse-rib pullout tests is
over four times the displacement at peak obtained in longitudinal-
rib pullout tests.

A preliminary evaluation of the relative contribution of the
longitudinal and transverse ribs to the overall pullout resistance
could be made by inspection of the results presented in Figs. 16�a
and b�. This is because the pullout results shown in Figs. 16�a and

Table 3. Scope of Individual-Rib Pullout Testing Program

Test
Type of

pullout test Geogrid Soil

Normal
stress
�kPa�

LR1 Longitudinal rib G1 A 25

LR2 Longitudinal rib G1 A 50

TR1 Transverse rib G1 A 25

TR2 Transverse rib G1 A 50
b� account for the actual longitudinal- and transverse-rib spacing
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and have been scaled to the same unit width. However, it should
be emphasized that such direct comparison ignores any interfer-
ence between longitudinal and transverse ribs. As will be dis-
cussed, the overall pullout resistance of Geogrid G1 cannot be
obtained by directly adding the individual contributions of longi-
tudinal and transverse ribs, measured in individual-rib pullout
tests. As previously shown in Fig. 12, the pullout resistance of the
geogrid with transverse ribs is only 26% higher than that of geo-
grids without transverse ribs when tested under a normal stress of
25 kPa. However, it would be erroneous to infer from these re-
sults that the relative contribution of transverse ribs to the overall
pullout resistance is only 26%. In fact, as shown in Figs. 16�a and
b�, the results from individual-rib pullout tests conducted using a
normal stress of 25 kPa appear to suggest that the contribution of
transverse ribs is approximately 60% of the combined interface
shear and passive resistance. In summary, the contribution to pull-
out resistance of individual longitudinal and transverse ribs
cannot explain adequately the comparatively small difference in
pullout resistance obtained from tests conducted using geogrids
with and without transverse ribs. This discrepancy can be quali-
tatively explained by the localized stress measurements presented
in Fig. 11, which suggest that the presence of transverse ribs
induces a normal stress relief that affects detrimentally the inter-
face shear resistance contribution of longitudinal ribs.

Prediction of Large-Scale Pullout Behavior Using
Individual-Rib Pullout Tests

Stress Transfer Model

An analytical model was implemented as part of this study to
predict the experimental results of large-scale pullout tests using
results obtained from individual-rib pullout tests and from uncon-
fined geogrid tensile tests. The stress transfer model is consistent
with that reported by Bergado and Chai �1994�. Other analytical
and numerical stress transfer models, which quantify the contri-
butions of the interface shear and passive resistance mechanisms,
have also been developed to predict the reinforcement pullout
�e.g., Sugimoto et al. 2001; Palmeira 2004; Wilson-Fahmy and
Koerner 1993�. The general approach involves discretizing the
length of the geogrid into segments that are representative of the
transverse rib spacing with the overall objective of predicting the
pullout force vs. displacement response.

The stress transfer model implemented in this study allows
prediction of the displacement, strain and load profiles along the
geogrid length. The model also allows prediction of the load ver-
sus displacement curve at any point in the geogrid reinforcement,
such as at the point of load application. The model was tailored
for direct use of the experimental data generated using the
longitudinal- and transverse-rib pullout devices developed in this
investigation. Specifically, the model requires:
1. The pullout force versus displacement curve obtained from a

longitudinal-rib pullout test �Fig. 16�a��;
2. The pullout force versus displacement curve obtained from a

transverse-rib pullout test �Fig. 16�b��; and
3. The unit tension versus strain curve obtained from an uncon-

fined tensile test on a longitudinal rib �Fig. 7�.
The stress transfer model represents the geogrid as a sequence

of segments, each composted by a longitudinal and a transverse
rib �Fig. 17�. An iterative solution process allows determination of
the force distribution along the geogrid reinforcement that corre-

sponds to a given frontal displacement, �f . Each segment j of the
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geogrid is associated to a front displacement, �i,j, and back dis-
placement �i,j+1, where i�iteration number. The back displace-
ment of each segment should equal the front displacement of the
subsequent segment.

