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ABSTRACT: A proper understanding of the soil-geosynthetic interaction is essential to the design of soil-
geosynthetic systems under both ultimate (or large displacement) and service (or small displacement)
conditions. Pullout and interface direct shear tests have been among the most widely used experimental
techniques to evaluate this interaction. However, correlation between the results obtained using each test-
ing method and the suitable testing scale have remained unclear. A pilot experimental program was con-
ducted using pullout and direct shear devices of various scales. Experimental data obtained in the tests
was analyzed to gain insight into the effect of the scale and testing method on the soil-geosynthetic inter-
action behavior. Specifically, load and displacement data, average interface shear values, and normalized
displacements were compared for a baseline geosynthetic and backfill material tested in three testing sce-
narios: (1) large- and small-scale pullout tests, (2) large- and small-scale direct shear tests, and (3) same-
scale pullout and direct shear tests. Overall, the ultimate interface shear was found to be similar in various
testing scales and devices. However, the slope of the relationship between the interface shear and relative
displacement between soil and geosynthetic was found to be sensitive to both test method and testing
scale. Implication of the experimental observations in modeling soil-geosynthetic interaction was evaluat-
ed by simulation of a small-scale pullout test using a t-z analysis approach. Comparison of the simulation
results with the experimental data further underlined significance of adopting suitable test method and
testing scale for calibration and validation of analytical and numerical soil-geosynthetic interaction mod-
els.

Keywords: Soil-geosynthetic interaction; Pullout test; Interface direct shear test; numerical modeling; t-z
analysis.

1 INTRODUCTION

A proper understanding of the soil-geosynthetic interaction is essential to the design of soil-geosynthetic
systems. Characterization of soil-geosynthetic properties at ultimate states (i.e., at large displacements)
would be relevant in soil-geosynthetic systems that are designed using limit states conditions (e.g., geo-
synthetic-reinforced soil walls) (e.g., Bathurst 2005; Morsy et al. 2017). On the other hand, stiffness
properties of soil-geosynthetic interaction, which are characterized under small displacements, would be
relevant in soil-geosynthetic systems that are designed using deformability or serviceability criteria (e.g.,
geosynthetic-stabilized base roadways) (e.g., Roodi and Zornberg 2017; Zornberg et al. 2017).

Soil-geosynthetic interaction has typically been evaluated using interface direct shear and pullout tests.
The two tests mobilize the soil-geosynthetic interface shear in two different modes. While in the direct
shear test soil is forced to slide on a stationary geosynthetic, in the pullout test the geosynthetic is subject-
ed to increasing tension and is pulled out of a stationary soil mass. While both tests have been used to
evaluate soil-geosynthetic interaction (e.g., Chen and Abu-Farsakh 2012; Weldu et al. 2016; Xiao et al.
2015), pullout test would be relevant in cases where elongation of the geosynthetic specimen is consid-
ered and direct shear test would be relevant in cases where the geosynthetic does not strain.
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Various factors have been identified to affect the soil-geosynthetic interaction test results (e.g., Pal-
meira 2009). However, the effect of testing scale and the test method on soil-geosynthetic interaction
have remained unclear. As part of an ongoing research study at the University of Texas at Austin, various
soil-geosynthetic interaction testing equipment of different scales have been used to characterize soil-
geosynthetic interaction properties for a wide range of backfill materials, geosynthetics, and testing condi-
tions. This paper presents results obtained in a pilot testing program. Specifically, the soil-geosynthetic
interaction data was analyzed in three testing scenarios: (1) large- and small-scale pullout tests, (2) large-
and small-scale direct shear tests, and (3) same-scale pullout and direct shear tests. In the end, implication
of the experimental observations in modeling soil-geosynthetic interaction was evaluated by simulation of
a small-scale pullout test using a t-z analysis approach.

