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EVALUATION OF LOAD TRANSFER MECHANISMS BETWEEN
SOIL AND GEOGRID USING TRANSPARENT SOIL
Xin Peng, Ph.D.
The University of Texas at Austin, 2017
Supervisor: Jorge G. Zornberg
The increasing use of different types of geosynthetics in the design of reinforced
soil retaining structures and of stiffened roadways require proper evaluation of the
mobilization of load-transfer mechanisms between soil particles and geosynthetics.
Compared to other planar geosynthetics, geogrids develop a soil-interlocking interaction
that leads to the mobilization of different types of resistance from different rib elements.
The resistance mobilized by the different rib elements ultimately determine the mechanical
responses for both: (1) the ultimate pullout resistance; and (2) the confined geogrid
stiffness. Geogrids with different aperture shapes involve rib elements along different
orientations. Different rib orientations, as well as different rib dimensions, may lead to
different load transfer mechanisms. The contributions of the different mechanisms have
been difficult to be quantify and evaluate using conventional experimental techniques. In
this study, a new experimental approach involving the use of transparent soil with laser
aided imaging, was developed to visualize and quantify load-transfer mechanisms between
soil particles and geogrids with different geometric characteristics. Laser beams with up to
350 mW output power and with a wavelength of 638 nm were adopted to allow tracking
the transparent soil particles at a plane perpendicular to the soil-geogrid interface. The
vii

collimated beam resulted in well-defined individual particles in the selected plane of the
soil model. High-definition cameras were used to track the displacement fields of both the
confined geogrid specimen and the soil particles within the laser-illuminated plane. Digital
Image Correlation (DIC) techniques, as well as other image-processing approaches were
used to define the displacement fields based on images captured during the tests. Using this
experimental approach, a series of investigations were conducted based on soilgeosynthetic interaction (SGI) tests: (1) experimental evaluation of the confined
performance of geogrids with different geometric characteristics; (2) load transfer
modeling of the soil-geogrid interaction using both biaxial and triaxial geogrids.
The experimental evaluation illustrated the impact of the geometric characteristics
of geogrids (e.g. aperture shapes, aperture sizes, and rib dimensions), on the mobilization
of load transfer between soil particles and geogrid specimens. Specifically, the digitallycollected data allowed determination of: (a) geogrid displacement profiles, (b) loaddisplacement relationships of geogrid specimens, (c) soil stiffening along the loading
direction, and (d) the development of shear bands. Using the proposed testing
configuration, the experimental results allowed the comparison between the response of
triaxial geogrids and that of the biaxial geogrid.
Load transfer models of soil-geogrid interaction were developed. They involve
independent modeling for (1) longitudinal ribs, and (2) transverse or diagonal ribs of the
geogrid specimen. The models developed in this study were validated using the results
from tests conducted using the selected biaxial and triaxial geogrids. Good agreement was
observed between the experimental measurements and model predictions. The load transfer
viii

models also allowed the evaluation of the interference between different load transfer
mechanisms during the SGI tests conducted using the biaxial geogrid as a part of this study
. In addition, the difference between the load transfer mechanisms developed in the biaxial
geogrid and those developed in the triaxial geogrids was evaluated and quantified in this
study. Overall, the triaxial geogrids tested as a part of this study showed a higher load
transfer efficiency than the biaxial geogrid along the loading direction. This was probably
attributed to the comparatively uniform unit tension distribution exhibited by the triaxial
geogrids in relation to that of the biaxial geogrid used in this study. The governing
component of the resistance mobilized at low displacement levels in the test conducted
using the selected biaxial geogrid was the resistance developed by the longitudinal ribs.
Instead, at high displacement levels and until pullout failure, the relative contributions of
the transverse ribs were larger than those of the longitudinal ribs. The most relevant
component of the resistance mobilized throughout the entire tests conducted using the
triaxial geogrids as a part of this study, both under low and large displacements, was found
to be the resistance developed by the diagonal ribs, with their relative contributions
particularly high during the early stages of the tests. In the tests conducted using different
triaxial geogrids, the relative contributions of the resistance from different rib components
were found to depend on the geometric characteristics of the geogrids.
Overall, the conclusions addressed from this study provide valuable insight into
identifying the impact of the geometric characteristics of geogrids on the load transfer
mechanisms between soil particles and geogrids.
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Chapter 1: Introduction
1.1

MOTIVATION
Geogrids, a type of geosynthetics manufactured using comparatively high-strength,

high-modulus, and low-creep-sensitive polymers with different aperture sizes and shapes,
have been extensively used in North America since 1982 (Koerner, 2012). The increasing
use of geogrids in retaining walls and roadways was probably triggered by (1) good quality
control in their manufacture process, (2) fast and easy installation, (3) economic advantages
in comparison to the use of traditional construction materials, and (4) good performance in
a variety of civil engineering applications. Due to the significant benefits achieved with
applications involving geogrids, the market has responded by continuously developing
products with different characteristics and using different materials. However, the
evaluation of the differences in the performance of many available geogrids has been
challenged by the diversity of products, which may render different performances in field
applications.
In the case of geogrid-reinforced soil retaining structures, traditional design
methods have been typically based on the limit-equilibrium analyses. On the other hand,
geogrid-stiffened roadway systems have been designed using simplified methods that
typically represent the geogrid-involved layer as a “composite layer” with a “composite”
modulus/stiffness. The actual soil-geogrid interaction behavior under service conditions is
still not fully understood, especially for recognizing the resistance contributions from the
different rib components, including the effect of their different geometric characteristics.
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The comprehensive understanding of the load transfer mechanisms between soil and
geogrid under service conditions can provide valuable insight into the determination of the
design parameters (e.g. confined stiffness of geogrids, pullout resistance of geogrids, and
resilient modulus of the geogrid-involved foundation layers, etc.) of the structures
involving the use of geogrids. The use of different types of geogrids in the design of
reinforced soil retaining structures and stiffened roadway systems requires proper
evaluation of the load transfer mechanisms between soil and geogrids. A number of
experimental studies (Ochiai et al., 1996; Alagiyawanna et al., 2001; Ziegler & Timmers,
2004; Teixeira et al., 2007; Gupta, 2009; Sieira et al., 2009; Wang et al., 2016; Roodi &
Zornberg, 2017) and numerical investigations (Wilson-Fahmy & Koerner, 1993; Tran et
al., 2013; Wang et al., 2016) have been conducted to assess these mechanisms over the past
decades. Most of these studies have focused on the load transfer behavior of geogrids with
rectangular apertures. These studies have often considered that the resistance mobilized by
the geogrid results from two contributions: (1) resistance developed by longitudinal ribs
(including the interface shear resistance from the top and bottom surface of the longitudinal
ribs, and the passive resistance from the raised junction nodes); and (2) resistance
developed from the transverse ribs (including the interface shear resistance from the top
and bottom surface of the transverse ribs, and the passive bearing resistance at the frontal
surface of the transverse ribs). In the application involving roadway stiffening, the
improved stiffness behavior of geogrid-stiffened base layers have been evaluated via
laboratory and field tests (Collin et al., 1996; Chen et al., 2009; Abu-Farsakh & Chen,
2011; Roodi & Zornberg, 2017). Previous investigations have concentrated on the analysis
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of geogrid specimens under specific load conditions, and neglected the displacements of
soil particles induced by the movement of geogrids. This is understandable as most
conventional tests only allow displacement measurement of the geogrid junctions at
specific locations and no measurement of soil particle movements.
Uniaxial and biaxial geogrids have been used to stabilize roadways and to reinforce
soil retaining structures. In recent years, geogrids with triangular apertures have been
introduced for stiffening roadway systems, due to their potential geometric advantages
(mainly reported by the manufacturers), as compared to traditional uniaxial and biaxial
geogrids. These advantages include: (1) offering three principal directions of stiffness
rather than one or two; (2) comparatively larger rib depth to facilitate confinement of soil
particles; and (3) a hexagonal junction shape with comparatively high junction strength
and stiffness. Dong et al. (2011) conducted numerical simulations to compare the tensile
behavior of geogrids with rectangular apertures against that of geogrids with triangular
apertures. They concluded that, under unconfined tensile loading, triaxial geogrids have
more uniform strain and stress distribution along multiple loading directions than geogrids
with rectangular apertures. The experimental evaluation conducted by Sun et al. (2014)
indicated that, in comparison to unstiffened sections, pavement sections stiffened by using
triaxial geogrids exhibited reductions of permanent deformations in both surface and
subgrade layers, as well as a reduction in the horizontal pressures within the subgrade layer.
However, the differences of the load transfer mechanisms among geogrids with different
aperture shapes and different rib dimensions are still not well understood. Also, no standard
laboratory testing methods have been developed and established to evaluate and compare
3

the load transfer mechanisms between soil particles and geogrids with different geometric
characteristics.
Over the past decade, image-based techniques have been extensively used to
measure deformation fields in geotechnical laboratory models (Zornberg et al., 1998; Otani
et al., 2000; White et al., 2003). As an automatic target-tracking method, Digital Image
Correlation (DIC) technique, also known as Particle Image Velocimetry (PIV) in the field
of experimental fluid mechanics, has been introduced to evaluate the movement of regular
soil particles (White, 2002).
Transparent soils, such as those containing amorphous silica materials and pore
fluids with a matching refractive index have recently been utilized in geotechnical studies
(Magued Iskander, 2010; Ezzein & Bathurst, 2014; Chini et al., 2015; Ferreira & Zornberg,
2015). In the application of transparent soils, continuous spatial deformations in soils can
be measured using digital cameras and image processing techniques (e.g. DIC techniques)
without physical disturbances that often occur when using sensor measurements.
The motivation of this study stems from the somewhat overdue need to better
understand the load transfer mechanisms between soil particles and geogrids. A more
specific and recent need involves the evaluation of the impact of geometric characteristics
of geogrids at different load or displacement levels. This study includes: (1) the
development of an experimental approach to evaluate soil-geogrid interaction under inplane pullout loading using transparent soil; (2) the development of a series of methods to
retrieve the deformation information from both geogrid specimens and surrounding soil
particles from the experimental approach developed in this study; (3) experimental
4

evaluation of soil-geogrid interaction using geogrids with different geometric
characteristics; (4) the development of models to estimate the load transfer mechanisms
between soil and geogrids with different geometric characteristics.
1.2

OBJECTIVES
The overall objective of this study is to use transparent soil, as well as related

technologies, to quantify and evaluate the load-transfer mechanisms between soil and
geogrids with different geometric characteristics. The specific objectives are as follows:
1.

Develop experimental testing protocols using transparent soil, digital cameras, and
a laser system, to evaluate the load transfer mechanisms between soil particles and
geogrids.

2.

Develop an efficient approach for image processing and data analysis to assess rib
as well as soil movement that occur at different load levels using collected images
from the experimental tests.

3.

Evaluate and compare the soil-geogrid interaction behaviors using with different
geometric characteristics using displacement measurements in geogrid specimens,
which were obtained from the image processing techniques adopted in this study.

4.

Evaluate and compare the soil-geogrid interaction behaviors using geogrids with
different geometric characteristics using displacement measurements in soil
particles, which were obtained from the image processing techniques adopted in
this study.
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5.

Develop a load transfer model to quantify the relative contributions from both
longitudinal and transverse ribs during the soil-geosynthetic interaction (SGI) tests
conducted using biaxial geogrids, as well as to estimate the confined unit tension
distribution of geogrid specimens along the loading direction for different frontal
load levels.

6.

Evaluate the effect of the geometric configuration of the geogrid specimens on the
load transfer mechanisms between soil particles and the biaxial geogrid evaluated
in this study.

7.

Develop a load transfer model to quantify the relative contributions from both
longitudinal and diagonal ribs during the SGI tests conducted using triaxial
geogrids.

8.

Compare the difference of load transfer mechanisms between biaxial and triaxial
geogrids during the SGI tests using the models developed in this study.

1.3

DISSERTATION STRUCTURE
Chapter 2 provides the background information regarding the materials, theoretical

frameworks and methodologies used in this study. First, an overview of geosynthetics and
geogrids and their main applications are introduced. Next, a literature review is provided
regarding the experimental and numerical studies of load transfer mechanisms between soil
and geogrids. Finally, general information regarding transparent soils and related studies
are presented.

6

Chapter 3 describes the development of a new experimental approach aiming at
evaluating the soil-geogrid interaction using transparent soil. The characteristics of the
transparent soil and of the geogrids used in this study are initially introduced. Then, details
about the main components of the experimental apparatus developed in this study are
described, Finally, the image process techniques adopted in this study to obtain the
displacement fields of both geogrid specimens and soil particles are outlined.
Chapter 4 presents the experimental program involving the characterization of soilgeogrid interaction using geogrids with different geometric characteristics. First, the
measured data retrieved from experimental tests using both biaxial and triaxial geogrids
are illustrated. Next, the results from those tests are compared involving the aspects of (1)
geogrid displacement profiles along the loading direction, (2) load-displacement
relationships of geogrid specimens, (3) soil displacement profiles along the loading
direction, and (4) development of shear bands. Consequently, the impact of the geometric
characteristics of geogrids on the mobilization of load transfer between soil and geogrids
is evaluated.
Chapter 5 describes the development of a load transfer model to assess the load
transfer mechanisms between soil particles and geogrids with rectangular apertures. Load
transfer modeling of each rib type (longitudinal or transverse ribs) of a biaxial geogrid is
evaluated separately. Good agreement is observed between experimental measurements
and model predictions. Also, the effect of the geometric configuration of the geogrid
specimens on the load transfer mechanisms between soil particles and the biaxial geogrid
is also evaluated by using the developed model.
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Chapter 6 describes the development of a load transfer model to assess the load
transfer mechanisms between soil particles and geogrids with triangular apertures. Load
transfer modeling of each rib type (longitudinal or diagonal ribs) of triaxial geogrids is
evaluated separately. Also in this case, good agreement is observed between experimental
measurements and model predictions. the difference of load transfer mechanisms between
biaxial and triaxial geogrids during the SGI tests for different load levels are also compared
based on the developed models.
Chapter 7 summarizes the key findings and conclusions from this study, and also
provides suggestions for future related research.
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Chapter 2: Background Information
2.1

INTRODUCTION
The first section of this chapter provides background information of geosynthetics

and geogrids. The next section focuses on recent studies involving load-transfer
mechanisms between soil and geogrids. Both experimental and numerical studies related
to this study are introduced and evaluated. Since transparent soil is a key tool used in this
study, the third part of this chapter introduces background information and recent studies
involving the applications of different types of transparent soil.
2.2

GEOSYNTHETICS AND GEOGRIDS

2.2.1 Geosynthetics
According to ASTM D4439 (2015), geosynthetic is a planar product (expect for the
case of geocells and geofoam) manufactured from polymeric material used with soil, rock,
earth, or other geotechnical engineering related material as an integral part of a man-made
project, structure, or system. Koerner (2012) identified five major functions in general
geosynthetics’ applications: (1) separation, (2) reinforcement, (3) filtration, (4) drainage,
and (5) containment (of liquid and/or gas). The types of geosynthetics include: (1) geogrids,
(2) geotextile, (3) geonets, (4) geomembranes, (5) geofoam, (6) geocells, (7) geosynthetic
clay liners, and (8) geocomposites. The primary functions of each type of geosynthetics are
summarized in Table 2-1. Compared to the use of traditional materials, the main benefits
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of the use of geosynthetics include: (1) an increase in the overall performance of the
geotechnical engineering related structures, and (2) a decrease in the overall costs,
including both the initial and long-term costs. Because of these two main benefits,
geosynthetics have witnessed widening implementation by the construction industry.
Table 2-1: Primary functions of different geosynthetic types (Koerner, 2012).
Type of
geosynthetics

Separation Reinforcement Filtration Drainage Containment

Geogrids
Geotextiles

X
X

X

X

Geonets

X
X

Geomembranes

X

Geofoam

X

Geocells

X

X

Geosynthetic clay
liners (GCL)
Geocomposites

X
X

X

X

X

X

2.2.2 Geogrids
Geogrids are one of the most commonly used types of geosynthetics. They are
defined as a geosynthetic formed by a regular network of integrally connected elements
with apertures larger than 6.35 mm (1⁄4 in.) to allow interlocking with surrounding soil,
rock, or other surrounding materials to function primarily as reinforcement (ASTM D4439,
2015). Geogrids in today’s geosynthetic market are typically manufactured using the
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synthetic polymeric materials as follows: (1) polypropylene (PP), (2) high-density
polyethylene (HDPE), (3) polyester (PET), and (4) Polyvinyl alcohol (PVA).
Geogrid Types and Manufacture Processes
Geogrids are typically formed using one of the three manufacture methods as
follows (Koerner, 2012):
(1) Manufacturing of geogrid products using PP or HDPE involves using a plane with
a thickness of 4-6 mm punched on a regular pattern. Then, the punched PP or HDPE
sheet is stretched in one, or two, or three directions. The stretching process is
conducted under conditions of controlled temperature and strain rates. Geogrids
manufactured via this method typically has relatively high stiffness and relatively
low creep sensitivity. Geogrids drawn uniaxially are typically using HDPE plane,
and named “unitized geogrids”. These are extensively used to reinforce soil
retaining walls and slopes where the principle stress orientation is along one
specific direction. Geogrids drawn biaxially or triaxially typically use PP planes,
and named “homogenous geogrids”, which are widely used to stiffen bases and
foundations where the load orientations can be in all directions.
(2) Manufacturing of geogrid products using PET, PP, or PVA involves using yarns
that are typically twisted together to form transverse and longitudinal ribs. Then the
ribs are woven or knitted together to form flexible junctions. These products are
typically coated with polyvinylchloride (PVC), a bituminous material, or latex to
provide additional protection and dimensional stability.
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(3) Manufacturing of other geogrid products using PET, PP involves flat ribs (also
known as rods, straps, or bars) with a width of approximately 10 mm extruded from
a machine. Then the ribs are stretched and oriented by passing over several rollers
with different speeds. These ribs are introduced along two perpendicular directions
in a welding machine and connected by laser or ultrasonic welding.
Different geogrid types typically have different application areas. However, unless
they involve other types of geosynthetics forming a geocomposite, they are almost
exclusively used as reinforcement or stiffening materials. Specifically, the two primary
applications are: (1) soil retaining structures and (2) roadways systems.
Mechanical Properties of Geogrids
Traditionally, the following mechanical properties of geogrids are typically tested
for evaluating the general performance of different types of geogrids (Koerner, 2012): (1)
single rib and junction strength, (2) wide-width tensile strength, (3) soil-geogrid interface
shear strength, (4) pullout resistance, (5) wall connection anchorage strength, (6) torsional
rigidity. For all these properties, only (3) and (4) consider the interaction behavior between
soil particles and geogrids. Nonetheless, they only concentrate on the overall strengths of
the geogrids, the mobilization of the load transfer mechanisms between soil particles and
geogrid ribs are not considered. However, these mechanisms play an important role in
controlling the overall confined performance of the geogrids under service conditions.
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Unconfined Tensile Properties of Biaxial and Triaxial Geogrids
Dong et al. (2011) conducted numerical evaluation to compare the unconfined
tensile strength and stiffness of geogrids with rectangular apertures against those properties
of geogrids with triangular apertures. The rib elements of the biaxial geogrid (B in Figure
2-1) and of the triaxial geogrid (T1 in Figure 2-1) simulated in this study have the same
elastic modulus, tensile strength, and cross-section area. The authors reported the plots as
displayed in Figure 2-1. Consequently, they concluded that the tensile strength and stiffness
of the biaxial geogrid were highly dependent on the loading direction relative to the rib
orientations. Specifically, the unconfined tensile strengths and stiffness along the directions
of the rib orientations were much higher than those along any other directions. However,
the triaxial geogrid had more uniform strength and stiffness distribution along multiple
loading directions.