For a given frontal displacement, �f , the frontal force Fi,1 for
iteration i is initially assumed, and the solution process leads to a
decreasing nodal force towards the end of the geogrid. The re-
sidual force, Fi,n+1, is eventually calculated for the back node of
the last segment, where n�the total number of segments. If the
residual force is higher than zero �within a predefined tolerance�,
a lower value of frontal force Fi+1,1 should be assumed for the
next iteration. Conversely, if the residual force is smaller than
zero, a higher value of frontal force should be assumed. The
iterative process ends once the residual force in last segment be-
comes negligible. The specific steps involved in the iterative pro-
cedure are as follows:
1. Adopt a frontal displacement, � f.
2. Assume a pullout load Fi,1 for interaction i, which corre-

sponds to the imposed frontal displacement �i.e., to the fron-
tal displacement �i,1=� f�. A preliminary estimate for the
initial assumption can be obtained by considering rigid lon-
gitudinal ribs, which implies assuming that F1,1 equals the
summation of loads from all longitudinal and transverse ribs
determined from the pullout load vs. displacement curves for
a uniform displacement � f acting over the entire geogrid.

3. Obtain the longitudinal-rib pullout resistance, Rli,1, of the
first longitudinal rib, by defining the pullout force that cor-
responds to a displacement �i,1 in the longitudinal-rib pullout
curve.

4. Compute the average tensile load Ti,1 acting along Segment
1, as follows:

Ti,1 = Fi,1 − � Rli,1/2 �1�

where ��empirical influence factor that ranges from 0 to 1
and accounts for the influence that transverse ribs may have
on the interface shear mechanism developed by longitudinal
ribs. The value of � depends on the geogrid mesh geometry
��=1 for open geogrid meshes and �=0 for dense meshes�.
While the experimental results obtained in this study involve
only comparatively dense geogrid meshes, a generic empiri-
cal factor was included in the procedure for completeness. It
should be noted that Eq. �1� assumes that Rli,1 varies linearly
along the geogrid segment.

5. Obtain the average strain, �i,1, of the first longitudinal ele-
ment as the strain corresponds to the average load Ti,1 in the
tensile load vs. strain curve from the unconfined tensile test.

6. Compute the displacement at the back of Segment 1, �i,2, as

Fig. 17. Definitions used in geo
follows:
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�i,2 = �i,1 − �i,1 Lrib �2�

where Lrib�length of the longitudinal rib segment �i.e., the
spacing between transverse ribs�.

7. Obtain the passive resistance, Rti,1, of the first transverse rib
by defining the pullout force that corresponds to displace-
ment �i,2 in the transverse-rib pullout curve.

8. Calculate the force, Fi,2, acting in front of Segment 2 as
follows:

Fi,2 = Fi,1 − � Rli,1 − Rti,1 �3�

9. Using the calculated force and displacement at Node 2 �front
of Segment 2�, �i,2 and Fi,2, repeat Steps �3�–�8� to obtain the
force and displacement at Node 3. Repeat this process n+1
times until calculating the pair of values �i,n+1 and Fi,n+1 that
correspond to the end values at the geogrid corresponding to
interaction i. The average tensile load Ti,j acting along Seg-
ment j, should be calculated as follows:

Ti,j = Fi,j − � Rli,j/2 �4�

10. The force at the last node, Fi,n+1, should be negligible if the
initially assumed force at the front node, Fi,1, is correct. Oth-
erwise, a new iteration should be initiated by assuming a new
value of pullout force at the front node, Fi+1,1. The process
should be repeated m times, where m is the iteration number
for which the assumed pullout force at the front node leads to
a negligible residual force at the last node. The following
expression for the assumed pullout force at the front node
was found useful to expedite convergence of the iterative
process:

Fi+1,1 = Fi,1 −
Fi,n+1

k
�5�

where k�constant ranging from 5 to 20. High values of k
facilitate convergence of the iterative process but result in a
larger number of iterations.