The experimental data presented in this paper was obtained using a baseline geosynthetic, and backfill
material. This data will continue to be completed using a wide range of backfill materials, geosynthetics,
and testing conditions.

2 BASELINE MATERIAL
Characteristics of the baseline materials used in the pilot testing program are presented in this section.

2.1 Fill material

The backfill material was Monterey No. 30 sand. This soil is uniformly graded clean sand classified as SP
(poorly graded) according to the Unified Soil Classification System (USCS). This sand has rounded to
sub-rounded particles and consists predominantly of quartz with a trace of feldspars and other minerals.
The grain size of Monterey No. 30 sand ranges from 0.2 to 2 mm with a mean grain size of 0.7 mm (Fig-
ure 1). The coefficients of uniformity and curvature are 1.9 and 1.3, respectively. The backfill has a spe-
cific gravity of 2.65 and its minimum and maximum dry unit weight of 14.76 and 16.70 kN/m?, respec-
tively. The peak friction angle for Monterey No. 30 sand at relative density of 70% is estimated to be 36.7
degrees. This value is estimated from data obtained in triaxial testing condition.
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Figure 1. Grain size distribution of Monterey No. 30 sand

2.2 Geosynthetic

The geosynthetic material used in the pilot tests was a polypropylene woven geotextile. This geotextile
has multi-filament yarns oriented in the machine direction and mono-filament yarns oriented in the cross-
-machine direction. Yarns in the machine direction are connected to each other forming a squeezed rhom-
bic network. As reported by the manufacturer, the ultimate tensile strength of the geotextile in both ma-
chine and cross-machine directions is 70 kN/m. The tensile strength in cross-machine direction at 2 and
5 % strain was reported 19.3 and 39.4 kN/m, respectively, and the tensile strength in machine direction at
2 and 5 % strain was reported as 14 and 35 kN/m, respectively. The tensile properties were obtained in
accordance with ASTM D4595. However, these properties are susceptible to variability results from
manufacturing, transportation, and storage. In addition, tensile strength and stiffness vary with the strain
rate during axial loading.
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3 EFFECT OF SCALE IN PULLOUT TEST: LARGE VS. SMALL SCALE PULLOUT TEST

Effect of scale in pullout test was evaluated using two pullout devices of significantly different scales: a
large-scale equipment with inner dimensions of 1,500 mm (length), 750 mm (width), and 450 mm (depth)
(Figure 2a); and a small-scale equipment with inner dimensions of 250 mm (length), 300 mm (width), and
280 mm (depth) (Figure 2b). Smooth sheets were used on inner walls of the pullout boxes to minimize
friction at boundaries. The dimensions of the geosynthetic specimen were approximately 750 x 1,000 mm
(width x length), in the large-scale test, and 280 x 250 mm (width x length), in the small-scale test. Both
specimens were tested in the cross-machine direction. The backfill material was placed and compacted
using hand tampers to reach a target dry unit weight of 16.05 kN/m? in both tests. A normal pressure of
21 kPa was applied and geosynthetic specimens were pulled at a displacement rate of 1 mm/min.
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Figure 2. Schematic of pullout equipment used in the pilot testing program: a) large-scale; b) small-scale