(a)

(b)

Figure 2-1: Comparison of distribution of (a) tensile strengths (unit: kN/m) and (b) tensile
stiffness (unit: kN/m) between biaxial and triaxial geogrids along multiple loading
directions (Dong et al., 2011).
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In Figure 2-1, the x and y directions represent the cross-machine and machine
directions of both biaxial and triaxial geogrids.
In addition, Swan and Yuan (2013) presented an analytic method to derive the
distribution of the unconfined tensile strengths of two different triaxial geogrids. The final
plots of the distribution of the unconfined tensile strengths of those two geogrids are similar
to that displayed in Figure 2-1(a).
Pullout tests and Soil-Geosynthetic Interaction Tests
The pullout test is typically conducted by applying a continuous load to pull a
confined geosynthetics from the soil volume until the ultimate pullout resistance reached.
The continuous load is typically applied at a constant rate of displacement. The
geosynthetic specimen is confined by applying a constant and uniform normal stress to the
soil. The details of the experimental apparatus and the testing procedure of this test are
introduced in ASTM D6706-01 (2013). The purpose of this type of test is to evaluate the
ultimate pullout resistance of the geogrid products.
The soil-geosynthetic interaction (SGI) test is conducted using the similar
experimental setups and similar testing procedure from the pullout tests. But in addition to
obtain the ultimate pullout resistance, displacement information in the confined geogrid
specimen is also obtained from the SGI test. The main purpose of this type of test is to
evaluate the soil-geosynthetic interaction behavior under a proposed loading condition.
Therefore, the SGI tests involving geogrids with different geometric characteristics, are the
primary experimental tests conducted and evaluated in this study.
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2.3

SOIL-GEOGRID LOAD TRANSFER MECHANISMS
The load transfer mechanisms between soil particles and geogrids are critical

factors for evaluating the mechanical behavior of both geogrid-reinforced soil retaining
structures and geogrid-reinforced roadway systems. Consequently, a number of studies
have been conducted over the past decades. Theories and concepts from selected studies
are discussed in the following sections. They provide theoretical support for the
development of the load transfer models in this dissertation.
2.3.1 Experimental Studies
Ochiai et al., 1996
Ochiai et al. (1996) reported the experimental results from both field and laboratory
SGI tests conducted to evaluate the soil-geogrid interaction. A schematic of the laboratory
apparatus for SGI tests is shown in Figure 2-2. Thin stainless-steel wires were attached to
the grid junctions and connected to dial gages placed outside the testing box (Figure
2-2(a)). A total of six junctions’ displacements were recorded, as displayed in Figure
2-2(b).
Using the results from the SGI tests, confined unit tension distribution along the
loading direction was evaluated using the theoretical model described in Figure 2-3. The
basic procedure of predicting the mobilization of the pullout resistance at a given frontal
pullout force is summarized as follows:
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(1) The displacement of each junction 𝑥𝑖 , was measured and shown along the geogrid
specimen as shown in Figure 2-3(a).
(2) The initial distance between two adjacent junctions (junction 𝑖 − 1 and junction
𝑖), 𝑑, is known. Figure 2-3(b) illustrates the determination of the average strain
𝜀𝑖−1,𝑖 between two adjacent junctions, as calculated by using the equation as
follows:
𝜀𝑖−1,𝑖 =

𝑥𝑖−1 − 𝑥𝑖
𝑑

(2-1)

Figure 2-2: Laboratory apparatus for SGI tests used by Ochiai et al. (1996): (a) plan view,
and (b) elevation view.
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Figure 2-3: Theoretical model for evaluating mobilization of the pullout resistance along
the geogrid specimen (Ochiai et al., 1996): (a) displacement profile along the loading
direction; (b) the average strain profile along the loading direction; (c) the index curve
obtained from the standard unconfined tensile test; (d) predicted confined unit tension
distribution along the loading direction.
(3) The confined tensile behavior of the geogrid was assumed to be the same as its
unconfined tensile behavior. Consequently, the confined unit tension at each
junction (e.g. 𝐹𝑖−1,𝑖 for junction 𝑖 − 1), can be determined using the load-strain
curve from a standard unconfined tensile test (Figure 2-3(c)).
(4) The confined unit tension distribution along the loading direction can be plotted as
shown in Figure 2-3(d). In order to satisfy force equilibrium, the confined tension
at each junction should equal the pullout resistance acting on the same junction.
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This model provides a basic framework to interpret the general load transfer
mechanism using the tensile behavior of the geogrid specimen. However, two possible
limitations of this model can be summarized as follows:
(a) The resistance contribution from longitudinal ribs and the resistance contribution
from transverse ribs were not considered separately. Therefore, the strain drop at
each junction location in Figure 2-3(b) is the result of the combination of the
resistance from both the longitudinal and transverse ribs. Consequently, there is no
strain change along each longitudinal-rib element. Therefore, the confined unit
tension distribution obtained in Figure 2-3(d) should be a smoothened curve by
averaging the overall contributions from the two rib components. In addition, even
if a more realistic strain distribution was considered, the strain contribution from
the longitudinal rib sections probably would be too small to be measured using
current technologies.
(b) In this model, the confined elongated behavior of the geogrid was considered to be
the same as its unconfined tensile behavior. However, the unconfined tensile
behavior of a geogrid is highly dependent on the strain rate of the testing specimen,
while the strain rates between adjacent junctions in the confined pullout box should
be different at different locations along the loading direction. This is because each
junction is mobilized at different times, and the mobilization speed depends on the
resistance mobilization of itself and of its connected rib components. Therefore,
one index curve such as that shown in Figure 2-3(c) may not be enough to predict
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the confined tensile behavior at different locations along the geogrid specimen
during the pulling out process.
Ziegler and Timmers, 2004
Ziegler and Timmers (2004) conducted SGI tests to investigate the load transfer
mechanisms between geogrid elements and soil particles. They reported permanent
deformations of the transverse ribs of geogrid and welded steel specimens after SGI tests
were completed. The experimental setup used in this study is illustrated in Figure 2-4.

Figure 2-4: Experimental setup of SGI test conducted using Geogrid specimens as well as
welded steel samples developed by Ziegler & Timmers (2004).
Based on the reported observations, a series of tests with varying quantities of the
transverse ribs were conducted to quantify the mobilization of bearing resistance from the
transverse ribs. Subsequently, a theoretical model was developed to predict the bearing
resistance. The concept of this model is illustrated in Figure 2-5. In this model, the geogrid
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is pulled out from one side (right side in Figure 2-5). For a given transverse rib 𝑖, the tensile
force at the right of this rib is 𝑍𝑖𝑟 , and the tensile force at the left side of this rib is 𝑍𝑖𝑙 , the
contribution of the transverse ribs to the increased tensile force at the right side, ∆𝑍𝑖 :
(2-2)

∆𝑍𝑖 = 𝑍𝑖𝑟 − 𝑍𝑖𝑙

To predict ∆𝑍𝑖 from the transverse rib 𝑖, the transverse rib was considered as a
beam on two pillars as shown in Figure 2-5(a). The displacement of the transverse rib,
𝑢𝑇,𝑖 , was characterized by the junction displacement, 𝑢𝐽,𝑖 , i.e. 𝑢𝑇,𝑖 = 𝑢𝐽,𝑖 . The filling soil
inside of the aperture acted against both the top and bottom surfaces of the transverse rib.
As 𝑢𝐽,𝑖 increased, more soil particles in the front of the rib were involved in resisting
further movement of the transverse rib. Consequently, a force wedge was formed in the
frontal resisting soil, and transferred to the surrounding soil via friction at the boundary
areas of the frontal resisting soil as Figure 2-5(b) displayed.

(a)

(b)

Figure 2-5: Load transfer model for predicting the passive bearing resistance from
transverse ribs: (a) plan view, and (b) elevation view (Ziegler & Timmers, 2004).
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The shear stress at the boundary areas of the frontal resisting soil, 𝜏𝐵 , is a function
of the friction angle of the soil, 𝜑𝐵 , and the locally applied normal stress, 𝜎𝑁 :
𝜏𝐵 = 𝜎𝑁 ∙ tan 𝜑𝐵

(2-3)

The length of the transverse rib is 𝑒𝑦𝐵 , and the length of the effected soil area in
the front of the transverse rib, 𝑚𝑜𝑏 𝐿𝑖 , is mobilized with the increase of 𝑢𝐽,𝑖 . Therefore,
the effected soil area, 𝐴:
𝐴 = 𝑒𝑦𝐵 ∙ 𝑚𝑜𝑏 𝐿𝑖 (𝑢𝐽,𝑖 )

(2-4)

The increased tensile force due to resistance from the transverse rib 𝑖, ∆𝑍𝑖 is equal
to the integral of the shear stress on the effected soil area:
𝐴

∆𝑍𝑖 = ∫ 𝜏𝐵 𝑑𝐴

(2-5)

0

The authors assumed that the local confining pressure 𝜎𝑁 is constant, and equal to
the applied global confining pressure. The friction angle of the soil was also assumed to be
constant and could be measured from some basic geotechnical tests. Therefore, the shear
stress 𝜏𝐵 is constant. The equation above can be rewritten as:
∆𝑍𝑖 = 𝜎𝑁 ∙ tan 𝜑𝐵 ∙ 𝑒𝑦𝐵 ∙ 𝑚𝑜𝑏 𝐿𝑖 (𝑢𝐽,𝑖 )

(2-6)

In the equation above, the only variable is 𝑚𝑜𝑏 𝐿𝑖 , which is a function of 𝑢𝐽,𝑖 , and
all other parameters are constant. Therefore, ∆𝑍𝑖 was assumed to be a function of 𝑢𝐽,𝑖 ,
and the follow equation can be written:
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∆𝑍𝑖 = 𝐹1 (𝑢𝐽,𝑖 )

(2-7)

To predict the interface shear resistance developed by the longitudinal-rib element
between two adjacent transverse ribs, 𝑍𝑖+1𝑙 − 𝑍𝑖𝑟 , the interface shear stress 𝜏𝑆−𝐺 was
assumed to be constant, and equal to the interface shear strength. Since the interface friction
angle 𝜑𝑆−𝐺 is constant, and the local confining pressure 𝜎𝑁 was as well assumed to be
constant, therefore:
𝜏𝑆−𝐺 = 𝜎𝑁 ∙ tan 𝜑𝑆−𝐺

(2-8)

The predicted interface shear resistance developed by the longitudinal-rib element
of width 𝑏𝑆𝑡 , 𝑍𝑖+1𝑙 − 𝑍𝑖𝑟 :
𝑍𝑖+1𝑙 − 𝑍𝑖𝑟 = 𝜏𝑆−𝐺 ∙ 𝑏𝑆𝑡

(2-9)

Since both 𝜏𝑆−𝐺 and 𝑏𝑆𝑡 are constant, the interface shear resistance in each
longitudinal-rib element is also a constant. A dimensioning nomogram of the calculation
model to predict the resistance from each transverse rib is illustrated in Figure 2-6.
Overall, compared to models such as that developed by Ochiai et al. (1996), Ziegler
& Timmers (2004) provided a more robust model to explain the load transfer mechanism
between soil particles and different rib components of geogrid, especially for the load
transfer mechanism between soil particles and transverse ribs. However, regarding the
prediction of interface shear resistance along the longitudinal ribs, they simply used the
ultimate interface shear strength to simulate the resistance contribution from each
longitudinal rib at different load levels. This may lead discrepancies with measurements
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from the real tests, since they neglected the mobilization progress of the resistance along
the longitudinal ribs.

Figure 2-6: Dimensioning nomogram of the calculation model to predict the resistance
from each transverse rib (Ziegler & Timmers, 2004).

Teixeira et al., 2007
Teixeira et al. (2007) investigated the load transfer mechanisms of individual
longitudinal and transverse ribs in SGI tests. The laboratory apparatus of the large-scale
SGI tests is presented in Figure 2-7. Six inextensible tell-tail strings were used to monitor
junction displacements at different locations along the geogrid reinforcement.
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(a)

(b)

Figure 2-7: Laboratory apparatus for large-scale SGI tests used by Teixeira et al. (2007):
(a) plan view, and (b) elevation view (unit: millimeters).
To evaluate the load transfer mechanisms of geogrid rib segments, the authors also
conducted two series of rib-element pullout tests using individual longitudinal and
transverse-rib segments separately. The testing devices are illustrated in Figure 2-8.
Unconfined tensile tests of geogrid specimens were also conducted to predict confined
tensile behavior of geogrids.
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(a)

(b)

Figure 2-8: Rib-element pullout test devices developed by Teixeira et al. (2007) for (a)
individual longitudinal-rib segment and (b) transverse-rib segment (unit: millimeters).
Two relationships were developed from the rib-element pullout tests for load
transfer modeling, which are: (1) the relationship between the frontal pullout force and the
frontal displacement of the longitudinal-rib segment, and (2) the relationship between the
pullout force and the displacement of Transverse Rib 2 (Figure 2-8(b)). The reason to
choose the load-displacement relationship of Transverse Rib 2 is to consider the interaction
between successive transverse ribs. These two relationships at two different confining
pressures are shown in Figure 2-9. Also, the pullout force of transverse rib in Figure 2-9(b)
was scaled to represent the force per unit width (1 m) of the geogrid specimen. Combining
these two relationships with the unconfined tensile load-strain curve, a load transfer model
was developed to predict the mobilization of the frontal pullout resistance at different
displacement (or load) levels. This model is solved via an iterative process. Details of the

25

model and related iteration process are illustrated in Figure 2-10, and basic descriptions of
the model calculations are summarized as follows:

(b)

(a)

Figure 2-9: Relationships developed from (a) longitudinal rib-element SGI test and (b)
transverse rib-element SGI test (Teixeira et al., 2007).

Figure 2-10: Load transfer model developed by Teixeira et al. (2007).
(1) The geogrid specimen is composed of 𝑛 segments, and each segment includes one
longitudinal-rib segment and one transverse-rib segment. For iteration 𝑖, the nodal
(junction) displacement at the front of Segment 1, ∆𝑖,1, is imposed. The pullout
load at the front of this segment is assumed to be 𝐹𝑖,1.
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(2) Obtain the interface shear resistance in the longitudinal-rib segment in Segment 1,
𝐿𝑅𝑖,1 , by applying the frontal displacement of this segment ∆𝑖,1 to the
longitudinal-rib pullout curve in Figure 2-9(a). Also, 𝐿𝑅𝑖,1 was assumed to vary
linearly along the longitudinal-rib segment.
(3) Calculate the average confined tension along Segment 1, 𝑇𝑖,1 , by introducing an
empirical influence factor 𝛽 that ranges from 0 to 1 and accounts for the potential
disturbances of the transverse ribs on the interface shear developed by longitudinalrib segments:
𝑇𝑖,1 = 𝐹𝑖,1 − 𝛽 ∙

𝐿𝑅𝑖,1
2

(2-10)

(4) Apply 𝑇𝑖,1 to the unconfined tension curve to get the average strain 𝜀𝑖,1 in this
segment.
(5) The initial length of the longitudinal-rib segment is 𝐿𝐿−𝑟𝑖𝑏 , the displacement at the
back of Segment 1, ∆𝑖,2, which is equal to the displacement at the front of Segment
2, can be calculated as:
∆𝑖,2 = ∆𝑖,1 − 𝜀𝑖,1 ∙ 𝐿𝐿−𝑟𝑖𝑏

(2-11)

(6) Obtain the passive bearing resistance in the transverse-rib segment in Segment 1,
𝑇𝑅𝑖,1, by applying ∆𝑖,2 to the transverse-rib pullout curve in Figure 2-9(b).
(7) Calculate the pullout load the front of Segment 2, 𝐹𝑖,2 :
𝐹𝑖,2 = 𝐹𝑖,1 − 𝛽 ∙ 𝐿𝑅𝑖,1 − 𝑇𝑅𝑖,1
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(2-12)

(8) Repeat Steps (2) – (7) to calculate both the displacement ∆𝑖,𝑗 and force 𝐹𝑖,𝑗 at the
back of the rest of segments until the last one, and the force 𝐹𝑖,𝑛+1 , which is at the
back of the segment 𝑛, should be equal to zero (within a predefined tolerance) if
the correct frontal force 𝐹𝑖,1 had been selected. If 𝐹𝑖,𝑛+1 is different than zero, the
value of 𝐹𝑖,1 should be correspondingly increased or decreased in the next iteration
𝑖 + 1.
(9) Repeat Steps (1) – (8) for several iterations until finding the correct frontal force
𝐹𝑖,1 with 𝐹𝑖,𝑛+1 ≈ 0.
In general, this is a model to independently consider the load transfer mechanisms
of longitudinal-rib segments and transverse-rib segments. Also, it accounts for the
following factors which had not been considered in the previous two models discussed:
(a) The mobilization of interface shear resistance from the longitudinal ribs was
considered, and quantified from rib-element pullout tests;
(b) The potential interference between successive transverse ribs was considered in the
transverse-rib tests.
(c) The potential interference of the transverse ribs on the interface shear resistance
developed by longitudinal-rib segments was also considered in the model
calculation.
However, this model may still have drawbacks as follows:
(i) Only at very low displacement levels (approximately 3 mm frontal displacement),
the longitudinal-rib pullout curve was found to provide good prediction of the large28

scale SGI tests conducted using geogrid with transverse ribs removed, while the
predictions did not have a good agreement with the test results at comparatively
high displacement levels. One possible explanation could be that the longitudinalrib pullout test only characterized the relationship between the frontal pullout load
and the frontal displacement of the longitudinal-rib segment, as the mobilization of
the resistance and the displacement along the longitudinal-rib segment were not
quantified.
(ii) The transverse-rib pullout curve is strictly empirical, and the fixity condition of the
transverse rib in the transverse-rib SGI test was probably different than that in largescale tests. The load-displacement response is highly sensitive to the fixity
condition. In addition, the local confining pressure around the transverse ribs in the
transverse-rib SGI test may also be different than that in the large-scale tests, which
could result in different load-displacement responses.
(iii)The empirical influence factor 𝛽 , that accounts for the potential interference
caused by the transverse ribs on the resistance developed by longitudinal ribs, was
not derived independently. Instead, it was back-calculated by matching the model
predictions with the experimental measurements.
(iv) Since junction displacements at six different locations along the geogrid specimen
were measured in the large-scale SGI tests, the predicted junction displacement
profiles from the model iterations could also be verified by comparing the
experimental measurements. However, the authors did not provide such
comparison.
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2.3.2 Numerical Modeling
Numerical evaluation for load transfer mechanisms between soil and geogrids has
been conducted by several researchers (Wilson-Fahmy & Koerner, 1993; Tran et al., 2013;
Wang et al., 2016). However, one of the most relevant study is introduced herein as follows.
Wilson-Fahmy and Koerner, 1993
Wilson-Fahmy and Koerner (1993) developed a model using the Finite Element
Method (FEM) to predict the load transfer behavior of different rib elements of geogrids
during the SGI tests. In this model, the pullout resistance is composed of three components:
(1) interface shear resistance from longitudinal ribs, (2) interface shear resistance from
transverse ribs, and (3) passive bearing resistance from transverse ribs.
The model configuration is presented in Figure 2-11. Specifically, the geogrid
specimen is divided into several elements along the longitudinal direction, with all
elements having the same length, 𝑙. A nonlinear spring associated with a node between
two junctions (e.g. Node 3 in Figure 2-11) represents the interface shear resistance acting
on the field length 𝑙 of longitudinal-rib element between these two junctions. Another
nonlinear spring associated with a junction node (e.g. Node 4 in Figure 2-11) simulates
both the interface shear resistance and the passive bearing resistance of the transverse-rib
element, as well as the interface shear resistance of the longitudinal-rib element within this
junction element. Similar to previous studies, the nonlinear unconfined tensile stress-strain
behavior was used to predict the confined tensile behavior of the geogrid during the SGI
test.
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In the FEM analysis, the frontal pullout load is applied on one side (the left side of
Node 1 in Figure 2-11), which is located at the outside of the soil. The frontal pullout load
increases from zero to the ultimate pullout resistance in small increments. The stiffness
moduli of the geogrid and those two nonlinear springs were updated after each increment.
The updated moduli were used to predict the stress-strain behavior on the subsequent
pullout load increments. Once the last calculation step is reached (i.e. the frontal pullout
load reaches the ultimate pullout resistance), all stiffness moduli were assigned a zero
value.
(a)

(b)

Figure 2-11: FEM model for SGI tests developed by Wilson-Fahmy and Koerner (1993):
(a) plan view, and (b) elevation view.
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In order to simulate the passive bearing behavior of the transverse-rib element, three
models were considered by the authors:
(1) Flexible-rib model (Figure 2-12): This model was used for transverse ribs having
considerable flexibility. For this type of transverse rib, a linear unconfined loadextension behavior was assumed, with the slope of this relationship defined as 𝑠.
Also, the deflection profile of the rib was assumed to be parabolic (Figure 2-12(a)),
with an initial rib length, 𝐿, and a uniformly distributed load of magnitude, 𝑝, per
unit length. The relationship between the total applied load, 𝑃 (𝑃 = 𝑝 ∙ 𝐿), and the
central deflection, 𝑑, was defined as (Figure 2-12(b)):
2

𝑃
𝑠
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𝐿

𝑎
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𝑙𝑛 (4 ∙ 𝐿 + √1 + 16 ∙

𝑎
( 𝐿 )2 )

(2-13)
−2

]

(2) Stiff-rib model: This model is for transverses ribs which are comparatively short
and stiff, without noticeable deflections observed during pulling. Similar to Ziegler
and Timmers' (2004) model, the passive bearing resistance of the transverse-rib
element 𝑖, 𝐵𝑅𝑖 , was correlated to the displacement of the rib, 𝑢𝑇,𝑖 , (which was
characterized by the junction displacement 𝑢𝐽,𝑖 , therefore, 𝑢𝑇,𝑖 = 𝑢𝐽,𝑖 ), and the
following hyperbolic formulation (Figure 2-13) was used:
𝑢

𝐽,𝑖
𝐵𝑅𝑖 = (𝑝+𝑞∙𝑢

𝐽,𝑖 )

(2-14)

Where 𝑝 is the reciprocal of the initial tangent stiffness of passive bearing, 𝐾𝐵𝑅 ,
and 𝑞 is the reciprocal of the asymptotic value of the passive bearing stress at infinite
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displacement of the hyperbolic curve, 𝐵𝑅𝑚𝑎𝑥 . Both 𝑝 and 𝑞 are functions of the applied
normal stress on the transverse-rib element and surrounding soil.
(3) Beam model: This model was adopted for geogrids with transverse ribs having
some deflections but much less than the deflections of flexible ribs. Therefore, this
is an intermediate case between flexible-rib model and stiff-rib model. Regarding
the beam model, two fixity conditions were considered: (a) simply supported beam,
and (b) beam with fixed ends.
The soil-geogrid interface shear model applied by the authors involved correlating
the interface shear stress 𝑆𝑅 with the relative displacement 𝑢𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 at the interface by
using a hyperbolic function (Figure 2-14):
𝑢

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒
𝑆𝑅 = (𝑚+𝑛∙𝑢

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 )

(2-15)

Where 𝑚 is the reciprocal of the initial tangent stiffness of interface shear per
unit area, 𝐾𝐵𝑅 , and 𝑛 is the reciprocal of the asymptotic value of the interface shear stress
at infinite displacement of the hyperbolic curve, 𝑆𝑅𝑚𝑎𝑥 . Both and 𝑚 and 𝑛 are
functions of the applied normal stress on the soil-geogrid interface.
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(b)

(a)

Figure 2-12: Flexible-rib model used by Wilson-Fahmy and Koerner (1993): (a) model
configuration, and (b) the relationship between the applied load and the central deflection.