The above-described procedure should be repeated for several
values of imposed frontal displacements � f. The set of imposed
displacements, � f, and calculated pullout force at the front node
obtained after convergence of the iterative process, Fm,1, define
the predicted pullout load versus frontal displacement curve. In
addition, the results obtained after convergence for each imposed
frontal displacement can also be used to define load and displace-
ment profiles along the geogrid length at the various stages during

tress-transfer model �iteration i�
grid s
pullout testing.
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Comparison between Experimental and Predicted
Large-Scale Pullout Results

The stress transfer model allowed prediction of the results ob-
tained from large-scale pullout tests using input from the
individual-rib pullout tests �Figs. 16�a and b�� and from the tensile
test on longitudinal ribs of Geogrid G1 �Fig. 7�. Fig. 18�a� shows
the pullout force versus frontal displacement experimental results
from the test conducted using a geogrid specimen without trans-
verse ribs �LS5� and the prediction obtained using the results
from individual-rib pullout Test LR2. As the transverse ribs of the
geogrid specimen used in Test LS5 were removed, the prediction
neglected the transverse-rib resistance components �i.e.,
Rti,j =0.0� and considered an influence factor �=1.0. As shown in
Fig. 18�a�, a very good agreement was obtained between the ex-
perimental large-scale pullout test results and the predicted val-
ues, particularly for displacements up to approximately 3 mm.
The good comparison suggests that the small-scale longitudinal-
rib pullout tests can be used to predict accurately the large-scale
pullout behavior of geogrid reinforcements for cases in which the
pullout response is dominated by interface shear mechanisms.

In addition, the good comparison between experimental large-
scale pullout test results and predictions using small-scale
longitudinal-rib pullout test data also provides evidence of the
suitability of the design adopted in this study for the small-scale
pullout devices. This is particularly relevant considering that the
individual-rib pullout devices are significantly smaller than stan-
dard pullout equipment for full �i.e., multiple-rib� geogrid speci-
mens. Consequently, because of the lack of interference in
individual-rib pullout tests, these small-scale tests provide an al-
ternative approach for characterization of pullout parameters
avoiding the need of comparatively large-scale pullout devices.

As previously discussed, the presence of transverse ribs ap-
pears to affect detrimentally the contribution of longitudinal ribs
to the overall pullout resistance, at least for the comparatively
dense Geogrid G1 used in this study. Indeed, it is expected that
the interface shear mechanism would contribute to the overall
pullout resistance only for comparatively small displacements
while the passive resistance mechanism would contribute to the
overall pullout resistance for comparatively large displacements.
The passive resistance mechanism would ultimately govern the
ultimate pullout resistance for the large displacements that corre-
spond to the peak pullout resistance. Fig. 18�b� compares the
experimental results from the large-scale pullout Test LS2 with a
prediction obtained using individual-rib tests performed at

Fig. 18. Comparison between large-scale pullout test experimental r
predicted curve
25 kPa. This pullout prediction was conducted with the objective
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of obtaining the peak pullout resistance, which occurs at com-
paratively large displacements. Accordingly, the prediction shown
in Fig. 18�b� was obtained using the stress transfer model and
neglecting the interface shear resistance provided by the longitu-
dinal ribs �i.e., considering �=0�. The comparison is reasonably
good, particularly for the value of the ultimate pullout resistance.
The agreement between the ultimate pullout resistance obtained
from large-scale experimental pullout testing and the prediction
obtained using small-scale transverse-rib pullout tests confirms
that, at least for the comparatively dense Geogrid G1 used in this
study, the ultimate pullout resistance is governed by the passive
resistance contribution provided by the transverse ribs.