Figure 3a presents the frontal load vs. frontal displacement obtained in the small- and large-scale
pullout test. Expectedly, both ultimate frontal load and ultimate displacement in the large-scale test were
significantly higher than those in the small-scale test. However, a more relevant comparison involves
evaluation of the interface shear and shear strain between the two scales. The average interface shear was
estimated by dividing the frontal load over the soil-geosynthetic contact area. The contact area was also
corrected for the loss of contact results from the geosynthetic portion that is pulled out of the backfill. The
corrected average interface shear versus displacement is presented in Figure 3b. The ultimate interface
shear was found to be very close in the two testing scales as approximately 20 kN/m?. The small-scale
test, however, was found to show a higher slope of soil-geosynthetic interaction defined as the slope of
the relationship between interface shear and displacement. This observation was expected because mobi-
lization of the interface shear in pullout tests differs in various testing scales (Roodi et al. 2018). When
geosynthetic specimen is comparatively small, the soil-geosynthetic interface shear is mobilized mainly
by rigid movement of the geosynthetic, while the tensile strains remain comparatively small. Therefore,
the ultimate interface shear in the small-scale test is expected to be reached at relatively small displace-
ments when the entire geosynthetic displaces. However, in a large-scale test, the soil-geosynthetic inter-
face shear is mobilized by both movement and deformation of the geosynthetic. Therefore, additional
frontal displacements (and elongation of the front portion of the geosynthetic) is expected in the large-
scale test as the mobilize length advances to the end of the geosynthetic.
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Figure 3. Comparison of test results obtained in small- and large-scale pullout tests: a) load versus displacement; b)
average interface shear versus displacement.
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As an additional effort to further compare consistency between the results obtained in the small- and
large-scale pullout test, the interface shear values were compared using a normalized displacement.
Frontal pullout displacements in each testing scale were normalized by the ultimate frontal displacement
obtained in that scale. Results are presented in Figure 4. A reasonably good agreement was found be-
tween the results obtained in the two testing scales for both average interface shear values and the soil-
geosynthetic interaction slopes.
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Figure 4. Average interface shear versus normalized displacements in small- and large-scale pullout tests

4 EFFECT OF SCALE IN DIRECT SHEAR TEST: LARGE VS. SMALL SCALE DIRECT SHEAR
TEST

Effect of scale in direct shear test was evaluated using two direct shear setups of different scales. The
large-scale setup included a shear box with inner dimensions of approximately 330 mm (length) and 300
mm (width) (Figure 5a). The small-scale equipment had inner dimensions of 75 mm (length) by 75 mm
(width) (Figure 5b). The geosynthetic specimens were placed in the cross-machine direction and securely
glued to the bottom half of the setups to minimize their deformation. Backfill material was placed and
compacted in the top haves of the setups. The thickness of the soil layer was 75 mm and 25 mm in the
large- and small-scale setups, respectively. Although a target dry unit weight of 16.05 kN/m? was set, the
backfill density in the small-scale test was found to be slightly larger than the target. A normal pressure of
21 kPa was applied and the bottom halves of the setups were pulled at a displacement rate ranging from
0.5 to 1 mm/min. Vertical displacement was also measured at the center of the soil to evaluate dilation.
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Figure 5. Direct shear equipment used in the pilot testing program: a) large-scale; b) small-scale.

Figure 6a presents the shear load vs. horizontal displacement obtained in the small- and large-scale di-
rect shear test. As expected, the test conducted in the large-scale setup resulted in significantly larger ul-
timate shear load and ultimate displacement. Average interface shear was obtained by dividing the shear
load over the soil-geosynthetic contact area. Reduction in the contact area was also taken into account in
the small-scale test where the box movement resulted in the loss of contact between the geosynthetic and
backfill. Results are presented in Figure 6b. The ultimate interface shear was found to be very close in the
two testing scales as approximately 22 kN/m?. Consistent with the observation in the pullout tests, the
small-scale test was found to have a higher slope of soil-geosynthetic interaction defined as the slope of
the relationship between interface shear and soil-geosynthetic relative displacement.
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Figure 6. Comparison of test results obtained in small- and large-scale direct shear tests: a)load versus displace-
ment; b) average interface shear versus displacement.