𝐵𝑅𝑖

𝐵𝑅𝑚𝑎𝑥 =

𝐾𝐵𝑅 =

1
𝑞

1
𝑝

1
𝑢𝐽,𝑖

Figure 2-13: The hyperbolic function for passive bearing prediction of transverse-rib
element used by Wilson-Fahmy and Koerner (1993).
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𝑆𝑅
𝑆𝑅𝑚𝑎𝑥 =

𝐾𝑆𝑅 =

1
𝑛

1
𝑚

1
𝑢𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒

Figure 2-14: The hyperbolic function for interface shear prediction used by Wilson-Fahmy
and Koerner (1993).
Combined with all the assumptions discussed above, as well as the nonlinear
unconfined tensile stress-strain curves, the stiff-rib model and the flexible-rib model were
applied to the FEM analysis to predict the load transfer behavior in SGI tests conducted
using the geogrid specimen as shown in Figure 2-15. The geogrid was assumed to be
embedded in dense sand under a confining pressure of 70 kN/m2.
Based on the results of FEM analysis, the confined tension distribution along the
geogrid specimens for both cases are illustrated in Figure 2-16.
The mobilization of the relative contributions from each resistance component
based on the two transverse-rib models are presented in Figure 2-17. According the plots,
the relative contributions of the interface shear from both longitudinal and transverse ribs
decreased with increasing frontal pullout load, whereas the relative contribution in bearing
of the transverse ribs increased. The possible reason of this response clarified by the
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authors, is that the displacements required to mobilize bearing resistance are larger than
those required to mobilize interface shear resistance.

Figure 2-15: Geogrid configuration used for FEM analysis of SGI tests (Wilson-Fahmy &
Koerner, 1993).

(a)

(b)

Figure 2-16: Confined tension distribution along the geogrid specimens for (a) stiff-rib
model and (b) flexible-rib model (Wilson-Fahmy & Koerner, 1993).
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(b)

(a)

Figure 2-17: Mobilization of the relative contributions from each resistance component in
(a) stiff-rib model and (b) flexible-rib model.
The FEM model developed by Wilson-Fahmy and Koerner (1993) provides a
comprehensive background for the modeling of the load transfer mechanisms involving the
mobilization of both interface shear and passive bearing. However, the authors did not
compare the FEM predictions with the results from actual SGI tests. Therefore, the main
conclusions about the mobilization of the resistance contributions from each component
were not be verified. Also, the use of three different transverse rib models may be
problematic if multiple types of geogrids need to be compared.
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2.4

TRANSPARENT SOILS

2.4.1 Basic Concepts
Refractive index
The refractive index of the material 𝑛 is the ratio between the speed of light in a
material, 𝑣, and in vacuum, 𝑐:
𝑣

𝑛=𝑐

(2-16)

The refractive index of light in air is 1.0003, which indicates the velocity of light
in air is approximately equal to its velocity in vacuum.
Refraction of light
The change in the velocity of light through transparent materials results in a change
in the direction of the transmitted wave, as shown in Figure 2-18. 𝑣𝑖 is the velocity of
incident light from the first medium, and 𝑣𝑡 is the velocity of light transmitted in the
second medium.
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Figure 2-18: Refraction of light.
Snell’s law stated that:
sin 𝜃𝑖
sin 𝜃𝑡

𝑣

= 𝑣𝑖

𝑡

(2-17)

If the refractive index of the medium with incident light is 𝑛𝑖 , and the refractive
index of the medium with transmitted light is 𝑛𝑡 , combining the Equation (2-17) with
Equation (2-16), the following relationship is obtained:
sin 𝜃𝑖
sin 𝜃𝑡

𝑛

= 𝑛𝑖

𝑡

(2-18)

Reflection of light
Reflectance, 𝑅, is defined as the ratio between the incident power and the reflected
power. If the incident angle, 𝜃𝑖 , in Figure 2-18 equals 0°, and the refractive index of the
medium with incident light is 𝑛𝑖 , and the refractive index of the medium with transmitted
light is 𝑛𝑡 , then:
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𝑛 −𝑛

𝑅 = 𝑛𝑡+𝑛𝑖
𝑡

𝑖

(2-19)

It can be inferred from the above equation that reflectance only occurs at the
interface of the two media with different refractive indices.
Light in “transparent” granular media
The typical color of “transparent” granular particles (e.g. sugar, salt, snow, and
water vapor) is white, since the voids between the particles are typically filled with air,
which has a different refractive index than these solid particles. Consequently, when light
beams of different wave lengths passed through these “transparent” granular particles, the
light beams reflect and refract at the boundaries of the particles and the whole medium
shows the typical white appearance. However, if the voids are filled with a material with
the same refractive index as the solid matter, then no refractions and reflections of light
will occur at the particle boundaries. Consequently, the whole material mixture will show
a “transparent” appearance. This is the basic principle of transparent soil.
Coherent light
Light waves that maintain a fixed and predictable phase relationship with each other
over a period of time are called coherent light waves. Coherent light can be produced by a
laser source and differs from ordinary light because it involves waves of a single
wavelength and are all in phase.
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Speckle pattern
A speckle pattern is the intensity pattern produced by the mutual interference of a
set of wavefronts. Speckle patterns typically occur in diffuse reflections of laser light. Such
reflections may occur on materials such as paper, white paint, rough surfaces, or in media
with a large number of scattered particles in space.
When a surface is illuminated by a light wave, according to diffraction theory, each
point on the illuminated surface acts as a source of secondary spherical waves. The light at
any point in the scattered light field involves waves that have been scattered from each
point on the illuminated surface. If the surface is rough enough to create path-length
differences exceeding one wavelength, giving rise to phase changes larger than 2π, the
intensity of the resultant light varies randomly.
If light of low coherence (i.e., made up of many wavelengths) is used, a speckle
pattern will not normally be observed because the speckle patterns produced by individual
wavelengths have different dimensions and will normally average out each other.
2.4.2 Types of Transparent Soils
Iskander et al. (2015) summarized five types of transparent soils which have been
used over the past decade: (1) Amorphous silica powder, (2) Silica gel, (3) Aquabeads, (4)
Fused quartz, and (5) Laponite. These materials are briefly discussed in the following
sections.
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Amorphous silica powder
The solid medium of this type of transparent soil is precipitated amorphous silica
powder, which is commonly used as the filler to manufacture paint, cosmetics, and paper.
The pore fluid is made of mineral oil and solvent or calcium bromide brine. According to
Iskander et al. (2015), it is suitable to model the strength, permeability, and consolidation
behavior of low plasticity clays. The drained shear strength, permeability, and
consolidation properties of the normally consolidated fine silica powder are comparable to
those of many natural clays, although its shear strength is somewhat higher than that of
naturally occurring normally consolidated clays. Also, it exhibits comparatively lower
plasticity. The over-consolidated behavior also mimics that of natural clays, both under
drained and undrained conditions.
Silica gel
Silica gel is commonly used as a desiccant for leather goods, medicine pills, and
packaging. Silica gel can be used to model the static and dynamic behavior of sands. Also,
silica gel has the same refractive index as that of amorphous silica powder, and thus the
two can be combined in the same model using the same pore fluid to represent a layered
system of sand and clay. The main drawback of silica gel is that the particles are prone to
crushing.
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Aquabeads
Aquabeads are a water-based transparent polymeric hydrogel called KI-GEL 201
K-F2. Since it has the same RI as water, it is the ideal “transparent soil” for the study of
flow while using water as the matching fluid. Aquabeads is capable of absorbing 200 times
its own weight in water. The particles can be easily crushed, allowing the formation of
custom grain-size distribution.
Fused quartz
Ezzein and Bathurst (2011) combined fused quartz with two mineral oils to develop
transparent soil. Fused quartz is the non-crystalline form of silicon dioxide. High-purity
fused quartz is manufactured by melting naturally occurring crystalline silica at
temperatures in the range of 2,000 oC. Crystalline silica (silicon dioxide, SiO2) is found in
siliceous/quartzite sand and rock. The melting process is conducted under vacuum to
prevent bubble formation, which helps enhance transparency. Crushed fused quartz is often
a byproduct of industrial processes for the manufacture of semiconductors, solar cells,
telescope and microscope lenses, telecommunication equipment, and glass chemical
containers. Several suppliers manufacture the material to a wide range of different particle
sizes. Regardless of source, the material is often highly angular and possesses the chemical
composition similar to that of natural silica sand. This is the solid material of the transparent
soil used in this study.
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Laponite RD
Laponite RD developed by Wallace and Rutherford (2015) is a synthetic layered
silicate with a 2:1 structure consisting of two planes of tetrahedrally coordinated silica with
a plane of octahedrally coordinated magnesium oxide in between. The structure is
comparable to that of the natural clay mineral hectorite. The individual particle geometry
is disc shaped with a thickness of 0.92nm and a diameter of 25 nm, which is smaller than
that of natural clays. Due to the milling portion of the manufacturing process of this
synthetic clay, the particle size is relatively uniform, which differs from natural clays,
which typically show a comparatively larger variation. This material was used by Chini et
al. (2015) to investigate the failure surfaces of four in-situ shear strength measurement
devices.
2.5

FINAL REMARKS
The main functions of geogrids investigated in this study are reinforcing soil in

earth retaining structures and stiffening foundation layers in roadway systems. The use of
different types of geogrids in the design of these applications requires proper evaluation of
the load transfer mechanisms between soil and those geogrids. A number of the
experimental and numerical studies have focused on these mechanisms over the past
decades. The advantages and disadvantages of the approaches reported in these studies are
also evaluated. These studies provide theoretical basis of the load transfer models
developed in this study. Specifically, relevant assumptions from some of these studies for
predicting the resistance contribution from longitudinal and transverse ribs has been used
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for the development of load transfer models in this study. The incorporation of transparent
soil in the experimental study builds a path to non-intrusively track the deformations of
both geogrids and soil particles under given load conditions. Crushed fused quartz has been
used as the granular solid particles of the transparent soil in this study. The properties of
the geogrids and the transparent soil, and details of the experimental apparatus developed
in this study will be discussed in Chapter 3.
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Chapter 3: Materials and Methods
3.1

INTRODUCTION
The first section of this chapter provides basic properties of both the solid particles

and the pore liquid used in this study to produce the “transparent soil”. A description of the
geogrid types involving different geometric characteristics used in this study are also
presented. The second part of this chapter focuses on details of the experimental approach
developed for this study. Specifically, the transparent soil model, the load frame, digital
cameras, and the light system are described separately. The final section of this chapter
includes general information about the image processing techniques adopted in this study.
3.2

MATERIALS

3.2.1 Transparent Granular Soil
The solid material used in this study is crushed fused quartz 1 , which has been
previously used by Ferreira (2013). The particle-size distribution of this granular material
is shown in Figure 3-1. According to the Unified Soil Classification System (USCS), this
material classifies as a poorly graded sand (SP). Selected geotechnical properties are
summarized in Table 3-1. This table shows that the friction angle of the oil-saturated soil
obtained from direct shear tests is only one degree lower than that of the dry particles,
probably due to the lubrication of the pore fluid.

1

Manufactured by Mineral Technology Corporation (Mintec): PO Box 872, Custer, SD 57730, USA.
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Figure 3-1: Particle-size distribution curve of the crushed fused quartz used in this study.

Table 3-1: Selected geotechnical properties of the crushed fused quartz used in this study.
Property

Test method

Value

Specific gravity (20°C)

Water Pycnometer Test
(ASTM D854)

2.203

Maximum–index dry density

Vibratory Table Test
(ASTM D4253)

1.336 (g/cm3)

Minimum–index dry density

Vibratory Table Test
(ASTM D4254)

1.203 (g/cm3)

Friction angle (Dry)

Direct Shear Test
(ASTM D3080)

45 (o)

Friction angle (Oil saturated, drained)

Direct Shear Test
(ASTM D3080)

44 (o)
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The pore fluid used for this transparent soil study is a mixture of two clear mineral
oils: Puretol 7 and Paraflex HT4. Selected properties of these two liquids are presented in
Table 3-2. It can be observed from this table that Puretol 7 has a higher refractive index
(RI) than the solid fused quartz (RI: 1.4585), while Paraflex HT4 has a lower refractive
index. Therefore, a specific volume ratio between these two liquids was selected that the
final combination has the same refractive index as that of the fused quartz. A sample of
transparent soil confining a biaxial geogrid is displayed in Figure 3-2. In this soil sample,
approximately the lower two thirds from the bottom are fully saturated with the oil mixture,
while the top one third is in a dry condition.
Table 3-2: Selected properties of the two components of the liquid mixture (from
manufacture’s specification sheet2).
Properties

Puretol 7

Paraflex HT4

Density @ 15 oC (g/cm3)

0.859

0.836

Viscosity cSt @ 40 oC

12.2

3.8

Color

Clear and bright

Clear and bright

Odor

No odor/slight petroleum oil like

Mild petroleum oil like

Flash point, oC

> 170

> 125

Pour point, oC

-20

-57

Refractive index @ 22 oC

1.4635

1.4532

Solubility

Insoluble in water

Insoluble in water

Chemical stability

Stable

Stable

Emergency overview

No specific hazard

No specific hazard

2

The two mineral oils were manufactured by Petro-Canada Lubricants Incorporation. Puretol 7 is distributed
by Coast Southwest Incorporation, and Paraflex HT4 is distributed by Schmidt and Sons Incorporation.
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(a)

(b)

Figure 3-2: A sample of transparent soil confining a biaxial geogrid: (a) A frontal view and
(b) a side view.

3.2.2 Geogrid Characteristics
The geogrids evaluated in this dissertation are polypropylene (PP) products, which
were manufactured by punching out holes in PP planes, and then heating and stretching
them along different directions. Due to the stretching process, two common features can
be observed for this type of geogrids: (1) the rib dimensions are not constant along the rib
length, typically having the minimum rib depth and width towards the center of the rib;
and (2) the junction nodes, which are the intersections of the ribs, typically have larger
depth than the rib sections. Geogrids with two different aperture shapes were used in the
experimental tests: (a) the biaxial geogrid, which has a rectangular aperture, and (b) the
triaxial geogrids, which have a triangular aperture shape. The nominal geometric
characteristics of the geogrids used in this study are presented in Table 3-3. For the triaxial
geogrids, the triangular aperture shape is approximately an equilateral triangle.
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Table 3-3: Nominal geometric properties of the geogrids used in this study (from
manufacture’s specification sheet3).
Geogrid

Specimen
orientation

Aperture
shape

Rib

Rib
pitch
(mm)

Mid-rib Mid-rib
depth
width
(mm)
(mm)

Cross-Machine
Longitudinal
33
0.76b
3.0b
G1
Direction
Rectangular
Transverse
25
0.93b
3.0b
(CMD)a
Cross-Machine
Longitudinal
1.5b
0.8b
G2
Direction
Triangular
33
Diagonal
1.7b
0.6b
(CMD)
Cross-Machine
Longitudinal
1.2
1.2
G3
Direction
Triangular
40
Diagonal
1.3
0.9
(CMD)
Cross-Machine
Longitudinal
1.6
1.3
G4
Direction
Triangular
40
Diagonal
2.0
1.0
(CMD)
a
The direction perpendicular to the manufacture machine.
b
The manufacturer does not provide these dimensions, therefore, they were determined by
the writer according to selected testing specimens.
As can be observed in Table 3-3, Geogrid G1 presents a rectangular aperture, while
Geogrids G2, G3 and G4 present triangular apertures. Compared to Geogrids G3 and G4,
Geogrid G2 basically has similar rib dimensions, but different aperture sizes (pitches).
Specifically, Geogrids G3 and G4 have larger apertures than Geogrid G2. Geogrids G3 and
G4 have the same aperture sizes (pitches), but different rib dimensions. That is, Geogrid
G4 has wider and thicker ribs than Geogrid G3. Figure 3-3 shows a comparison of the
junction and the rib shapes between Geogrids G1 and G4. Besides the aperture shapes,
three additional differences can also be identified between the biaxial and triaxial geogrids

3

All geogrids are manufactured by Tensar International Corporation.
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used in this study: (1) the biaxial geogrid has larger rib widths than those of the triaxial
geogrids; (2) the triaxial geogrids have larger rib depths than those of the biaxial geogrid;
(3) the biaxial geogrid has an orthogonal junction shape, while the triaxial geogrids have a
hexagonal junction shape.

(a)

(b)

Figure 3-3: Comparison of junction and rib shapes of (a) Geogrid G1 and (b) Geogrid G4.

3.3

EXPERIMENTAL SETUP
Figure 3-4 illustrates the frontal view of the experimental apparatus developed for

this study. The loading system and the data acquisition system used in this study are the
same as those reported by Ferreira (2013). The unconfined portion of the geogrid specimen
was attached to the load grip using a clamping system. The load grip was connected to a
load cell which was used to measure the frontal pullout load during testing. The other end
of the load cell was fixed on the moving head of the load frame, with the speed of the load
frame being controlled by a load control system. A loading displacement rate of 1 mm/min
was applied to the moving head of the load frame during testing. The nominal dimensions
of geogrid specimens in the confined portion are 205 mm wide by 230 mm long.
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The transparent soil model used in this study involves three transparent walls,
including a transparent frontal wall and two transparent side walls, with internal
dimensions of 300 mm long by 250 mm wide by 150 mm deep.
A laser-light plane with a wavelength of 638 nm (in red color) was shot from a
compact laser system located at the front of the transparent soil model. This laser plane is
a special light which can illuminate the boundaries and some internal imperfections of the
fused quartz particles along laser penetration path. Laser penetration plane is perpendicular
to the soil-geogrid interface as displayed in Figure 3-4.
A high-definition camera, Digital Camera I shown in Figure 3-4, was located at the
frontal side of the transparent soil model to capture the deformations of the confined
geogrid specimen. Digital Camera II shown in Figure 3-4 was located at one side view (left
side view in Figure 3-4) of the transparent soil model to track the displacement field of the
fused quartz particles in the laser-illuminated plane. The image sampling rate for both
cameras was approximately 5 seconds per image.
Load data recording and digital image capturing were controlled and synchronized
by the load control and data acquisition system (DAQ) shown in Figure 3-4. However, the
load data recording rate was approximately 0.5 seconds per load data. Consequently, ten
load data points were obtained between two successive recorded images. To illuminate the
deformation of the geogrid specimen, two photo-studio Softboxes were used to provide
comparatively uniform and consistent regular white light to illuminate the transparent soil
model. Because the diffusion of the laser light could contaminate the lighting condition for
geogrid tracking using Digital Camera I, a 10-second ON-OFF time combination was
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adopted for laser shooting. Also, since the regular white light involves light beams with
different wavelengths (e.g. different colors), which could attenuate the contrast of the
boundaries of fused quartz particles illuminated by the red laser light, a red filter was
attached to the lens of Digital Camera II to filtrate light beams with colors other than red.