Fig. 19 shows a comparison between the experimental results
form the large-scale pullout Test LS2 and a prediction obtained
using individual-rib pullout tests performed at 25 kPa. In this
case, the objective was to simulate the entire load-displacement
curve rather than only to obtain the peak pullout resistance. Ac-
cordingly, the influence factor � was backcalculated accounting
for the magnitude of displacements at peak observed in the
individual-rib pullout tests. The good agreement observed in Fig.
19 was obtained by selecting influence factor � varying linearly
from �=0.6 for a frontal displacement of zero to �=0.0 for a
frontal displacement of approximately 10 mm. A displacement of
10 mm corresponds to the frontal displacement at peak pullout
obtained from transverse-rib pullout tests. The good comparison
obtained for the entire pullout-displacement curve confirms that
interface shear mechanisms contribute to the pullout resistance

and predictions: �a� Test LS5 and predicted curve; �b� Test LS2 and

Fig. 19. Comparison between large-scale pullout test experimental
results �Test LS2� and predictions
esults
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for comparatively small displacements while passive mechanisms
dominate the pullout resistance for comparatively large displace-
ments. Although the basis for selection of the magnitude of the
influence factor � requires further evaluation, it appears that the
displacement at peak obtained from the transverse-rib pullout
curves provide a good basis for such selection. As previously
discussed, at least for the comparatively dense Geogrid G1 used
in this study, the selection of the influence factor is not relevant
when the objective of the prediction is to obtain the ultimate
pullout resistance.

Table 4 summarizes the results obtained experimentally from
large-scale pullout tests using Geogrid G1 and results predicted
using the stress transfer model and individual-rib pullout test re-
sults. As for the case of the prediction of Test LS2 �Fig. 18�b��,
the ultimate pullout resistance predicted for the other large-scale
pullout tests with transverse ribs �Tests LS1, LS3, and LS4� were
also obtained by neglecting the contribution of longitudinal ribs
�i.e., considering �=0�. The results summarized in Table 4 con-
firm that, for the conditions in this study, the ultimate pullout
resistance is governed by the contribution of the transverse ribs
and that data from individual-rib pullout tests can be used to
predict the response of large-scale tests. Specifically, good predic-
tions were obtained for pullout tests conducted using different
geogrid lengths �350, 600, and 1,200 mm� as well as for pullout
tests conducted under various normal stresses �25 and 50 kPa�.

Conclusions

The contributions of longitudinal and transverse ribs to the overall
pullout resistance of comparatively dense mesh geogrids were
evaluated in this study. This investigation included the develop-
ment of new devices to conduct longitudinal-rib and transverse-
rib pullout tests on uneasily coated geogrids. In addition to the
individual-rib pullout tests, the scope of the experimental program
included large-scale pullout and tensile tests. A stress transfer
model was implemented to predict the experimental results ob-
tained from large-scale pullout tests using information collected
from small-scale, individual-rib pullout tests. The main conclu-
sions that can be drawn from this investigation are as follows:
• The newly developed small-scale, individual-rib pullout tests

are expeditious and could be successfully used to provide a
good estimate of the peak pullout resistance of the geogrids
used in this study.

• Transverse geogrid ribs may cause significant oscillations of
localized normal stresses during pullout testing. The stress re-
distribution appears to detrimentally affect the contribution of
longitudinal ribs to the pullout resistance of geogrids, as veri-
fied for the dense mesh geogrids evaluated in this study.

• Experimental pullout test results and stress transfer analyses
indicate that, at least for comparatively dense mesh geogrids,
the interface shear mechanism contributes to the pullout force
only for comparatively small displacements while the passive

Table 4. Comparison between Experimental and Predicted Pullout Resis

Test LS1

Experimental value from large-scale pullout test 16.2

Value predicted using from individual-rib test results 14.8
resistance mechanism governs the ultimate pullout resistance.
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• Evaluation of the effect of transverse-rib spacing indicates that
there is an optimum spacing below which interference be-
tween geogrid ribs leads to a decreased pullout resistance.

• The stress-transfer model implemented as part of this study
allows prediction of the pullout resistance using input form
individual-rib pullout tests and from tensile tests on geogrids.
The use of an influence factors � greater than zero for com-
paratively small displacements is needed to obtain a good pre-
diction of the entire pullout-displacement curve. However, at
least for the comparatively dense mesh geogrid used in this
study, the selection of the influence factor is not relevant for
prediction of the ultimate pullout resistance.
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