A clear distinction was found between the peak and the residual shear resistance (22.5 vs. 17.5 kN/m?)
in the large-scale test (Figure 6b). The peak interface shear was recorded at a relative displacement of ap-
proximately 5 mm, whereas the residual interface shear was observed at displacements exceeding 11 mm.
Results obtained in the small-scale test exhibited a similar distinction between the peak and residual inter-
face shear but at significantly smaller displacement range. Evaluation of the vertical displacement of
backfill materials confirmed the observations of the soil-geosynthetic interaction behavior in the two test-
ing scales. The vertical displacement data is presented in Figure 7. Note that the scales of the secondary
horizontal and vertical axes, presented on the right and on the top, respectively, differs from the primary
axes, presented on the left and in the bottom. The primary axes were used to present the data corresponds
to the large-scale test and the secondary axes were used to show the data corresponds to the small-scale
test. The large-scale test initially showed comparatively small amount of compression at displacement
range of 0 to 10 mm. A significant dilation was then observed toward the end of the test when residual
state was reached. In the small-scale test, however, compression was insignificant. This can be attributed
to the comparatively larger soil density in the small-scale test. Similar to the large-scale test, substantial
soil dilation was observed towards the end of the small-scale test. However, soil dilation in the small-
scale test was significantly smaller than that in the large-scale test.
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Figure 7. Dilation and compression of backfill in small- Figure 8. Average interface shear versus normalized
and large-scale direct shear tests displacements in small- and large-scale direct shear tests

Consistent with the analysis conducted on pullout test results, average interface shear values obtained
in the direct shear tests were evaluated using normalized shear displacements. Results are presented in
Figure 8. Shear displacements in each testing scale were normalized by the ultimate shear displacement
obtained in that scale and presented as percentage on the horizontal axis in this figure. A reasonably good
agreement was found between the results obtained in the two testing scales. Specifically, the slope of the
soil-geosynthetic interaction curves were found to be similar in the initial portion.
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5 EFFECT OF TEST METHOD: DIRECT SHEAR VS. PULLOUT TEST

Effect of test method on the soil-geosynthetic interaction response was evaluated by comparison of
pullout and direct shear test results conducted using the same scale. Specifically, the test results obtained
using the small-scale pullout device (300 mm (width) x 250 mm (length)) was compared to the test results
obtained using the large-scale direct shear device (300 mm (width) x 330 mm (length)). The soil-
geosynthetic interaction curves were found to be significantly different. This observation was expected as
the two tests mobilize the soil-geosynthetic interface shear in different modes.

The load vs. displacement and interface shear vs. displacement data are presented in Figures 9a and b,
respectively. As presented in Figure 9a, a significantly larger displacement was required in the direct
shear test, as compared to the pullout test, to reach the ultimate interface shear (5 mm in the direct shear
test vs. 1 mm in the pullout test). As presented in Figure 9b, the peak interface shear was found to be
larger in the direct shear test. However, the ultimate interface shear (i.e., in the residual states) was ex-
pectedly found to be similar between the two tests. The slope of the soil-geosynthetic interaction defined
as the slope of the relationship between the interface shear and relative displacement between soil and ge-
osynthetic was found to be generally larger in the pullout test.
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Figure 9. Comparison of test results obtained in direct shear and pullout tests of the same scale: a)load versus dis-
placement; b) average interface shear versus displacement.

6 IMPLICATION IN SOIL-GEOSYNTHETIC INTERACTION MODELING

Analytical modeling of soil-geosynthetic interaction requires suitable constitutive relationships to be de-
fined for soil-geosynthetic interface. The soil-geosynthetic interface constitutive relationships typically
relate the shear stress mobilized at the soil-geosynthetic interface to the relative displacement between the
two materials. Some of the models adopted in previous studies to describe the interface interaction in-
clude: linear elastic (e.g., Yuan 2011); linear elastic-perfectly plastic (e.g., Bergado and Chai 1994); rigid-
perfectly plastic (e.g., Roodi 2016); bilinear and hyperbolic models (e.g., Wilson-Fahmy and Koerner
1993); and more complex nonlinear multiphase models such as elasto-plastic strain hardening and soften-
ing models (e.g., Perkins and Cuelho 1999). The soil-geosynthetic interface models have typically cali-
brated by experimental data obtained in direct shear tests. However, as presented in this study (Figure 6b),
soil-geosynthetic interface shear vs. displacement relationship is not unique and is sensitive to the testing
scale.
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Figure 10. Simulation of pullout test results using t-z analysis approach