Moving head of the load frame

Load cell

Load control and data acquisition system

Load grip with a clamping system

Transparent soil model
Geogrid specimen

Digital Camera II

Transparent soil

Base of the load frame

Regular white light II

Regular white light I
Compact laser

Digital Camera I

Figure 3-4: Schematic diagram of the frontal view of the experimental apparatus developed
for this study.
Figure 3-5(a) shows the frontal view of the transparent soil model involving
Geogrid G1 captured by Digital Camera I. Figure 3-5(b) shows the side view of the
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transparent soil model captured by Digital Camera II during the same test with laser
shooting. In this test, permanent white markers4 had been painted on the top surface of the
geogrid specimen to facilitate the subsequent image analysis using the Digital Image
Correlation (DIC) techniques. On the left-hand side in Figure 3-5(b), rib shadows can be
observed because the transverse ribs blocked laser light penetration. The shadows moved
upward with the movement of the transverse ribs. The moving shadows adversely affected
the quality of the DIC analysis for tracking the displacement field of fused quartz particles.
Consequently, only the area in the front of the geogrid specimen (on the right-hand side in
Figure 3-5(b)) were used for soil displacement tracking.

(a)

(b)

Figure 3-5: A transparent soil test involving Geogrid G1: (a) a frontal-view image captured
by Digital Camera I, and (b) a side-view image captured by Digital Camera II during laser
shooting.

4

The paint marker is manufactured by LA-CO Industries Incorporation, model MARKAL96930.
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More relevant details of each of the main components of this experimental
apparatus developed for this study are introduced in sections as follows.
3.3.1 Transparent Soil Model
The transparent soil model prepared as a part of this study followed similar
protocols as those reported by Ferreira (2013). The mold is composed of a transparent
pullout box with internal dimensions of 300 mm long by 250 mm wide by 150 mm deep,
and a stainless-steel 5 lid with a flexible air bladder. The transparent pullout box is
composed of three internal transparent walls (one transparent frontal wall and two
transparent side walls) made of abrasion-resistant polycarbonate 6 , and an external
stainless-steel frame for reinforcing the walls. To avoid potential oil leakage, the
transparent pullout box was sealed by applying a sealant7 designed for aircraft sealing
applications. An opening of 12.7 mm (0.50 inch) at the top wall of transparent soil model
(see configuration in Figure 3-4) was used to allow the geogrid specimen to extend from
the inside of the transparent soil model to the outside to be attached to the load grip. To
apply confining pressures, compressed air was supplied through a flexible air bladder,
which was attached to the stainless-steel lid and controlled by a pressure regulator8 with a
maximum supply of 3,447 KPa (500 psi). A digital pressure gauge9 with pressure range

5

Type 303 Stainless steel.
Manufactured by SABIC Innovative Plastics, model Lexan MR10.
7 Manufactured by PPG PRC-DeSoto, model PR-1829 Class B.
8 Manufactured by Fairchild Industrial Products Company, model 10.
9 Manufactured by Ashcroft Incorporation, model 2074.
6
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up to 207 KPa (30 psi) and an accuracy of 0.52 KPa (0.075 psi) was also used to monitor
the applied confining pressure during testing.
3.3.2 Load Frame
The loading system used in this study is a universal testing machine10 composed
of a fixed base and a moving head. Its maximum load capacity is 267 kN (60,000 lbf). The
load was powered and controlled by the system using National Instruments SCXI hardware
and LabVIEW software. The load on the moving head was recorded by a S-type load cell11
with a maximum load capacity of 22 kN (5,000 lbf).
3.3.3 Digital Cameras
A digital camera12 with a maximum resolution of 24 MP (Digital Camera I shown
in Figure 3-4) was used to track the deformations of the confined geogrid from the frontal
view of the transparent soil model. The sensor size of this camera is Advanced Photo
System type-C (APS-C) with a crop factor of 1.5. The camera was remotely controlled by
the DAQ using a LabVIEW programing code13. The recorded images were transmitted
directly from the camera to a PC via an extended USB cable. A lens with a focal length
range of 18-55 mm14 was attached to this camera.

10

Manufactured by SATEC Systems Incorporation, model 60CG-1009.
Manufactured by OMEGA Engineering, model LCCA-5K.
12 Manufactured by Nikon Incorporation, model D5200.
13 A LabVIEW driver Library “Nikon SLR Control for LabVIEW” provided by Ackermann Automation
GmbH is applied to the USB control of the camera.
14 Manufactured by Nikon Incorporation, model AF-S DX Zoom-Nikkor ED 18-55mm F3.5-5.6G.
11
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A second digital camera15 with a maximum resolution of 5 MP (Digital Camera II
shown in Figure 3-4) was used to track the soil displacement field in the laser-illuminated
plane, corresponding to the side view of the transparent soil model. The sensor size of this
camera is Type 2/3 with a crop factor of 3.93. The camera was powered and controlled by
the DAQ using a LabVIEW programing code, and the triggering signals from the DAQ
were sent through an I/O cable with a 12-pin Hirose connector. The recorded images were
transmitted directly from the camera to the PC via a Gigabit Ethernet (GigE) cable. A CMount lens with a fixed focal length of 16 mm16 was attached to this camera.
A monochrome camera17 with a maximum resolution of 5 MP (not displayed in
Figure 3-4) was also used to track the deformations of the unconfined portion of the
geogrids from the top frontal view. This camera had similar configuration as Digital
Camera II, but was equipped with a C-Mount lens with a fixed focal length of 35 mm18.
3.3.4 Light System
The light system of the experimental apparatus developed for this study is
composed of a regular white light system and a laser system.

15

Manufactured by Allied Vision Technologies GmbH, model Manta Geogrid G504C.
Manufactured by Kowa Optical Products Corporation, model LM16JCM.
17 Manufactured by Allied Vision Technologies GmbH, model Manta Geogrid G504B.
18 Manufactured by Kowa Optical Products Corporation, model LM35JCM.
16
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Regular White Light System
The regular white light system is composed of two 160 W photo studio soft boxes.
The dimensions of each of the soft boxes19 is 406 mm wide by 610 mm long, which can
provide comparatively uniform light on the frontal transparent wall (see configuration in
Figure 3-4) of the transparent soil model, which is 250 mm wide by 300 mm long. The
color temperature of the light bulbs20 is 6,500 K, which is similar to the color of common
daylight. The main function of this light system is to illuminate the deformations of geogrid
specimens.
Laser System
The laser system involves two compact lasers21 with the same wavelength of 638
nm. One of the compact lasers is a single mode with a maximum output power of 175 mW,
while the other one is a multi-mode with a maximum output power of 350 mW. Both lasers
can generate a vertical laser line with a fan angle of 300. The single mode laser provides a
+/-14 % uniformity of intensity distribution along the laser line, with higher power at the
end. While the multi-mode provides a +/-30 % uniformity of intensity distribution along
the laser line, it also has higher power at the end. Both lasers offer stable power and
temperature to generate a consistent laser line. Both lasers have full control settings of laser
power, temperature, and variable laser modulation sequence. The two laser lines generated

19

Manufactured by LoadStone Studio, model LDP494.
Manufactured by LimoStudio, model PB12585.
21 Manufactured by World Star Technology, model COMPACT-175G-638-30UNI (for single mode laser)
and COMPACT-350G-638-30 (for multi-mode laser).
20
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by these two lasers overlapped with each other during the testing to maximize the power
of the laser-light plane to illuminate the particle movement.
Figure 3-6 shows a laser beam shooting from the frontal view of a small
transparent-soil box, and the comparison between the side view with laser turned off and
the side view with laser turned on. Figure 3-6(b) shows the light condition that the laser
was turned off, but the regular indoor white light was turned on. On the other hand, Figure
3-6(c) shows the light condition that the laser was turned on, but the regular indoor white
light was turned off. As can be observed in this figure, for the light condition with this
special laser-light source, the boundaries of the fused quartz particles can be clearly
visualized.

(a)

(c)

(b)

Figure 3-6: A transparent soil sample involving a confined geogrid: (a) A laser beam shot
from the frontal view; (b) the side view of box with regular indoor white light turned on
but with laser turned off; (c) the side view of box with regular indoor turned off but with
laser turned on.
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As previous discussed, the two Softboxes with regular white light were used to
facilitate the visualization of the geogrid deformation from the frontal view of the
experimental apparatus. This regular white light source includes light beams with different
wavelengths (or colors), which are neither coherent nor collimated. These light beams can
attenuate the contrast of the boundaries of fused quartz particles illuminated by the
monochromatic, coherent, and collimated red laser light. Consequently, a red filter22 was
attached to the lens of Digital Camera II (Figure 3-4) to filtrate light beams with colors
other than red. A comparison between images of the transparent soil sample without and
with red filter under the light condition with both white light and laser light is shown in
Figure 3-7. The particle boundaries in the image captured with the red filter (Figure 3-7(b))
show higher contrast than in the image captured without the red filter (Figure 3-7(a)).

(a)

(b)

Figure 3-7: Images of the transparent soil sample under the light condition with both white
light and laser light captured (a) without the red filter, and (b) with the red filter.

22

Manufactured by Kenko Tokina Corporation, model Hoya A-5225A-GB.
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3.4

IMAGE PROCESSING TECHNIQUES
Several image processing techniques were adopted in this study based on the

aspects of the geometric characteristics of tracking objects, the displacement ranges of the
tracking objects, uniformity of light illumination, image quality, and the other features of
the tracking objects. All recorded images were converted to greyscale before conducting
further image processing analysis. Multiple tools, including IMAGEJ, MATHEMATICA,
MATLAB, and EXCEL, as well as some other open source programming codes were
utilized for image processing and data interpretation.
3.4.1 Topological Skeletonization and Discretization
The application of the topological skeletonization and discretization (TSD)
techniques has been proven to provide comparatively good quality measurements from the
recorded images, in situations as follows:
(1) The geometry of the tracking object is comparatively regular and simple;
(2) The light illumination of the tracking object in the recorded images is generally
uniform;
(3) The recorded images also have a comparatively high contrast between the
boundaries of the tracking object and its background;
(4) The general displacement or deformation of the tracking object between two
successive images for image processing is noticeably large.
To illustrate the key steps of this image processing method, an example (as shown
in Figure 3-8) is presented herein to quantify the deflection profile of a diagonal-rib
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element of Geogrid G4 at the time of pullout failure during a SGI test conducted using
transparent soil.
Since the geometry of the diagonal-rib elements of the geogrid is essentially
symmetric, a series of image processing techniques were applied to generate the medial
axes of the rib elements. Accordingly, the deflection distribution of the diagonal-rib
elements can be quantified by tracking the shapes of their medial axes.
Figure 3-8(a) and Figure 3-8(b) show the cropped image frames for undeformed
and deformed diagonal-rib elements respectively. Figure 3-8(c) and Figure 3-8(d) show the
binarized images generated by applying several image-processing algorithms (e.g.
filtering, adjusting global and local brightness and contrast, subtracting background,
binarization, etc.). Figure 3-8(e) and Figure 3-8(f) were obtained by removing pixels from
the edges of ribs and junctions in the binarized images until they have been reduced to
single-pixel-wide shapes. The single-pixel-wide shapes are also called topological
skeletons.
After the topological skeletons of the diagonal rib elements have been produced,
their deformations would be quantified by conducting the steps as follows:
(1) Discretizing the topological skeletons with a sequence of points (as shown in Figure
3-9);
(2) Locating these points in a Cartesian coordinate system (as shown in Figure 3-10);
(3) Rotating the discretized diagonal ribs to horizontal (parallel to x axis), and shifting
on end (left end in this case) of the rib to the origin of the Cartesian coordinate
system (as shown in Figure 3-11).
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 3-8: Key steps for topological skeletonization: the cropped greyscale images for (a)
undeformed rib-shape and (b) deformed rib-shape, and the binarized images for (c)
undeformed rib-shape and (d) deformed rib-shape, and the topological skeletons for (e)
undeformed rib-shape and (f) deformed rib-shape.
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An example of the implementation of these steps for one of the diagonal ribs (R-3
in Figure 3-9) at the time of pullout failure (peak resistance) is illustrated next. Figure
3-9(a) shows a cropped image with topological skeletons, and Figure 3-9(b) shows the
discretization of the topological skeletons with a sequence of red dots. The dots were
located in a Cartesian coordinate system based on their pixel locations in the original
image, as shown in Figure 3-10. Figure 3-11 shows the dots-represented rib-shape after
shifting it to the origin of the coordinate system and rotating it with an angle 𝜃 (the slope
angle of the linear fitting line for the red dots). Figure 3-12 compares the undeformed shape
against the deformed shape of the rib R-3 at the time reaching pullout failure. As can be
seen in Figure 3-12, the maximum deflection of this rib at the time of pullout failure was
about 30.49 pixels, which corresponds to 2.04 mm (1 pixel = 6.68 × 10-2 mm). Its location
along x-axis direction was 19.45 mm (291.15 pixels) from the origin. The projected length
of the rib along the x-axis direction corresponds to 36.20 mm (541.92 pixels), so the
eccentricity of the maximum deflection was about 1.35 mm to the right (in Figure 3-12),
with the ratio of the eccentricity to the total projected length of the rib along x-axis direction
being 3.73%.
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(a)

R-1

(b)

R-1

R-2

R-2

R-3

R-3

R-4

R-4

Figure 3-9: Rib discretization: (a) Topological skeletons of the diagonal-rib elements, and
(b) discretized topological skeletons with a sequence of red dots.

𝜃

Figure 3-10: Discretized dots of the topological skeleton of R-3 in the Cartesian coordinate
system.

65

Figure 3-11: The dots-represented rib-shape of R-3 after shifting and rotating in the
Cartesian coordinate system.

541.92

(291.15, -30.49)

Figure 3-12: The comparison between the undeformed rib-shape and the deformed ribshape of R-3 at the time reaching pullout failure.
This image processing method was used in the following measurements conducted
in this study:
66

(a) Displacement tracking of the unconfined portion of the geogrid specimen during
the SGI tests.
(b) Rib deflection tracking for geogrids having comparatively thin rib widths, and
comparatively large deflections (e.g. Geogrids G2, G3 and G4).
(c) Unconfined rib element tests with high contrast background, such as unconfined
tensile tests of geogrids as well as the bending tests involving transverse or diagonal
rib elements.
3.4.2 Digital Image Correlation
Digital image correlation (DIC) techniques were applied in the situations identified
below, in which good quality measurements were found to be difficult to achieve by using
the TSD techniques:
(1) The tracking features in the recorded images were irregular or not repeated;
(2) The light illumination of the tracking object in the recorded images was not very
uniform;
(3) The tracking features in the recorded images were difficult to be binarized
smoothly, mainly due to insufficient contrast between the boundaries of the
tracking features and their background;
(4) The general displacement or deformation of the tracking objects were very small
(e.g. only a few pixels, or even less than one pixel).
The DIC code used in this study is an open source MATLAB code developed by
Jones (2015). The key steps followed in a typical DIC analysis are summarized below:
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(a) Setup a number of images recorded from the same experimental test to be
correlated.
(b) Correlate full-size images using a sparse grid. The initial subset size of the
correlation is preliminarily determined based on a reasonable estimate of the
maximum displacement of the tracking features in all images. Check the results to
assess if the area of interest (AOI) correlated well throughout all the images (i.e. no
large areas of missing data are identified where large displacements are expected),
the initial subset size is big enough to capture the displacements in all the images.
If this is case, then proceed to step (d). Instead, if the AOI did not correlate very
well, the initial subset size is not big enough to capture the displacements in all the
images. In this case, proceed to step (c).
(c) If the initial subset size is not big enough to capture the displacements in all the
images, correlate reduced-size images by changing the subset size and/or changing
the image reduction factor, until good correlation results are obtained. If necessary,
iterate the correlation of the reduced-size images using the results from the previous
correlations as initial guesses for the current correlation.
(d) Optimize the subset size using a sparse grid for the full-size image correlation: With
a sparse grid, correlate full-sized images using smaller subset sizes. Then use the
results from the correlation(s) of the reduced-size images as initial estimates if
necessary, until the subset size is too small to get good correlations.
(e) Use a dense grid, as well as the optimized subset size and the results from reducedsize images if necessary, to finalize the correlation.
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(f) Manually delete poorly-correlated data, especially in the areas towards the
boundaries of the tracking object or at the boundaries of AOI.
(g) Smooth displacements if it is necessary.
The maximum allowable displacement vectors along both vertical and horizontal
directions at a given control point of the correlation grid, 𝑢𝑚𝑎𝑥 can be determined based
on the subset size, 𝑆𝑆, and the size of the search zone, 𝑆𝑍 (it should be at least two times
of the subset size in the code):
𝑢𝑚𝑎𝑥 =

𝑆𝑆
2

𝑆𝑍

∙ (𝑆𝑆 − 1) − 1

(3-1)

Equation (3-1) indicates that the correlation results of the displacement
measurements depend on the selected values of 𝑆𝑆 and 𝑆𝑍. For a given value of 𝑆𝑆,
𝑢𝑚𝑎𝑥 can be achieved by increasing 𝑆𝑍 . However, increasing 𝑆𝑍 has at least two
significant drawbacks: (1) it radically increases the computation time for a correlation; and
(2) it results in larger border areas around AOI where control points cannot be correlated.
The normalized cross-correlation coefficient, 𝐶 , is normalized for a range of
theoretical displacements, (𝑢′, 𝑣′), using one-pixel increments, by convolving the subset
from the deformed image with the search zone from the reference image. This was
conducted according to:
𝐶(𝑢′ , 𝑣′) =

∑𝑥′ ,𝑦′ [(𝑟(𝑥 ′ ,𝑦 ′ )−𝑟𝑢′ ,𝑣′ )(𝑑(𝑥 ′ −𝑢′ ,𝑦′ −𝑣′ )−𝑑)]
2

{∑𝑥′ ,𝑦′ [(𝑟(𝑥 ′ ,𝑦 ′ )−𝑟𝑢′ ,𝑣′ ) ] ∑𝑥′ ,𝑦′ [(𝑑(𝑥 ′ −𝑢′ ,𝑦 ′ −𝑣 ′ )−𝑑)2 ]}0.5

(3-2)

Where 𝑟 is the intensity of the pixels in the reference subset, 𝑑 is the intensity of
the pixels in the deformed subset, and (𝑥 ′ , 𝑦 ′ ) are the local subset coordinate axes whose
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origin is at the control point of the subset center. If the value of the computed correlation
coefficient at a given control point is less than the threshold (the default threshold value is
0.5), the correlation is determined to be poor and no data is returned for that control point.
By decreasing the threshold value, the user can allow more grid points to be correlated, but
at the expense of having less certainty on the validity of the correlations.
The resolution of this DIC code is 1/10 of a pixel. To achieve this, nine discrete
correlation coefficients surrounding the absolute maximum coefficient are interpolated
using a second order polynomial in 𝑢′and 𝑣′. The actual displacement, (𝑢, 𝑣), for a
control point is the theoretical displacement, (𝑢′ , 𝑣′), corresponding to the maximum
interpolated correlation coefficient. The output of the code are discrete displacement values
for each control point for each image.
In the correlation process, the default reference image is the first image in the
current DIC analysis directory. The code also allows the use of the preceding image as the
reference image, which was found to be useful in cases involving large deformation of the
tracking object and/or large distortions of the tracking patterns. However, cumulative errors
may also to be generated when the cumulative displacements are calculated using
preceding images as reference. Therefore, in the analysis conducted in this study, the first
image was treated as the reference image if good correlation results were obtained.
DIC results of a SGI test conducted using Geogrid G1 are illustrated herein in detail.
In this test, the applied normal stress is 27.6 kN/m2 (4 psi). To obtain a good correlation
result for tracking the displacement field of the entire geogrid specimen, an irregular
pattern was painted on its frontal surface using an oil- and friction-resistant white markers.
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The frontal and side views of this test, captured separately by using Digital Cameras I and
II, are shown in Figure 3-4. The correlation area (or AOI) and the corresponding vertical
displacement field of the geogrid at the time reaching pullout failure are displayed in Figure
3-13. The soil displacement field in the laser-illuminated plane was also calculated using
DIC techniques. The correlation area and the corresponding vertical displacement field of
the soil particles at the time reaching pullout failure are illustrated in Figure 3-14.

(a)

(b)

Figure 3-13: The use of DIC techniques for tracking the confined geogrid deformation in
a SGI test involving Geogrid G1: (a) correlation area in the frontal-view image, and (b) the
corresponding vertical displacement field of the geogrid at the time reaching pullout
failure.
In this study, DIC techniques were used to obtain the measurements as follows:
(a) Rib deflection tracking for geogrids having comparatively large rib width and
comparatively small deflections (e.g. Geogrid G1) during SGI tests.
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(b) Displacement tracking of the fused quartz particles in the laser-illuminated plane
during SGI tests.
(c) The displacement tracking of the confined portion of the geogrid specimen with
painted white markers during SGI tests.