Experimental data obtained in this study was used in a pilot evaluation to identify suitable testing scale
for soil-geosynthetic interface relationships. As part of this evaluation, an iterative procedure based on t-z
analysis approach was implemented to simulate soil-geosynthetic interaction data obtained in the small
pullout test presented in this paper (Refer to Roodi et al. (2018a and b) for more details regarding imple-
mentation of the t-z analysis approach). Specifically, constitutive models were assumed for geosynthetic
and soil-geosynthetic interaction and the small pullout test was simulated. Various soil-geosynthetic inter-
face models were then tried to identify the best fit to the experimental data obtained in the small pullout
test. As presented in Figure 10, the iterative procedure resulted an excellent agreement between simulated
data and the experimental data obtained in the small pullout test.

The soil-geosynthetic interface model that resulted the best fit to the experimental pullout data in-
volved a bilinear-plastic model. The displacement that corresponded to the beginning of the plastic por-
tion of the model was 1 mm and the displacement corresponded to the end of the first linear portion of the
model was 0.2 mm. Figure 11a compares this model against the experimental data obtained in this study
using direct shear setups of different scales. Figure 11b shows a close view of the same data in the dis-
placement range of 0 to 2.5 mm. Evaluation of the data presented in this figure indicates that the small-
scale direct shear test provided a significantly more suitable data (as compared to that provided by the
large-scale direct shear test) to be used for soil-geosynthetic interface modeling. This observation under-
lines significance of adopting suitable testing scales for calibration and validation of analytical and nu-
merical soil-geosynthetic interaction models.
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Figure 11. Soil-geosynthetic interface model obtained for pullout test as compared to direct shear test results: a)
general view; b) close view in displacement range of 0 to 2.5 mm.

7 CONCLUSIONS

Effect of scale and testing method on the soil-geosynthetic interaction data was evaluated through a series
of various soil-geosynthetic interaction tests conducted in various scales. Specifically, large- and small-
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scale pullout devices and large- and small-scale direct shear devices were used. Load and displacement
data, average interface shear values, and normalized displacements were compared among the tests.

Overall, a reasonably good consistency was found among the ultimate interface shear values obtained
in various testing scales and devices. However, absolute value of displacements in the large-scale tests
significantly differed from those in the small-scale tests. Nonetheless, reasonably good agreement was
found between average interface shear versus normalized displacement data for the same type of tests
conducted in different scales.

Stiffness of the soil-geosynthetic interaction data, defined as the slope of the relationship between av-
erage interface shear and relative displacement between soil and geosynthetic, was found to be higher in
the small-scale tests as compared to that in the large-scale tests. Furthermore, comparison of the results
obtained using pullout and direct shear tests of the same scales indicated that this slope was higher in the
pullout test.

Experimental data obtained in this study was used to evaluate suitability of soil-geosynthetic interface
shear models typically used in soil-geosynthetic interaction modeling. Specifically, as part of an iterative
procedure, various soil-geosynthetic interface models were tried and the model that could produce the
best fit to the experimental pullout data was identified. The identified model was then compared to the
experimental data obtained in the direct shear tests. This comparison indicated that the small-scale direct
shear test data was indeed a more suitable data to predict soil-geosynthetic interaction response. This ob-
servation underlines significance of adopting suitable testing scales for calibration and validation of ana-
lytical and numerical soil-geosynthetic interaction models.

Conclusions drawn in this paper have been based on the experiments conducted using a baseline soil,
geosynthetic type, and testing condition. This research is currently ongoing at the University of Texas at
Austin aimed at generalizing these conclusions for a wider range of materials and testing conditions. Ex-
perimental data, findings, and conclusions will be updated accordingly.
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