(b)

(a)

correlation
area

Figure 3-14: The use of DIC techniques for tracking the displacement field of fused quartz
particles in the laser-illuminated plane in a SGI test involving Geogrid G1: (a) correlation
area in the side-view image, and (b) the corresponding vertical displacement field of soil
particles at the time reaching pullout failure.

3.5

CONCLUSIONS
The “transparent soil” used in this study is composed of two components having

the same refractive index: granular fused quartz and pore fluid. The pore fluid is a mixture
of two different mineral oils with the defined volume ratio to reach the targeting refractive
index. Four geogrid types with two different aperture shapes were selected to investigate
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the soil-geogrid interaction during the SGI tests using transparent soil. The developed
experimental setup was found to successfully capture the movement of both the geogrid
specimens and the soil particles. Specifically, the application of transparent soil makes it
possible to non-intrusively track the deformations of geogrid specimens under the
confinement of soil. The adopted laser system was found to successfully allow to visualize
the movement of granular particles in the laser-illuminated plane during the SGI testing.
Applying the image processing techniques introduced in this chapter, the deformation of
geogrid specimens and displacement field of the soil particles could be quantified and
evaluated in tests using different geogrid types. Specifically, TSD techniques were found
to be adequate to quantify the deflection profiles of the ribs of the triaxial geogrids. On the
other hand, DIC techniques, in combination with the use of the painted irregular pattern,
were found to be adequate to quantify the deformations of the confined geogrid with a
rectangular aperture. In addition, the DIC techniques was also found to be adequate to
quantify the displacement field of the soil particles in the laser-illuminated plane. Soilgeogrid interaction involving geogrids with different geometric characteristics can be
evaluated by comparing the measurements obtained from those image processing
techniques. Details of that evaluation will be discussed in the Chapter 4.
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Chapter 4: Experimental Evaluation of the Soil-Geogrid Interaction Using
Geogrids with Different Geometric Characteristics
4.1

INTRODUCTION
Applying the experimental approach involving transparent soil described in

Chapter 3, more than fifty SGI tests involving geogrids with different features were
conducted during this study. However, only the tests with the best overall quality regarding
the experimental aspects, and involving geogrids produced by the same manufacturer, were
selected for evaluation in this dissertation.
A serious of experimental tests were conducted to evaluate the soil-geogrid
interaction involving geogrids with different geometric characteristics. Specifically,
geogrid displacement profiles and load-displacement curves of geogrid specimens were
evaluated and compared to investigate their overall confined-stiffness performance. soil
displacement profiles along the loading direction, as well as the development of shear
bands were also evaluated by using laser illumination techniques, in combination with DIC
techniques. The test results provide valuable insight into identifying the impact of the
geometric characteristics of geogrids, including the aperture shape (e.g. rectangular,
triangular), the aperture size, and the rib dimension, on the load transfer mechanisms
between soil and geogrid.
More than 50 pullout tests involving 9 different types of the geogrids were
conducted during entire study. Most of those tests showed good repeatability as shown in
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in Figure 4-1. However, only tests with the best overall quality were chose for further
evaluation and load transfer modeling.

(a)

(b)

Figure 4-1: Selected loading curves from the tests conducted using (a) G1 and (b) G4.
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4.2 EXPERIMENTAL EVALUATION OF SOIL-GEOGRID INTERACTION
BASED ON GEOGRID DISPLACEMENT MEASUREMENTS
In this section, the confined-stiffness performance of Geogrids G1, G2, G3 and G4
are evaluated and compared using DIC measurements of the confined portion of geogrid
specimens during SGI tests. All tests evaluated herein were conducted under a confining
pressure of 27.6 kN/m2 (4 psi). The displacement rate, as measured by the frontal moving
head of the load frame, was 1 mm/min. The frontal-view images of all the tests were
captured using Digital Camera I (as shown in Figure 3-4) to determine the confined
displacement field of geogrid specimens using DIC techniques.
4.2.1 Results for the Test Conducted Using Geogrid G1
The SGI test conducted using Geogrid G1 was briefly discussed in Sections 3.3 and
3.4.2 . To facilitate the DIC calculation, an irregular pattern of oil- and friction-resistant
white markers were painted on the top surface of the geogrid specimen. The frontal view
of this test is presented in Figure 3-5(a). The relationship between the frontal load (or the
unit tension) and the relative time (or the grip displacement) is presented in Figure 4-2. The
grey circles in this plot correspond to data points measured using the load cell (Figure 3-4).
The moving average method with a span of 100 data points was used to smoothen the data
(the orange curve in Figure 4-2). The recorded load measurements were normalized by the
width of the geogrid specimen used in this test. The normalized load was represented as
the “unit tension” in this study. The width of the geogrid specimen was 195.6 mm. A total
of sixteen images (each image captured at the time indicated with a blue star in Figure 4-2)
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were selected for image processing. The average time span between two successive images
was about 120 seconds. The last selected image corresponds to the time of pullout failure.
The pullout resistance of Geogrid G1 in this test was found to be 9.48 kN/m.
Key information to evaluate the confined performance of geogrids during the SGI
test is the displacement distributions of the geogrid specimens along the loading direction,
for different frontal load levels. Due to the orthogonal junction shape of Geogrid G1, the
junction nodes with permanent white markers presented more distinct tracking features
than other locations along the longitudinal rib sections. Consequently, it was found that the
measured displacement measurements near the junction locations typically provided more
reliable measurements than at other locations. To minimize the potential boundary effects
on data measurements, the junction nodes located at the central two longitudinal ribs were
selected for DIC analysis. The distribution of the average junction displacements along the
central two longitudinal ribs is shown in Figure 4-3 for different frontal load levels. The
results shown in this figure indicate that the junction displacement distribution in the
confined portion of Geogrid G1 is nonlinear. The nonlinearity of the displacement profile
at a given location can be observed to increase with increasing values of frontal unit
tension.
Figure 4-4 shows the relationship between the frontal unit tension and the
displacement of each junction (J-𝑖 in Figure 4-3).
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Figure 4-2: Relationship between the frontal load (or the unit tension) and the relative time
(or the grip displacement) during the SGI test conducted using Geogrid G1.
J-1
J-2
J-3
J-4

J-5

J-6

J-7

Figure 4-3: Junction displacement distribution for increasing frontal load levels during the
SGI test conducted using Geogrid G1.
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Figure 4-4: Relationship between the frontal unit tension and the junction displacement
during the SGI test conducted using Geogrid G1.

4.2.2 Results for the Test Conducted Using Geogrid G2
The frontal view of the SGI test conducted using Geogrid G2 is presented in Figure
4-5. The widths of the ribs of Geogrid G2 are very narrow, so white markers could not be
painted. Nevertheless, DIC calculation could still be conducted based on the geometric
characteristics near the junction nodes. The relationship between the frontal load (or the
unit tension) and the relative time (or the grip displacement) in this test is presented in
Figure 4-6. The width of this geogrid specimen was 206.6 mm. A total of twenty-six images
(blue stars in Figure 4-6) were selected for image processing. The average time span
between two successive images was also about 120 seconds. The last selected image
corresponds to the time of pullout failure. The pullout resistance of Geogrid G2 in this test
was found to be 11.61 kN/m, which was slightly higher than that of Geogrid G1.
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Junctions in the central three longitudinal ribs (J-𝑖 in Figure 4-5) were selected for
DIC calculation. Since the central-left rib and the central-right rib have similar
configurations regarding the junction locations, the average junction displacements along
these two ribs were used to define the displacements at the corresponding junction
locations. The distribution of junction displacements is shown in Figure 4-7 for increasing
values of frontal unit tension. The results displayed in the figure still indicate a nonlinear
trend of the confined junction displacement distribution of Geogrid G2 for increasing
frontal load levels. However, the overall nonlinearity of the displacement profile is not as
significant as that observed in the results for the test conducted using Geogrid G1.

J-1

J-1
J-2

J-3

J-3
J-4

J-5

J-5
J-6

J-7

J-7
J-8

J-9

J-9
J-10

Figure 4-5: Frontal view of the transparent soil model with Geogrid G2.
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Figure 4-6: Relationship between the frontal load (or the unit tension) and the relative time
(or the grip displacement) during the SGI test conducted using Geogrid G2.
J-1

J-2

J-3

J-4

J-5

J-6 J-7
J-8 J-9 J-10 J-11

Figure 4-7: Junction displacement distribution for increasing frontal load levels during the
SGI test conducted using Geogrid G2.
Figure 4-8 shows the relationship between the frontal unit tension and the junction
displacement in the SGI test conducted using Geogrid G2.
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Figure 4-8: Relationship between the frontal unit tension and the junction displacement
during the SGI test conducted using Geogrid G2.

4.2.3 Results for the Test Conducted Using Geogrid G3
The frontal view of the SGI test conducted using Geogrid G3 is shown in Figure
4-9. Since the widths of ribs of Geogrid G3 are slightly larger than those of Geogrid G2,
white markers were painted on the top surface of the longitudinal ribs. The relationship
between the frontal load (or the unit tension) and the relative time (or the grip displacement)
in this test is presented in Figure 4-10. The width of this geogrid specimen was 205.5 mm.
Sixteen images (blue stars in Figure 4-10) were selected for image processing. The average
time span between two successive images was about 120 seconds. The last selected image
corresponds to the time of pullout failure. The pullout resistance of Geogrid G3 in this test
was found to be 10.53 kN/m, which was also higher than that of Geogrid G1.
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J-1
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J-5
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J-7
J-8
J-9
J-10

Figure 4-9: Frontal view of the transparent soil model with Geogrid G3.

Figure 4-10: Relationship between the frontal load (or the unit tension) and the relative
time (or the grip displacement) during the SGI test conducted using Geogrid G3.
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Junctions in the central two longitudinal ribs (J-𝑖 in Figure 4-9) were selected for
DIC calculation. The distribution of junction displacements is displayed in Figure 4-11 for
increasing values of frontal unit tension. The results shown in the figure indicate that the
trend of the confined junction displacement distribution of Geogrid G3 is still nonlinear for
increasing frontal load levels. However, the nonlinearity of a given location of the
displacement profiles is not as significant as those observed in the results for tests
conducted using Geogrids G1 and G2.
Figure 4-12 presents the relationship between the frontal unit tension and the
junction displacement in the SGI test conducted using Geogrid G3.

J-1
J-2
J-3

J-4

J-5 J-6

J-7 J-8 J-9 J-10

Figure 4-11: Junction displacement distribution for increasing frontal load levels during
the SGI test conducted using Geogrid G3.
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Figure 4-12: Relationship between the frontal unit tension and the junction displacement
during the SGI test conducted using Geogrid G3.

4.2.4 Results for the Test Conducted Using Geogrid G4
The frontal view of the SGI test conducted using Geogrid G4 is displayed in Figure
4-13. White markers were not painted on the top surface of the ribs in this test.
Consequently, DIC calculation was conducted based on the geometric characteristics near
the junction nodes. The relationship between the frontal load (or the unit tension) and the
relative time (or the grip displacement) in this test is presented in Figure 4-14. The width
of this geogrid specimen was 213.2 mm. Seventeen images (blue stars in Figure 4-14) were
selected for image processing. The average time span between two successive images was
also about 120 seconds. The last selected image corresponds to the time of pullout failure.
The pullout resistance of Geogrid G4 in this test was found to be 11.20 kN/m, which was
also slightly higher than that of Geogrid G1.
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Junctions along the central two longitudinal ribs (J-𝑖 in Figure 4-13) were selected
for DIC calculation. The distribution of junction displacements is shown in Figure 4-15 for
increasing values of frontal unit tension. The results displayed in the figure indicate that
the overall trend of the junction displacement distribution of Geogrid G4 is only slightly
nonlinear, at least in comparison with the trends observed in previous tests. The tangent
slope of the displacement profile at a given location corresponds to the strain at that
location. More uniform strain distribution along Geogrid G4 could implies a more uniform
load distribution generated along the geogrid specimen.
Figure 4-16 presents the relationship between the frontal unit tension and the
junction displacement in the SGI test conducted using Geogrid G4.

J-1
J-2
J-3
J-4
J-5
J-6
J-7
J-8
J-9

Figure 4-13: Frontal view of the transparent soil model with Geogrid G4.
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Figure 4-14: Relationship between the frontal load (or the unit tension) and the relative
time (or the grip displacement) during the SGI test conducted using Geogrid G4.

J-1

J-2
J-3 J-4

J-5 J-6

J-7 J-8
J-9

Figure 4-15: Junction displacement distribution for increasing frontal load levels during
the SGI test conducted using Geogrid G4.
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Figure 4-16: Relationship between the frontal unit tension and the junction displacement
during the SGI test conducted using Geogrid G4.

4.2.5 Comparison of the Confined Performances Based on Geogrid Displacement
Measurements
Table 4-1 summarizes relevant details of geogrid specimens used in this study, and
selected results in the tests described in the previous sections. It can be observed from this
table that: (1) Geogrid G2 had the lowest value of mass per unit area, but showed the
highest pullout resistance over all other geogrids; (2) Geogrid G1 had a slightly higher
value of mass per unit area than Geogrid G2, but it showed the lowest pullout resistance;
(3) Geogrids G1, G3 and G4 reached the pullout resistance at similar grip displacements
(around 30 mm), while Geogrid G2 reached the pullout resistance at much larger grip
displacement (about 50 mm).
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Table 4-1: Details of the testing specimens and selected results in the SGI tests.
Number of
Specimen
Geogrid
Test
the
width
type
number
longitudinal
(mm)
ribs

Mass
per unit
area
(g/m2)

Grip
Pullout
displacement at
resistance
pullout resistance
(kN/m)
(mm)

G1

1

195.6

6

201.2

9.48

30.0

G2

2

206.6

7

194.1

11.61

50.1

G3

3

205.5

6

241.0

10.53

30.0

G4

4

213.2

6

311.1

11.20

32.0

Comparison of Geogrid Displacement Profiles along the Loading Direction
Using the non-intrusive digital measurements of the confined displacements of
geogrid specimens as shown in Figure 4-3, Figure 4-7, Figure 4-11, and Figure 4-15,
junction displacement profiles of Geogrids G1, G2, G3 and G4 are compared in Figure
4-17 for similar values of frontal unit tension. Four different frontal load levels were
selected from each test for this comparison. The following observations can be made based
on these plots:
(1) For a given frontal unit tension, Geogrid G1 always showed the largest junction
displacements along the loading direction over the other three geogrids. On the
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other hand, the difference of the junction displacements among Geogrids G2, G3,
and G4 generally were not significant.
(2) For a given frontal unit tension, Geogrid G4 generally showed the smallest
junctions displacements along the loading direction over the other three geogrids.
(3) While Geogrids G1 and G2 had similar values of the mass per unit area (see Table
4-1), for given frontal unit tension, Geogrid G1 generally had more nonlinear trends
in its geogrid displacement profile than Geogrid G2. The tangent slope of the
displacement profile at a given location corresponds to the strain at that location.
Therefore, Geogrid G2 showed more uniform strain profiles (changes in tangent
slopes of the displacement profiles) along the geogrid specimen than Geogrid G1.
In addition, more uniform strain distribution implies more uniform load distribution
along the geogrid specimen.
(4) Compared to Geogrid G2, Geogrid G3 generally showed smaller displacements in
early testing stages (Figure 4-17(a) and Figure 4-17(b)), but displayed larger
displacements in late testing stages (Figure 4-17(c) and Figure 4-17(d)). Table 3-3
indicates that Geogrid G3 has a larger aperture size, larger rib widths, but smaller
rib depths than G2. Also, it can be observed from Table 4-1 that Geogrid G3 has a
24% larger value of mass per unit area than Geogrid G2. These observations imply
that in early test stages for comparatively small displacements, the larger mass per
unit area of Geogrid G3, may have led to slightly better performance than Geogrid
G2. However, the smaller aperture size, and slightly larger rib depths of Geogrid
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G2 resulted in slightly better performance than Geogrid G3 in the late testing for
comparatively large displacements, in spite of its smaller mass per unit area.

(a)

(b)

(c)

(d)

Figure 4-17: Comparison of geogrid displacement profiles in tests conducted using
Geogrids G1, G2, G3 and G4 at (a) frontal load level A, (b) frontal load level B, (c) frontal
load level C, and (d) frontal load level D.
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Comparison of Geogrid Load-Displacement Curves
To further compare the confined-stiffness performance among Geogrids G1, G2,
G3 and G4, the junctions at the front, middle and end locations of geogrid specimens were
selected from the results of each test. The distances from the frontal confined boundary to
these selected locations (Locations A, B, and C) are shown in Table 4-2.

Table 4-2: Selected junction locations for comparison of confined-stiffness performance
among Geogrids G1, G2, G3 and G4.

Geogrid

Distance from the
frontal confined
boundary to the
junction at Location A
(mm)

Distance from the
frontal confined
boundary to the
junction at Location B
(mm)

Distance from the
frontal confined
boundary to the
junction at Location C
(mm)

G1

49

107

193

G2

36

110

185

G3

43

112

204

G4

46

108

192

The relationships between frontal unit tension and junction displacement at these
three locations are compared in Figure 4-18. The following observations can be made based
on these plots:
(1) Overall, the differences among the load-displacement curves for these four
geogrids are not significant.
(2) Rigorously, the load-displacement curves for Geogrid G1 correspond to the lower
bound, while the corresponding curves for Geogrid G4 were the upper bound. Table
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4-1 indicates that Geogrid G4 has the highest mass per unit area, while Geogrid G1
has the second lowest value. Also, Geogrid G1 is the only geogrid with a
rectangular aperture size, which also implies the smallest rib depths. Therefore, it
may be concluded that, using the proposed testing configuration, the triangular
aperture shape, and the highest value of mass per unit area of Geogrid G4, resulted
in the highest confined stiffness. On the other hand, the rectangular aperture with
comparatively small rib depths of Geogrid G1 may result in the lowest confined
stiffness.
(3) Regarding Locations A and B (Figure 4-18(a) and Figure 4-18(b)), the loaddisplacement curves for Geogrid G3 generally showed slightly steeper tangent
slopes (or confined stiffness) than the corresponding curves for Geogrid G2 in a
comparatively small displacement range (less than 2 mm). For higher
displacements (larger than 2 mm), the load-displacement curves of Geogrid G2
generally had slightly steeper tangent slopes (or confined stiffness) than the
corresponding curves of Geogrid G3. The observation may indicate that Geogrid
G3 showed a higher confined stiffness than Geogrid G2 in a comparatively small
displacement range, while it showed slightly lower confined stiffness than Geogrid
G2 at comparatively high displacement level. Overall, it may also indicate that the
larger massive per unit area of Geogrid G2 resulted in a higher confined stiffness
than Geogrid G3 in comparatively low displacement levels. On the other hand,
smaller aperture shape and slightly larger rib depths of Geogrid G3 may result in
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higher confined stiffness than Geogrid G3 in comparatively high displacement
levels.

(a)

(b)

(c)

Figure 4-18: Comparison of the relationship between the frontal unit tension and the
junction displacement at (a) Location A, (b) Location B and (c) Location C in tests
conducted using Geogrids G1, G2, G3 and G4.
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4.3

EXPERIMENTAL EVALUATION OF SOIL-GEOGRID INTERACTION

BASED ON DISPLACEMENT MEASUREMENTS IN SOIL PARTICLES
In this section, the displacement of soil particles, mobilized by geogrids during SGI
tests involving Geogrid G1, G2, G3 and G4, are evaluated and compared. Relevant details
of the tests conducted using these geogrids were presented in Section 4.2. The side-view
images of all the tests were captured using Digital Camera II (as shown in Figure 3-4) to
determine the soil displacement field in the laser-illuminated plane using DIC techniques.
4.3.1 Displacement Distribution in Soil Particles in the Test Conducted Using
Geogrid G1
Relevant details of the SGI test conducted using Geogrid G1 were presented in
Sections 3.3, 3.4.2

and 4.2.1 . The frontal view of this test is shown in Figure 3-5(a). The

laser was shot from the frontal view of the transparent soil model (see configuration in
Figure 3-4), with the distance between the laser plane and the transparent side wall (the
wall on the left-hand side in Figure 3-4) being 75 mm. The side view of the transparent soil
model during this test is presented in Figure 4-19. The laser was shot continuously during
this SGI test. As previously discussed, the digital image collection using Digital Camera II
was synchronized with the digital image collection using Digital Camera I via the DAQ
with a LabVIEW programing code.
The relationship between the frontal load and the grip displacement in this test is
presented in Figure 4-2. A total of sixteen images (each image captured at the time
indicated with a blue star in Figure 4-2) were also selected for tracking soil displacements.
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As previously discussed, rib shadows were observed behind the geogrid plane
because the transverse ribs blocked laser penetration. The shadows moved upward with the
movement of the transverse ribs. The moving shadows adversely affected the quality of the
DIC calculation for particle tracking. Consequently, only the soil particles in the front of
the geogrid specimen (on the right-hand side in Figure 4-19) were used for tracking soil
displacements. The correlation area (or AOI) and the corresponding vertical displacement
field of soil particles at the time reaching pullout failure are illustrated in Figure 3-14. To
evaluate the soil mobilization during pullout progress, several profiles were selected as
presented in Table 4-3 along both the loading (vertical) and the normal (horizontal)
directions (Figure 4-19) in the correlation area of the laser illuminated plane.

𝒗𝟎 = 𝟎

𝒉𝟎 = 𝟎

𝒗

𝒉
Figure 4-19: Baselines along the loading (vertical) and the normal (horizontal) directions
for comparison of displacement mobilization in soil particles.
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Table 4-3: Locations of soil displacement profiles the loading (vertical) and the normal
(horizontal) directions.
Profiles along the loading (vertical)
direction, distance from the geogrid plane,
ℎ (mm)

Profiles along the normal (horizontal)
direction, distance from the frontal
confined boundary, 𝑣 (mm)

≈ 0 (very close to the geogrid plane)

60

10

100

20

140

40

180

Figure 4-20 displays the soil displacement distribution along the profiles along the
loading direction (the first column of Table 4-3) for increasing frontal load levels.
Figure 4-21 shows the soil displacement distribution along the profiles along the
normal direction (the second column of Table 4-3) for increasing frontal load levels.
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(c)

(d)

Figure 4-20: Soil displacement profiles along the loading direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G1: (a) profiles close to, (b) at 10 mm
from, (c) at 20 mm from, and (d) at 40 mm from the geogrid plane.
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(a)

(c)

(b)

(d)

Figure 4-21: Soil displacement profiles along the normal direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G1: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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4.3.2 Displacement Distribution in Soil Particles in the Test Conducted Using
Geogrid G2
Relevant details of the SGI test conducted using Geogrid G2 were presented in
Section 4.2.2 . The frontal view of this test is presented in Figure 4-5. The laser was shot
from the frontal view of the transparent soil model (see configuration in Figure 3-4), with
the distance between the laser plane and the transparent side wall (the wall on the left-hand
side in Figure 3-4) being 75 mm. The side view of the transparent soil model during this
test is shown in Figure 4-22(a). As previously discussed, diffusion of the laser light can
contaminate the lighting condition for geogrid tracking using Digital Camera I.
Consequently, a 10-second ON-OFF time combination was applied to the laser shooting
during this test. The frontal-view images collected under the lighting condition with laser
turned off were used to track the displacements of the geogrid specimen (see in Section
4.2.2 ). On the other hand, the side-view images collected under the lighting condition with
laser turned on were used to track the displacement field of soil particles in the laserilluminated plane. Since the image collection rate for both cameras was five seconds per
image, it had an average of five-second difference between these two image batches for
DIC calculation.
Due to the moving shadows behind the geogrid plane, only the soil particles in the
front of the geogrid specimen (on the right-hand side in Figure 4-22(b)) were used for
tracking soil displacements. The correlation area and the corresponding displacement field
of soil particles at the time reaching pullout failure are illustrated in Figure 4-22. Only soil
displacements along loading direction were presented in this figure.
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The relationship between the frontal load and the grip displacement in this test is
presented in Figure 4-6. Since only an average of five-second difference between the
frontal-view image collection and side-view image collection, the difference of frontal
loads between the corresponding images was neglected. Consequently, a total of twentysix images (blue stars shown in Figure 4-6) were selected for tracking soil displacements.
The average time span between two successive images was about 120 seconds. The last
selected image corresponds to the time reaching pullout.
In the SGI test conducted using Geogrid G2, the soil displacement distribution
along the profiles along the loading direction (the first column of Table 4-3) is shown in
Figure 4-23 for increasing load levels.
(b)

(a)

correlation
area

Figure 4-22: DIC calculation for tracking soil displacements in the laser-illuminated plane
in the SGI test conducted using Geogrid G2: (a) correlation area; (b) the corresponding
vertical displacement field of soil particles at the time reaching pullout failure.
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(a)

(b)

(c)

(d)

Figure 4-23: Soil displacement profiles along the loading direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G2: (a) profiles close to, (b) at 10 mm
from, (c) at 20 mm from, and (d) at 40 mm from the geogrid plane.
Figure 4-24 shows the soil displacement distribution along the profiles along the
normal direction (the second column of Table 4-3) for increasing frontal load levels.
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(a)

(b)

(c)

(d)

Figure 4-24: Soil displacement profiles along the normal direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G2: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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4.3.3 Displacement Distribution in Soil Particles in the Test Conducted Using
Geogrid G3
Relevant details of the SGI test conducted using Geogrid G3 were presented in
Section 4.2.3 . The frontal view of this test is presented in Figure 4-9. The laser was shot
from the frontal view of the transparent soil model (see configuration in Figure 3-4), with
the distance between the laser plane and the transparent side wall (the wall on the left-hand
side in Figure 3-4) being 75 mm. The side view of the transparent soil model during this
test is presented in Figure 4-25(a). A 10-second ON-OFF time combination was applied to
the laser shooting during this test. Similar to the previous test conducted using Geogrid G2,
the frontal-view images collected under the lighting condition with laser turned off were
used to track the displacements of the geogrid specimen (see in Section 4.2.3 ). On the
other hand, the side-view images collected under the lighting condition with laser turned
on were used to track the displacement field of soil particles in the laser-illuminated plane.
Since the image collection rate for both cameras was five seconds per image, it had an
average of five-second difference between these two image batches for DIC calculation.
Due to the moving shadows behind the geogrid plane, only the soil particles in the
front of the geogrid specimen (on the right-hand side in Figure 4-25(b)) were used for
tracking soil displacements. The correlation area and the corresponding displacement field
of soil particles at the time reaching pullout failure are illustrated in Figure 4-25.
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(a)

(b)

correlation
area

Figure 4-25: DIC calculation for tracking soil displacements in the laser-illuminated plane
in the SGI test conducted using Geogrid G3: (a) correlation area; (b) the corresponding
vertical displacement field of soil particles at the time reaching pullout failure.
The relationship between the frontal load and the grip displacement in this test is
presented in Figure 4-10. Since only an average of five-second difference between the
frontal-view image collection and side-view image collection, the difference of frontal
loads between the corresponding images was neglected. Consequently, a total of seventeen
images (blue stars shown in Figure 4-10) were selected for tracking soil displacements.
The average time span between two successive images was about 120 seconds. The last
selected image corresponds to the time reaching pullout failure.
In the SGI test conducted using Geogrid G3, the soil displacement distribution
along the profiles along the loading direction (the first column of Table 4-3) is shown in
Figure 4-26 for increasing load levels.
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Figure 4-27 shows the soil displacement distribution along the profiles along the
normal direction (the second column of Table 4-3) for increasing frontal load levels.

(a)

(b)

(c)

(d)

Figure 4-26: Soil displacement profiles along the loading direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G3: (a) profiles close to, (b) at 10 mm
from, (c) at 20 mm from, and (d) at 40 mm from the geogrid plane.
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(a)

(b)

(c)

(d)

Figure 4-27: Soil displacement profiles along the normal direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G3: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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4.3.4 Displacement Distribution in Soil Particles in the Test Conducted Using
Geogrid G4
Relevant details of the SGI test conducted using Geogrid G4 were presented in
Section 4.2.4 . The frontal view of this test is presented in Figure 4-13. The laser was shot
from the frontal view of the transparent soil model (see configuration in Figure 3-4), with
the distance between the laser plane and the transparent side wall (the wall on the righthand side in Figure 3-4) being 75 mm. The side view of the transparent soil model during
this test is presented in Figure 4-28(a). A 10-second ON-OFF time combination was
applied to the laser shooting during this test. The frontal-view images collected under the
lighting condition with laser turned off were used to track the displacements of the geogrid
specimen (see in Section 4.2.4 ). On the other hand, the side-view images collected under
the lighting condition with laser turned on were used for tracking the displacement field of
soil particles in the laser-illuminated plane. Since the image collection rate for both
cameras was five seconds per image, it had an average of five-second difference between
these two image batches for DIC calculation.
Due to the moving shadows behind the geogrid plane, only the soil particles in the
front of the geogrid specimen (on the left-hand side in Figure 4-28(b)) were used for
tracking soil displacements. The correlation area and the corresponding displacement field
of soil particles at the time reaching pullout failure are illustrated in Figure 4-28. The
overall quality of the images collected from the side view was not as good as that from the
previous three tests. Consequently, a slightly larger subset size was used in this test for the
DIC calculation than those used in the previous three tests.
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The relationship between the frontal load and the grip displacement in this test is
presented in Figure 4-14. Since only an average of five-second difference between the
frontal-view image collection and side-view image collection, the difference of frontal
loads between the corresponding images was neglected. Consequently, a total of seventeen
images (blue stars shown in Figure 4-14) were selected for tracking soil displacements.
The average time span between two successive images was still about 120 seconds. The
last selected image corresponds to the time reaching pullout failure.
In the SGI test conducted using Geogrid G4, the soil displacement distribution
along the profiles along the loading direction (the first column of Table 4-3) is shown in
Figure 4-29 for increasing frontal load levels.

AOI

Figure 4-28: DIC calculation for tracking soil displacements in the laser-illuminated plane
in the SGI test conducted using Geogrid G4: (a) correlation area; (b) the corresponding
vertical displacement field of soil particles at the time reaching pullout failure.
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(a)

(b)

(c)

(d)

Figure 4-29: Soil displacement profiles along the loading direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G4: (a) profiles close to, (b) at 10 mm
from, (c) at 20 mm from, and (d) at 40 mm from the geogrid plane.
Figure 4-30 shows the soil displacement distribution along the profiles along the
normal direction (the second column of Table 4-3) for increasing frontal load levels.
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(a)

(b)

(c)

(d)

Figure 4-30: Soil displacement profiles along the normal direction in the laser-illuminated
plane during the SGI test conducted using Geogrid G4: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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4.3.5 Comparison of the Confined Performances Based on Displacement
Measurements in Soil Particles
Comparison of the Soil Displacement Profiles along the Loading Direction
Figure 4-31 shows the comparison of soil displacement distribution at different
profiles along the loading direction between the test results for Geogrid G1 and those for
Geogrid G2. Similar values of frontal unit tension were selected in this figure for this
comparison.
The following observations can be made based on this comparison:
(1) In profiles

ℎ = 0, and ℎ = 10 𝑚𝑚 , Geogrid G2 (the geogrid with a

comparatively small triangular aperture) mobilized significantly smaller
displacements of soil particles than Geogrid G1 (the geogrid with a rectangular
aperture). This observation implies that, for a given frontal load level, Geogrid G2
showed better performance in stiffening soil particles (induced smaller soil
displacements) than Geogrid G1.
(2) In profile ℎ = 20 𝑚𝑚, the test conducted using Geogrid G2 showed similar soil
displacements as the test conducted using Geogrid G1.
(3) In profile ℎ = 40 𝑚𝑚, Geogrid G2 mobilized slightly larger displacements of soil
particles than Geogrid G1. This observation indicates that, for a given frontal load
level, the soil zone affected by the presence of Geogrid G2 extended beyond the
soil zone affected by the presence of Geogrid G1.
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(a)

(b)

(c)

(d)

Figure 4-31: Comparison of soil displacement distribution at different profiles along the
loading direction between the test results for Geogrid G1 and those for Geogrid G2: (a)
profiles close to, (b) at 10 mm from, (c) at 20 mm from, and (d) at 40 mm from the geogrid
plane.
Figure 4-32 shows the comparison of soil displacement distribution at different
profiles along the loading direction between the test results for Geogrid G2 and those for
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Geogrid G3. Similar values of frontal unit tension were selected in this figure for this
comparison.

(a)

(c)

(b)

(d)

Figure 4-32: Comparison of soil displacement distribution at different profiles along the
loading direction between the test results for Geogrid G2 and those for Geogrid G3: (a)
profiles close to, (b) at 10 mm from, (c) at 20 mm from, and (d) at 40 mm from the geogrid
plane.
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The following observations can be made based on the comparison shown in Figure
4-32:
(1) In profile ℎ = 0 𝑚𝑚, comparison of the soil displacements at locations close to
the frontal confined boundary reveals that Geogrid G2 (the geogrid with a
comparatively small triangular aperture) mobilized slightly larger displacements of
soil particles than Geogrid G3 (the geogrid with a comparatively large triangular
aperture). However, at more distant locations from the frontal confined boundary,
Geogrid G3 mobilized slightly larger displacements of soil particles than Geogrid
G2. In addition, the test conducted using Geogrid G3 showed a slightly more
uniform displacement distribution in soil particles near the geogrid plane than the
test conducted using Geogrid G2. More uniform soil displacement distribution may
indicate more uniform load distribution in soil.
(2) In profiles

ℎ = 10, and ℎ = 20 𝑚𝑚 , Geogrid G2 mobilized smaller

displacements of soil particles than Geogrid G3.
(4) In profile ℎ = 40 𝑚𝑚 , Geogrid G2 generally mobilized slightly larger
displacements of soil particles than Geogrid G3. This observation indicates that, for
a given frontal load level, the soil zone affected by the presence of Geogrid G2
extended slightly beyond the soil zone affected by the presence of Geogrid G3.
In the test conducted using Geogrid G4, due to the light illumination issues, a
comparatively large subset size was used for the DIC calculation. Consequently, larger
border areas around the correlation area could not be correlated. Therefore, the particles
close to the frontal confined boundary were not trackable. However, this did not affect the
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overall comparison between tests conducted using different geogrid products. Figure 4-33
shows the comparison of soil displacement distribution at different profiles along the
loading direction between the test results for Geogrid G2 and those for Geogrid G4. Similar
values of frontal unit tension were selected in this figure for this comparison.
The following observations can be made based on the comparison shown in Figure
4-33:
(1) In profile ℎ = 0 𝑚𝑚 , Geogrid G2 (the geogrid with a comparatively small
triangular aperture) mobilized larger displacements of soil particles than Geogrid
G4 (geogrid with a comparatively large triangular aperture and comparatively
thicker ribs). In addition, the test conducted using Geogrid G4 showed a more
uniform displacement distribution in soil particles near the geogrid plane than the
test conducted using Geogrid G2. As previously discussed, more uniform soil
displacement distribution may indicate more uniform load distribution in soil.
(2) In vertical profile ℎ = 10 𝑚𝑚 , the test conducted using Geogrid G4 showed
similar soil displacements as the test conducted using Geogrid G2.
(5) In vertical profile ℎ = 20, and ℎ = 40 𝑚𝑚, Geogrids G2 and G4 mobilized soil
particles in similar magnitudes of displacement, when the frontal unit tension was
below 3.6 kN/m. However, when the frontal unit tension was exceeded 3.6 kN/m,
Geogrid G4 generally mobilized larger soil displacements than Geogrid G2. This
observation indicates that, overall, the soil zone affected by the presence of Geogrid
G4 extended slightly beyond the soil zone affected by the presence of Geogrid G2.
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(a)

(b)

(c)

(d)

Figure 4-33: Comparison of soil displacement distribution at different profiles along the
loading direction between the test results for Geogrid G2 and those for Geogrid G4: (a)
profiles close to, (b) at 10 mm from, (c) at 20 mm from, and (d) at 40 mm from the geogrid
plane.
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Comparison of the Development of Shear Bands
Figure 4-34 shows the comparison of the development of shear bands at different
profiles along the normal direction in soil between the test results for Geogrid G1 and those
for Geogrid G2. Similar values of frontal unit tension were selected in this figure for this
comparison.
The following observations can be made based on the comparison shown in Figure
4-34:
(1) for a given frontal load level, Geogrid G2 (the geogrid with a small triangular
aperture) mobilized significantly smaller soil displacements than Geogrid G1 (the
geogrid with a rectangular aperture) at locations close to the geogrid plane. Smaller
soil displacements close to geogrid plane may indicate an overall better confined
performance of Geogrid G2 for interlocking soil particles. However, for increasing
distance from the geogrid plane, the test conducted using Geogrid G2 showed
slightly larger soil displacements than the test conducted using Geogrid G1. As
previously discussed, this observation may indicate the soil zone affected by the
presence of Geogrid G2 extended slightly beyond the soil zone affected by the
presence of Geogrid G1.
(2) Overall, the test conducted using Geogrid G2 showed more uniform shapes of the
shear band profiles than the test conducted using Geogrid G1. More uniform shapes
of the shear band profiles may indicate Geogrid G2 induced more uniform shear
transfer along the normal direction in soil.
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Figure 4-34: Comparison of shear band profiles along the normal direction between the
test results for Geogrid G1 and those for Geogrid G2: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
Figure 4-35 shows the comparison of the development of shear bands at different
profiles along the normal direction in soil between the test results for Geogrid G2 and those
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for Geogrid G3. Similar values of frontal unit tension were selected in this figure for this
comparison.

(a)

(b)

(c)

(d)

Figure 4-35: Comparison of shear band profiles along the normal direction between the
test results for Geogrid G2 and those for Geogrid G3: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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The following observations can be made based on the comparison shown in Figure
4-35:
(1) Geogrid G2 (the geogrid with a comparatively small triangular aperture and
comparatively large rib depth) mobilized slightly smaller soil displacements than
Geogrid G3 (the geogrid with a comparatively large triangular aperture) at locations
close to the geogrid plane. Smaller soil displacements close to geogrid plane may
indicate an overall better confined performance of Geogrid G2 for interlocking soil
particles. For increasing distance from the geogrid plane, the test conducted using
Geogrid G2 also showed slightly larger soil displacements than the test conducted
using Geogrid G3. As previously discussed, this observation may indicate the soil
zone affected by the presence of Geogrid G2 extended slightly beyond the soil zone
affected by the presence of Geogrid G3.
(2) The test conducted using Geogrid G3 generally showed slightly more uniform
shapes of the shear band profiles than the test conducted using Geogrid G2,
particularly at locations close to the geogrid plane. As previously discussed, slightly
more uniform shapes of the shear band profiles may indicate Geogrid G3 induced
slightly more uniform shear transfer along the normal direction in soil.
The comparison between the data shown in Figure 4-34 and Figure 4-35 indicates
that the test conducted using Geogrid G3 also showed smaller soil displacements close to
geogrid plane, but larger soil displacements at more distant locations than the test
conducted using Geogrid G1.
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Figure 4-36 shows the comparison of the development of shear bands at different
profiles along the normal direction in soil between the test results for Geogrid G2 and those
for Geogrid G4. Similar values of frontal unit tension were selected in this figure for this
comparison.
The following observations can be made based on the comparison shown in Figure
4-36:
(1) Geogrid G4 (the geogrid with a comparatively large triangular aperture, as well as
with comparatively thick ribs) mobilized smaller displacements of soil particles
than Geogrid G2 (the geogrid with a small triangular aperture) at locations very
close to the geogrid plane. As previously discussed, smaller soil displacements
close to geogrid plane may indicate an overall better confined performance of
Geogrid G4 for interlocking soil particles. For increasing distance from the geogrid
plane, the test conducted using Geogrid G4 also showed slightly larger soil
displacements than the test conducted using Geogrid G2. As previously discussed,
this observation may indicate the soil zone affected by the presence of Geogrid G4
extended slightly beyond the soil zone affected by the presence of Geogrid G2.
(3) Overall, the test conducted using Geogrid G4 showed more uniform shapes of the
shear band profiles than the test conducted using Geogrid G2. As previously
discussed, more uniform shapes of the shear band profiles may indicate Geogrid
G3 induced more uniform shear transfer along the normal direction in soil.
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Figure 4-36: Comparison of shear band profiles along the normal direction between the
test results for Geogrid G2 and those for Geogrid G4: (a) profiles at 60 mm, (b) 100 mm,
(c) 140 mm, and (d) 180 mm from the frontal confined boundary.
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The comparison between the data shown in Figure 4-36 and Figure 4-34 indicates
that the test conducted using Geogrid G4 (the geogrid with comparatively thick ribs)
showed more uniform shapes of the shear band profiles than the test conducted using
Geogrid G3 (the geogrid with comparatively thin ribs). As previously discussed, more
uniform shapes of the shear band profiles may indicate Geogrid G4 induced more uniform
shear transfer along the normal direction in soil.
4.4

EVALUATION OF THE GENERAL TRENDS
Using the experimental measurements from the tests conducted in this study, the

soil-geogrid interaction behaviors involving four geogrid types with different geometric
characteristics were compared with each other in the aspects of (1) geogrid displacement
profiles along the loading direction, (2) load-displacement relationships of geogrid
specimens, (3) soil displacement profiles along the loading direction, and (4) development
of shear bands. The experimental evaluation indicated the impact of the geometric
characteristics of geogrids on the overall soil-geogrid interaction behaviors, which can be
summarized as follows.
4.4.1 Impact of the Geometric Characteristics of Geogrids on the Geogrid
Displacement Distribution
The comparison between the general trends of the geogrid displacement profiles
along the loading direction obtained from tests conducted using Geogrids G1, G2, G3 and
G4 are previously shown in Figure 4-17 for increasing frontal load levels. Figure 4-37
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shows a schematic representation of the same trends to facilitate the visualization of this
comparison.

Junction displacement, 𝑢𝐽

𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙

G1
G2
G3
G4

Distance from the frontal confined boundary,

𝑥

Figure 4-37: Schematic comparison between the geogrid displacement distribution along
the loading direction among tests conducted using Geogrids G1, G2, G3 and G4.
This comparison results in the following observations:
(1) Impact of aperture shape and size, as well as rib dimension: Table 3-3 and Table
4-1 indicate that Geogrids G1 and G2 has similar values of mass per unit area.
However, their major differences are: a) Geogrid G1 has a rectangular aperture,
while Geogrid G2 has a triangular aperture shape; b) Geogrid G1 has a 31% larger
aperture size than Geogrid G2; c) Geogrid G1 has larger rib widths and smaller rib
depths than Geogrid G2. These differences contributed to smaller displacements
developed in Geogrid G2 in comparison to Geogrid G1. Also, Geogrid G1 generally
showed steeper and more nonlinear displacement profiles than Geogrid G2. As
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previously discussed, more linear displacement distribution implies more uniform
resistance distribution along the geogrid specimen. Similar trends can be obtained
by comparing Geogrid G1 to the other two geogrids with triangular apertures (i.e.
Geogrids G3 and G4). Therefore, using the proposed testing configuration
involving the geogrids evaluated as parts of this study, the triaxial geogrids (i.e.
Geogrids G2, G3 and G4) showed more linear displacement distribution and,
consequently, more uniform resistance distribution along the loading direction than
the biaxial geogrid (i.e. Geogrid G1).
(2) Impact of aperture size and rib dimension in triaxial geogrids: Table 3-3 and Table
4-1 indicate that the major differences between Geogrids G2 and G3 are: a) Geogrid
G3 has a 24% larger value of mass per unit area than that of Geogrid G2; b) Geogrid
G3 has a 47% larger aperture size than Geogrid G2; c) Geogrid G2 has slightly
smaller rib widths, but slightly larger rib depths than Geogrid G3. These differences
resulted that Geogrid G3 showed slightly smaller displacements at locations close
to the frontal confined boundary, while showed slightly larger displacements at
more distant locations from the frontal confined boundary, in comparison to
Geogrid G2. Also, Geogrid G3 showed slightly more linear displacement
distribution than Geogrid G2. Therefore, larger apertures may contribute to more
linear displacement distribution and, consequently, more uniform resistance
distribution along the loading direction.
(3) Impact of rib dimension in triaxial geogrids: Table 3-3 and Table 4-1 indicate that
Geogrids G3 and G4 have the same aperture size. However, their major differences
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are: a) Geogrid G4 had a 29% larger value of mass per unit area than Geogrid G3;
b) Both geogrids have the same aperture size, but different values of the mass per
unit area. Consequently, their rib dimensions are different. Specifically, Geogrid
G4 has larger rib widths and rib depths than Geogrid G3. These differences resulted
that Geogrid G4 had showed smaller, and more linear displacement distribution
than Geogrid G3. Therefore, larger value of mass per unit area, as well as with
larger rib dimension may contribute to more smaller and more linear displacement
distribution and, consequently, more uniform resistance distribution along the
loading direction.
4.4.2 Impact of the Geometric Characteristics of Geogrids on their LoadDisplacement Curves
The comparisons between the load-displacement curves at a given location along
the confined specimens of Geogrids G1, G2, G3 and G4 are previously shown in Figure
4-18. Figure 4-38 shows a schematic representation of the same trends to facilitate the
visualization of this comparison.
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Frontal unit tension, 𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙
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Figure 4-38: Schematic comparison between the load-displacement curves at a given
location of Geogrids G1, G2, G3 and G4.
This comparison results in the following observations:
(1) Impact of aperture shape and size, as well as rib dimension: The triangular
aperture shapes, as well as the comparatively large rib depths resulted that the
load-displacement curves of the triaxial geogrids (i.e. Geogrids G2, G3 and G4)
showed slightly steeper slopes than that of the biaxial geogrid (i.e. Geogrid G1).
Therefore, using the proposed testing configuration involving the geogrids
evaluated as parts of this study, the triaxial geogrids (i.e. Geogrids G2, G3 and
G4) showed higher confined stiffness than the biaxial geogrid (i.e. Geogrid G1).
(2) Impact of aperture size and rib dimension in triaxial geogrids: The loaddisplacement curve for Geogrid G3 (the geogrid with a larger mass per unit
area, as well as with a larger aperture size) showed steeper slopes than that of
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Geogrid G2, at comparatively low displacement levels. On the other hand, the
load-displacement curve of Geogrid G2 (the geogrid with a smaller aperture
size, but larger rib depths) showed slightly steeper slopes than that of Geogrid
G3, at comparatively high displacement levels. Therefore, a larger value of
mass per unit area, as well as a larger aperture size may contribute to higher
confined stiffness at comparatively low displacement levels, while a smaller
aperture size, as well as larger rib depths may contribute to a higher confined
stiffness at comparatively high displacement levels.
(3) Impact of rib dimension in triaxial geogrids: the load-displacement curve of
Geogrid G4 (the geogrid with larger rib widths and depths) showed steeper
slopes than that of Geogrid G3. Therefore, increasing rib dimensions in triaxial
geogrids can increase the overall confined stiffness of the geogrid.
4.4.3 Impact of the Geometric Characteristics of Geogrids on Soil Displacement
Distribution along the Loading Direction
The comparison between the general trends of soil displacement distribution close
to the soil-geogrid interface during tests conducted using Geogrids G1, G2, G3 and G4 are
previously shown in Figure 4-31(a), Figure 4-32(a) and Figure 4-33(a). Figure 4-39 shows
a schematic representation of the same trends to facilitate the visualization of this
comparison. In this plot, rather than using y axis as the loading direction (the loading
direction was along y axis as shown in Figure 4-31, Figure 4-32 and Figure 4-33), x axis
was defined as the loading direction to match the coordinates shown in Figure 4-37. Also,
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Figure 4-31, Figure 4-32 and Figure 4-33 show the waved shapes of the soil displacement
profiles. To distinguish the differences between those profiles, they were smoothened as
shown in Figure 4-39. the general trends of soil displacement distribution close to the soilgeogrid interface were found to be similar to the trends of geogrid displacement distribution
shown in Figure 4-37.
Specifically, this comparison results in the following observations:
(1) Impact of aperture shape and size, as well as rib dimension: Geogrid G2 mobilized
significantly smaller soil displacements than Geogrid G1. Also, the test conducted
using Geogrid G1 generally mobilized steeper and more nonlinear soil
displacement distribution than the test conducted using Geogrid G2. More linear
soil displacement distribution implies more uniform resistance distribution in soil.
Similar trends can be obtained by comparing Geogrid G1 to the other two geogrids
with triangular apertures (i.e. Geogrids G3 and G4). Therefore, using the proposed
testing configuration involving the geogrids evaluated as parts of this study, the
triaxial geogrids (i.e. Geogrids G2, G3 and G4) mobilized more linear soil
displacement distribution and, consequently, developed more uniform resistance
distribution along the loading direction in soil than the biaxial geogrid (i.e. Geogrid
G1). This conclusion is consistent with the conclusion made based on the
corresponding comparison of the geogrid displacement distribution along the
loading direction among the relevant tests.
(2) Impact of aperture size and rib dimension in triaxial geogrids: Geogrid G3
mobilized slightly smaller soil displacements at locations close to the frontal
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confined boundary, while mobilized slightly larger soil displacements at more
distant locations from the frontal confined boundary, in comparison to Geogrid G2.
Also, Geogrid G3 mobilized slightly more linear soil displacement distribution than
Geogrid G2. Therefore, smaller apertures and slightly larger rib depths may result
in slightly smaller soil displacements along the loading direction, while larger value
of mass per unit area, as well as larger apertures may result in more linear soil
displacement distribution and, consequently, more uniform resistance distribution
along the loading direction in soil. This conclusion is also consistent with the
corresponding comparison pf the geogrid displacement distribution along the
loading direction between the relevant two tests.
(3) Impact of rib dimension in triaxial geogrids: Geogrid G4 mobilized smaller, and
more linear soil displacement distribution than Geogrid G3. Therefore, larger value
of mass per unit area, as well as with larger rib dimension may result in more
smaller and more linear soil displacement distribution and, consequently, more
uniform resistance distribution along the loading direction in soil. This observation
is also consistent with the corresponding comparison of the geogrid displacement
distribution along the loading direction between the relevant two tests.
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Figure 4-39: Schematic comparison between the soil displacement distribution close to the
soil-geogrid interface among tests conducted using Geogrids G1, G2, G3 and G4.

4.4.4 Impact of the Geometric Characteristics of Geogrids on Development of
Shear Bands
The comparison between the development of shear bands during tests conducted
using Geogrids G1, G2, G3 and G4 are previous shown in Figure 4-34, Figure 4-35 and
Figure 4-36. Figure 6-39 shows a schematic representation of the same trends to facilitate
the visualization of the comparison of the fully developed shear band profiles. In this
figure, the shapes of the shear band are assumed to be symmetric on the two sides of the
geogrid plane, even though the experimental data was only obtained from one side. This
comparison results in the following observations:
(1) Impact of aperture shape and size, as well as rib dimension: The triaxial geogrids
(i.e. Geogrids G2, G3 and G4) mobilized significantly smaller soil displacements
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than the selected biaxial Geogrid (i.e. Geogrid G1) at locations close to the geogrid
plane. As previously discussed, smaller soil displacements close to geogrid plane
may indicate an overall better confined performance of the triaxial geogrids for
interlocking soil particles. For increasing distance from the geogrid plane, the
biaxial geogrid mobilized smaller soil displacements than the triaxial geogrids. As
previously discussed, this observation may indicate the soil zone affected by the
presence of the triaxial geogrids extended slightly beyond the soil zone affected by
the presence the biaxial geogrids. Also, tests conducted using the triaxial geogrids
showed more uniform shapes of the shear band profiles than the test conducted
using the biaxial geogrid. As previously discussed, more uniform shapes of the
shear band profiles may indicate the triaxial geogrids induced more uniform shear
transfer along the normal direction in soil, in comparison to the biaxial geogrid.
(2) Impact of aperture size and rib dimension in triaxial geogrids: Geogrid G3 generally
mobilized larger soil displacements at locations close to the geogrid plane, while
Geogrid G2 mobilized larger soil displacements at more distant locations from the
geogrid plane. Also, the test conducted using Geogrid G3 showed slightly more
uniform shapes of the shear band profiles than the test conducted using Geogrid
G2. Therefore, a comparatively small aperture size may result in less significant,
and less uniform shapes of shear band profiles in soil, while comparatively large
rib depths may result in comparatively large influence zone along the normal
direction in soil. Also, a comparatively large value of the mass per unit area may
result in more uniform shapes of shear band profiles in soil.
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(3) Impact of rib dimension in triaxial geogrids: the test conducted using Geogrid G4
showed smaller, and more uniform soil displacement distribution than the test
conducted using Geogrid G3. Also, Geogrid G4 mobilized larger soil displacements
at more distant locations from the geogrid plane than Geogrid G3. Therefore, a
comparatively large value of the mass per unit area, as well as comparatively large
rib dimensions, may result in less significant, and less uniform shapes of shear band
profiles in soil, and comparatively large influence zone along the normal direction
in soil,
Particle displacement, 𝑢𝑠𝑜𝑖𝑙
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Figure 4-40: Schematic comparison between the shapes of shear band profiles among tests
conducted using Geogrids G1, G2, G3 and G4.

4.5

CONCLUSIONS
The experimental setup developed as a part of this research, which involved the use

of transparent soil in combination with laser aided imaging, was used to investigate the
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soil-geogrid interaction by using geogrids with different geometric characteristics. the
following conclusions can be drawn based on the test results:
(1) Unlike the measurements from physical sensors in traditional SGI tests, the
experimental setup developed in this study was found to non-intrusively capture the
displacements within geogrid specimens without creating physical disturbances at
the soil-geosynthetic interface.
(2) Implementation of the laser system allowed to non-intrusively measure the
displacements of soil particles in the laser-illuminated plane. Therefore, soil
mobilization during testing progress could be successfully tracked and compared
in tests conducted using different geogrid types.
(3) The test results involving four geogrids types with different geometric
characteristics allowed the comparison of following aspects: (1) geogrid
displacement profiles along the loading direction, (2) load-displacement
relationships of geogrid specimens, (3) soil displacement profiles along the loading
direction, and (4) development of shear bands.
(4) According to the comparison of those aspects, the impact of the geometric
characteristics of geogrids, including (a) aperture shape, (b) aperture size, and (c)
rib dimensions including rib width and rib depth, on the overall soil-geogrid
interaction behavior could be evaluated. Also, mass per unit area for each of the
testing specimens was measured and compared. The primary conclusions can be
summarized as follows:
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(a) Impact of aperture shape: The comparison of the experimental results involving
both biaxial and triaxial geogrids showed a comparatively better load transfer in
triaxial geogrids than in the biaxial geogrid. Specifically, tests involving triaxial
geogrids showed comparatively smaller, and more linear geogrid (or soil)
displacement profiles along the loading direction than the profiles in test involving
the biaxial geogrid. Since the derivative of the displacement profile corresponds to
the strain profile, the shapes of geogrid (or soil) displacement profiles also provide
insight on the general shapes of strain profiles in geogrids (or soil). In addition, the
shapes of the strain profiles in geogrids (or soil) also indicate the general shapes of
resistance profiles in geogrids (or soil). Therefore, the shapes of geogrid (or soil)
displacement profiles obtained in the tests involving triaxial geogrids indicated
more uniform resistance distribution in geogrids (or soil) than the profiles obtained
in the test involving the biaxial geogrid. A more uniform stress distribution
corresponds to a more efficient higher load transfer along the loading direction. The
comparison between the load-displacement curves of the geogrid specimens
showed that triaxial geogrids tended to provide slightly higher confined stiffness
than the biaxial geogrid used in this study. Moreover, the comparison between the
shear band profiles (i.e. soil displacement profiles along the normal direction)
showed that the triaxial geogrids developed more uniform shear band profiles than
the biaxial geogrid used in this study. More uniform shear band profiles developed
by triaxial geogrids indicated that the triaxial geogrids developed more uniform
stress transfer along the normal direction in soil than the biaxial geogrid used in
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this study. In addition, it was found that the triaxial geogrids developed wider
influence zones along the normal direction in soil than the biaxial geogrid used in
this study. However, comparisons between the biaxial and triaxial geogrids
conducted in this study are not only affected by different aperture shapes, but also
by different rib dimensions. Specifically, the biaxial geogrids typically have larger
rib widths, but smaller rib depths than the triaxial geogrids. Consequently, the
conclusions made herein account for several differences between the specific
biaxial and triaxial geogrids used in the testing program.
(b) Impact of aperture size: The comparison between the test results involving triaxial
geogrids with different aperture sizes indicated that, for the particle size distribution
of the soil used in this study ( 𝐷50 ≈ 4 𝑚𝑚 ), larger aperture sizes in triaxial
geogrids contribute to more uniform shapes of shear band profiles. On the other
hand, smaller aperture sizes in triaxial geogrids contribute to wider influence zone
along the normal direction in soil. This is probably because smaller aperture size
corresponds a larger quantity of diagonal ribs; and diagonal ribs may provide more
significant contribution to restrain the soil particles than longitudinal ribs.
(c) Impact of rib dimension: The comparison between the test results involving triaxial
geogrids with different rib dimensions indicated that larger rib dimensions,
particularly larger rib depth, contributed to smaller, and more linear geogrid (or
soil) displacement profiles along the loading direction, and a wider influence zone
along the normal direction in soil. Also, smaller, and more linear geogrid (or soil)
displacement profiles may resulted in more uniform resistance distribution, and
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higher load transfer efficiency, along the loading direction. However, larger rib
dimensions also imply a larger mass per unit area.

138

Chapter 5: Load Transfer Modeling of Soil-Geogrid Interaction for Biaxial
Geogrids
5.1 INTRODUCTION
Based on the theories and concepts introduced in Chapter 2, a soil-geogrid load
transfer model was developed for geogrids with rectangular apertures. At time 𝑡 of the
SGI test, the frontal unit tension of the confined geogrid specimen, 𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 , has been
considered to include the following components: (1) the interface shear resistance
contribution from all longitudinal ribs, 𝑆𝑅𝐿,𝑡 , (2) the interface shear resistance contribution
from all transverse ribs, 𝑆𝑅𝑇,𝑡 , (3) the passive bearing resistance contribution from all
transverse ribs, 𝐵𝑅𝑇,𝑡 , and (4) the passive bearing resistance contribution from all junction
nodes, 𝐵𝑅𝐽,𝑡 :
𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 = 𝑆𝑅𝐿,𝑡 + 𝑆𝑅𝑇,𝑡 + 𝐵𝑅𝑇,𝑡 + 𝐵𝑅𝐽,𝑡

(5-1)

These four components can be simplified into two categories: (a) the resistance
contribution from all longitudinal ribs, 𝐿𝑅𝑡 , which includes the interface shear resistance
contribution from all longitudinal ribs, 𝑆𝑅𝐿,𝑡 , and the passive bearing resistance
contribution from all junction nodes, 𝐵𝑅𝐽,𝑡 ; (b) the resistance contribution from all
transverse ribs, 𝑇𝑅𝑡 , which includes the interface shear resistance contribution from all
transverse ribs, 𝑆𝑅𝑇,𝑡 and the passive bearing resistance contribution from all the
transverse ribs, 𝐵𝑅𝑇,𝑡 . Therefore:
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𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 = 𝐿𝑅𝑡 + 𝑇𝑅𝑡

(5-2)

𝐿𝑅𝑡 = 𝑆𝑅𝐿,𝑡 + 𝐵𝑅𝐽,𝑡

(5-3)

𝑇𝑅𝑡 = 𝑆𝑅𝑇,𝑡 + 𝐵𝑅𝑇,𝑡

(5-4)

This model defines the rib section between two successive transverse ribs as a
longitudinal-rib element. Each longitudinal-rib element includes one junction node at the
front of the rib section. Similarly, the rib section between two adjacent longitudinal
elements is defined as a transverse-rib element, without including the junction node.
Consequently, for a given time, 𝑡, the resistance contribution from all longitudinal ribs,
𝐿𝑅𝑡 , is the summation of the resistance contribution from each of the longitudinal-rib
elements. Also, the resistance contribution from all transverse-rib elements, 𝑇𝑅𝑡 , is the
summation of the resistance contribution from each of the transverse-rib elements.
Therefore:
𝐿𝑅𝑡 = ∑ 𝐿𝑅𝑖,𝑡

(5-5)

𝑇𝑅𝑡 = ∑ 𝑇𝑅𝑖,𝑡

(5-6)

A schematic cross-section and plane view of the load transfer mobilization along a
geogrid specimen is illustrated in Figure 5-1.
Two independent models are introduced in Sections 5.2 and 5.3 to predict the
resistance from each longitudinal-rib element, 𝐿𝑅𝑖,𝑡 , and the resistance from each
transverse-rib element, 𝑇𝑅𝑖,𝑡 .
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,𝑡

− 𝐿𝑅4,𝑡

𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡
𝐹𝐿1,𝑡
𝐹𝑇1,𝑡

𝑇𝑅
𝐹𝐿2,𝑡
𝐹𝑇2,𝑡

𝐹𝑇4,𝑡 = 𝐹𝐿4,𝑡 − 𝑇𝑅4,𝑡
𝐹𝐿5,𝑡 = 𝐹𝑇4,𝑡 − 𝐿𝑅4,𝑡 = 0

,𝑡

𝐿𝑅4,𝑡
𝐹𝐿 ,𝑡
𝐹𝑇 ,𝑡

𝐿𝑅4,𝑡
𝑇𝑅4,𝑡

𝐹𝐿4,𝑡

𝐿𝑅5,𝑡

𝐿𝑅5,𝑡

𝐹𝑇4,𝑡 𝐹𝐿5

Figure 5-1: Schematic view of the load transfer mobilization along the loading direction:
(a) cross-section view; (b) plane view.

5.2 LOAD TRANSFER MODELING OF LONGITUDINAL-RIB ELEMENTS IN
BIAXIAL GEOGRIDS
5.2.1 Longitudinal-Rib Model for Biaxial Geogrids Using Geogrid Displacements
As previously discussed, the resistance contribution from all longitudinal ribs, 𝐿𝑅𝑡 ,
includes two components: the interface shear resistance contribution from all longitudinal
ribs, 𝑆𝑅𝐿,𝑡 , and the passive bearing resistance contribution from all junction nodes, 𝐵𝑅𝐽,𝑡 .
However, due to the planar shape (comparatively high width-to-depth ratio) of the
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longitudinal ribs in typical biaxial geogrids, the interface shear resistance of the
longitudinal ribs, 𝑆𝑅𝐿,𝑡 , is expected to be more relevant than the passive bearing resistance
contribution from all junction nodes, 𝐵𝑅𝐽,𝑡 . Consequently, a spring was used to simulate
the interaction behavior between soil particles and longitudinal ribs. A hyperbolic function
(see Figure 5-3) as proposed by Wilson-Fahmy and Koerner (1993) was adopted in this
study to represent the model function to predict the resistance from longitudinal ribs, 𝐿𝑅𝑡 .
Figure 5-2 shows the basic concept of this model. In this model, a nonlinear spring was
attached to a given location of a longitudinal-rib element, 𝑥𝑗 , to simulate the interaction
behavior. The displacement at this location of the rib element, 𝑢𝑗 (𝑥𝑗 ), can be correlated to
the interface stress, 𝜏𝑗 , using the following hyperbolic equation:
𝑢 (𝑥 )

𝑗 𝑗
𝜏𝑗 = [𝑚+𝑛∙𝑢
(𝑥
𝑗

𝑗 )]

(5-7)

Where, 𝑛 is the reciprocal of the asymptotic value of the interface stress at infinite
displacement of a point location in the longitudinal-rib element, 𝜏𝑚𝑎𝑥 . 𝑚 is the reciprocal
of the initial tangent stiffness per unit area, 𝐾𝜏 . Both 𝑚 and 𝑛 are the functions of the
confining pressure acting on the soil-geogrid interface.
This model assumes that there is no soil displacement along the soil-geogrid
interface. Consequently, the geogrid displacement at any point also corresponds to the soilgeogrid relative displacement at that point.
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…

,𝑡

…

−
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−

…
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Figure 5-2: Schematic view of the longitudinal-rib model: (a) longitudinal-rib section with
attached springs; (b) plane view of confined geogrid specimen.
This model also assumes that the different longitudinal ribs along the width of the
geogrid specimen, which are at the same distance from the frontal confined boundary, have
the same displacement distribution. Consequently, this model can be converted to a onedimensional model. That is, each of the “nominal” longitudinal-rib element in the onedimensional model includes all longitudinal rib sections that are at the same distance from
the frontal confined boundary. In the reminder of this chapter, a longitudinal-rib element
means a “nominal” longitudinal-rib element.
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𝜏

𝜏𝑚𝑎𝑥 =

𝐾𝜏 =

1
𝑛

1
𝑚

1
𝑢𝑗

Figure 5-3: Hyperbolic function for simulating the interface behavior between soil particles
and longitudinal ribs.
Considering that the width of the longitudinal rib is 𝑤𝐿 (see configuration in
Figure 5-2); the number of longitudinal ribs along the width of the geogrid specimen is

𝐿

(see configuration in Figure 5-2); also, the width of the geogrid specimen is 𝑤𝑔𝑔 (see
configuration in Figure 5-2). Consequently, the total normalized interface resistance, 𝑆𝑗 ,
at a location, 𝑥𝑗 , in the longitudinal rib element in the one-dimensional model (𝑥𝑗 = 0 at
the frontal confined boundary), can be calculated using:
𝑢𝑗 (𝑥𝑗 )

𝑆𝑗 =

∙𝑤𝐿 ∙𝑁𝐿

[𝑚+𝑛∙𝑢𝑗 (𝑥𝑗 )]

(5-8)

𝑤𝑔𝑔

Equation (5-8) can be simplified as follows:
𝑢 (𝑥 )

𝑗 𝑗
𝑆𝑗 = [𝑀+𝑁∙𝑢
(𝑥
𝑗
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𝑗 )]

(5-9)

Where, 𝑀 =

𝑚∙𝑤𝑔𝑔
𝑤𝐿 ∙𝑁𝐿

, and

𝑛∙𝑤𝑔𝑔

=𝑤

𝐿 ∙𝑁𝐿

.

The length of each longitudinal-rib element in the one-dimensional model is 𝑙𝐿
(see configuration in Figure 5-2). Consequently, the total resistance along the entire
longitudinal-rib element 𝑖 , 𝐿𝑅𝑖,𝑡 , at time 𝑡 , is the integral of the normalized shear
resistance, 𝑆𝑖 , along the length of this element:
𝑙

(5-10)

𝐿𝑅𝑖,𝑡 = ∫0 𝐿 𝑆𝑖,𝑡 𝑑𝑙
The equation above also can be written as:
𝑙

𝑢 (𝑥𝑗 )

𝑗,𝑡
𝐿𝑅𝑖,𝑡 = ∫0 𝐿 [𝑀+𝑁∙𝑢

𝑗,𝑡 (𝑥𝑗 )]

(5-11)

𝑑𝑥

Also, considering that the confined length of the entire geogrid specimen is 𝑙𝑔𝑔
(see configuration in Figure 5-2), the resistance from all longitudinal ribs, 𝐿𝑅𝑡 , at time 𝑡,
is the integral of the normalized interface resistance, 𝑆𝑖 , along the entire length of the
geogrid specimen:
𝑙

𝑢 (𝑥𝑗 )
𝑑𝑥
𝑗,𝑡 (𝑥𝑗 )]

𝑗,𝑡
𝐿𝑅𝑡 = ∫0 𝑔𝑔 [𝑀+𝑁∙𝑢

Considering the geogrid specimen has a quantity,

(5-12)

𝑇+1

, of longitudinal-rib

elements (see configuration in Figure 5-2) along the confined length of the geogrid
specimen, then:
𝑙𝑔𝑔 =
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𝑇+1

∙ 𝑙𝐿

(5-13)

𝑁 +1

𝐿𝑅𝑡 = ∑1

(5-14)

𝐿𝑅𝑖,𝑡

Equation (5-14) is basically the same as Equation (5-5).
For a given type of the biaxial geogrids with a specific testing configuration, 𝑀
and

in Equations (5-12) and (5-14) can be back-calculated from a longitudinal-rib

element test conducted using transparent soil as shown in Figure 5-4.Since all transverse
ribs of the geogrid specimen are removed in this test, the measured frontal unit tension,
𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 , at time 𝑡, should equal the resistance from all longitudinal ribs, 𝐿𝑅𝑡 :
(5-15)

𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 = 𝐿𝑅𝑡

Also, the displacement distribution along the geogrid specimen 𝑢𝑡 (𝑥) can be
measured using DIC techniques as previously discussed in Section 4.2. The confined length
of the geogrid specimen, 𝑙𝑔𝑔 , can also be measured directly. Therefore, 𝐿𝑅𝑡 can be
predicted using Equation (5-12) with initial estimates of 𝑀 and

values. The best

combination of these two values can be found by matching the predicted 𝐿𝑅𝑡 to the
measured 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 at any time during the testing progress.
To illustrate the procedure to back calculate 𝑀 and

values, an experimental

test conducted using a modified geogrid specimen is introduced herein. The confined
portion of this longitudinal-rib element test is displayed in Figure 5-5., Geogrid G1 was
used in this test. The testing configuration was the same as the SGI test conducted using
intact Geogrid G1 presented in Section 4.2.1 .
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𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙

Geogrid specimen
without T-ribs

Transparent soil

Figure 5-4: The longitudinal-rib element test conducted using transparent soil.

Figure 5-5: Frontal view of the longitudinal-rib element test conducted using Geogrid G1.
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Figure 5-6: Relationship between the frontal load (or the unit tension) and the relative time
(or the grip displacement) in the longitudinal-rib element test conducted using Geogrid G1.
An irregular pattern of markers was also painted on the top surface of the
longitudinal ribs. The relationship between the frontal load (or the unit tension) and the
relative time (or the grip displacement) in this test is presented in Figure 5-6. The width of
this geogrid specimen was 199.4 mm. A total of thirteen images (each image captured at
the time indicated with a blue star in Figure 5-6) were selected for image processing. The
average time span between two successive images was about 60 seconds. The last selected
image corresponds to the time of pullout failure. The pullout resistance of this modified
specimen of Geogrid G1 in this test was found to be 3.07 kN/m.
Figure 5-7 shows the displacement distributions of the geogrid specimen for
increasing values of frontal unit tension. The initial locations of the junction nodes are also
displayed in this plot with large plot markers. Since the junction nodes had slightly larger
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width than the width of longitudinal-rib elements, the junction nodes with permanent white
markers showed more distinct tracking features than other locations along the longitudinal
ribs. Consequently, the measured displacements near the junction locations were found to
be more reliable than the measurements at other locations along the longitudinal ribs.
Therefore, the displacement measurements emphasized using large plot markers in Figure
5-7 were used to produce the displacement functions of the entire geogrid specimen along
the loading direction.
The geogrid displacement distribution function 𝑢𝑡 (𝑥) can be used to predict the
total resistance, 𝐿𝑅𝑡 , at a given measured frontal unit tension, 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 , using Equation
(5-12). Consequently, the function developed by Ferreira (2013) was adopted herein to fit
the junction displacement profiles in Figure 5-7 as follows:
𝑢𝑡 (𝑥) = 𝑎𝑡 + 𝑏𝑡 ∙ 𝑒 𝑐𝑡 ∙𝑥

(5-16)

Where, 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 are fitting parameters. Specifically, 𝑎𝑡 and 𝑏𝑡 are
positive, and 𝑐𝑡 is negative. For a given configuration of the geogrid specimen, these
parameters should be a function of the frontal unit tension and the confining pressure.
The fitted displacement distributions of the geogrid specimen along the loading
direction are shown in Figure 5-8 for increasing values of frontal unit tension. Fitting
parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 were obtained for increasing values of frontal unit tension, as
listed in Table 5-1. These parameters were obtained by using 𝑢𝑡 (𝑥) and 𝑥 in units of
millimeters.
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Figure 5-7: Displacement distribution of the geogrid specimen along the loading direction
in the longitudinal-rib element test conducted using Geogrid G1.

Figure 5-8: Fitted displacement distribution of the geogrid specimen along the loading
direction in the longitudinal-rib element test conducted using Geogrid G1.
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Table 5-1: Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 for increasing values of frontal unit tension
in the longitudinal-rib element test conducted using Geogrid G1.
Image #

Frontal unit tension (kN/m)

𝑎𝑡

𝑏𝑡

𝑐𝑡

2

0.46

0.022

0.098

-6.94×10-3

3

0.92

0.089

0.208

-9.29×10-3

4

1.35

0.178

0.339

-1.084×10-2

5

1.76

0.378

0.456

-8.89×10-3

6

2.11

0.577

0.631

-9.68×10-3

7

2.42

0.738

0.913

-6.84×10-3

8

2.66

1.271

1.054

-7.30×10-3

9

2.85

1.874

1.139

-7.32×10-3

10

2.97

2.680

1.115

-8.77×10-3

11

2.99

3.551

1.266

-7.68×10-3

12

3.05

4.000

1.636

-5.22×10-3

13

3.07

4.782

1.920

-4.14×10-3

The initial confined length of the modified Geogrid G1 specimen 𝑙𝑔𝑔 was 226
mm. However, this value was decreasing during the test, since the very front of the confined
geogrid specimen moved out of the confined section and into the unconfined section as the
geogrid moved along the loading direction. Therefore, 𝑙𝑔𝑔 was updated for each
timeframe according to the corresponding frontal displacement of the confined geogrid
specimen. The projected lengths of the fitting curves along the x-axis in Figure 5-8 are the
updated values of 𝑙𝑔𝑔 at the corresponding timeframe.
By fitting the measured loading curve, the best combination of 𝑀 and
obtained. Specifically, 𝑀 equals 30 (mm2·m)/kN, and

was

equals 66 (mm·m)/kN. By

applying these two values, the predicted values of 𝐿𝑅𝑡 could be calculated as shown in
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Figure 5-9. The mobilization of the measured 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 in this test is also displayed in
Figure 5-9 for comparison.
Using Equation (5-9), the relationship between the normalized resistance per unit
length (in millimeters), 𝑆, and the displacement (in millimeter), 𝑢(𝑥), at a given location,
𝑥, along the longitudinal rib, can be plotted as shown in Figure 5-10. This plot indicates
the normalized ultimate resistance, 𝑆𝑢𝑙𝑡 ≈ 0.015 kN/(m ∙ mm) , which equals the
reciprocal of

. This figure also shows the fact that, when 𝑢 = 1.73 mm, the

corresponding normalized resistance, 𝑆, of a given location along the longitudinal rib,
reaches 80% of 𝑆𝑢𝑙𝑡 . This indicates that the interface resistance mobilizes significantly at
comparatively low displacement levels.

Figure 5-9: Comparison between the measured frontal unit tension and the predicted total
resistance in the longitudinal-rib element test conducted using Geogrid G1.
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Figure 5-10: Relationship between the normalized resistance and the point displacement of
the longitudinal rib of Geogrid G1 under the proposed testing configuration.

5.2.2 Longitudinal-Rib Model for Biaxial Geogrids Using Relative Displacements
along the “Soil-Geogrid Interface”
The model presented in Section 5.2.1 involved using the displacement profiles of
the geogrid specimen to derive the model function suitable to predict the resistance along
longitudinal ribs. As a result, it neglected any displacement of the soil, so the geogrid
displacements are also the displacements along the soil-geogrid interface. As described by
Wilson-Fahmy and Koerner (1993), the interface model function should be a function of
the relative displacement along the soil-geogrid interface. Therefore, the point
displacement 𝑢(𝑥) in Equation (5-7) should be replaced by 𝑢𝑠𝑔 (𝑥):
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𝑢𝑠𝑔 (𝑥)

𝜏 ′ = (𝑚′ +𝑛′ ∙𝑢

𝑠𝑔 (𝑥))

(5-17)

Where, 𝑛′ is the reciprocal of the asymptotic value of the interface stress at infinite
′
relative displacement, 𝜏𝑚𝑎𝑥
. 𝑚′ is the reciprocal of the initial tangent stiffness per unit

area, 𝐾𝜏′ . Both 𝑚′ and 𝑛′ are functions of the confining pressure acting on the soilgeogrid interface.
Similarly, Equation (5-9) can be modified as follows:
𝑢𝑠𝑔 (𝑥)

𝑆 ′ = [𝑀′ +𝑁′ ∙𝑢

𝑠𝑔 (𝑥)]

Where, 𝑀′ =

𝑚′ ∙𝑤𝑔𝑔
𝑤𝐿 ∙𝑁𝐿

, and

′

=

𝑛′ ∙𝑤𝑔𝑔
𝑤𝐿 ∙𝑁𝐿

(5-18)

.

The relative displacement profiles along the soil-geogrid interface, 𝑢𝑠𝑔 (𝑥), can be
used to back calculate 𝑀′ and

′

. The calculation of 𝑢𝑠𝑔 (𝑥) can be predicted by

applying soil displacement measurements obtained from the laser-illuminated plane (see
Section 4.3). Specifically, the relative displacement along the soil-geogrid interface, 𝑢𝑠𝑔,𝑡 ,
at time 𝑡, can be calculated based on the geogrid displacement distribution, 𝑢𝑔,𝑡 , and the
soil displacement distribution close to the geogrid plane, 𝑢𝑠,𝑡 :
𝑢𝑠𝑔,𝑡 (𝑥) = 𝑢𝑔,𝑡 (𝑥) − 𝑢𝑠,𝑡 (𝑥)

(5-19)

Soil displacement distribution close to the geogrid plane measured in the
longitudinal-rib element test conducted using Geogrid G1 is shown in Figure 5-11 for
increasing values of frontal unit tension.
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Figure 5-11: Soil displacement distribution close to the geogrid plane in the longitudinalrib element test conducted using Geogrid G1.
In Figure 5-11, only the soil displacement measurements near the initial locations
of the junction nodes are shown. It can be observed from this figure that the displacements
of soil particles, 𝑢𝑠,𝑡 , were significantly smaller than the geogrid displacements, 𝑢𝑔,𝑡 , at
any given time during the test. The maximum displacement of soil particles at the time
reaching pullout failure was about 1 mm, while the geogrid displacement at the
corresponding location was about 7 mm (see Figure 5-8). Using the displacement
measurements shown in Figure 5-8 and Figure 5-11, the relative displacement distribution
along the soil-geogrid interface were estimated by using Equation (5-19). The obtained
relative displacement profiles along the soil-geogrid interface are shown in Figure 5-12.
Equation (5-16) was used to generate the functions of 𝑢𝑠𝑔,𝑡 (𝑥) for increasing
values of frontal unit tension as shown in Figure 5-12. Fitting parameters 𝑎𝑠𝑔,𝑡 , 𝑏𝑠𝑔,𝑡 and
𝑐𝑠𝑔,𝑡 were obtained for increasing values of frontal unit tension, as listed in Table 5-2.
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Figure 5-12: Relative displacement distribution and the corresponding fitting functions
along the soil-geogrid interface in the longitudinal-rib element test conducted using
Geogrid G1.

Table 5-2: Fitting parameters 𝑎𝑠𝑔,𝑡 , 𝑏𝑠𝑔,𝑡 and 𝑐𝑠𝑔,𝑡 for increasing values of frontal unit
tension in the longitudinal-rib element test conducted using Geogrid G1.
Image #

Frontal unit tension (kN/m)

𝑎𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑏𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑐𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

-4

2

0.46

9.23×10

0.083

-3.19×10-3

3

0.92

1.25×10-8

0.192

-2.76×10-3

4

1.35

4.50×10-5

0.316

-2.51×10-3

5

1.76

2.04×10-2

0.554

-1.68×10-3

6

2.11

1.58×10-3

0.830

-1.54×10-3

7

2.42

7.06×10-7

1.177

-1.28×10-3

8

2.66

1.87×10-4

1.723

-9.00×10-4

9

2.85

1.24×10-2

2.232

-4.18×10-4

10

2.97

8.12×10-2

2.785

-1.40×10-4

11

2.99

1.28

2.537

-1.75×10-4

12

3.05

1.53×10-6

4.644

-1.73×10-4

13

3.07

0.230

5.457

-1.47×10-4
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The initial confined length of this modified geogrid specimen 𝑙𝑔𝑔 was 226 mm.
𝑙𝑔𝑔 was also updated at each timeframe according to the corresponding frontal
displacement of the confined geogrid specimen. The projected lengths of the fitting curves
along the x-axis in Figure 5-12 are the updated 𝑙𝑔𝑔 at the corresponding timeframe.
Applying the obtained fitting functions, 𝑢𝑠𝑔,𝑡 (𝑥), into Equation (5-12), the best
combination of 𝑀′ and

′

was found by matching the predicted 𝐿𝑅𝑡′ and the measured

𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 throughout the test until pullout failure. Specifically, 𝑀′ equals 28
(mm2·m)/kN, and

′

equals 66 (mm·m)/kN.The comparison between the predicted 𝐿𝑅𝑡′

and the measured 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 , at any time 𝑡 during the test, is shown in Figure 5-13.

Figure 5-13: Comparison between measured frontal unit tension and the total resistance
predicted by using geogrid displacement measurements and relative displacement
measurements in the longitudinal-rib element test conducted using Geogrid G1.
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In Figure 5-13, the total resistance, 𝐿𝑅𝑡 , predicted by applying 𝑀,

, and 𝑢(𝑥)

into Equation (5-12) is also shown for comparison. It can be observed from this figure that
both the predicted 𝐿𝑅𝑡 and 𝐿𝑅𝑡′ are close to each other at any time 𝑡 during the test, and
have a good agreement with the measured frontal unit tension, 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 .
Using Equation (5-18), the relationship between the normalized interface
resistance, 𝑆 ′ , and the relative displacement, 𝑢𝑠𝑔,𝑡 (𝑥), at a given location, 𝑥, along the
soil-geogrid interface, can be plotted as shown in Figure 5-14. The corresponding
relationship developed from the geogrid displacement distribution is also shown in this
figure for comparison. It can be observed that the two functions are very similar.

Figure 5-14: Comparison of the model functions to predict in the resistance in the
longitudinal ribs of Geogrid G1 under the proposed testing configuration.
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However, rigorously, compared to the model function based on geogrid
displacement distribution, the initial stiffness of the interface resistance (the reciprocal of
𝑀′) in this model function is slightly increased, while the normalized ultimate resistance
(the reciprocal of

′) is essentially the same. The slight increase of the initial stiffness is

because that the model using relative displacements requires smaller displacements to
mobilize the same amount of resistance than the model developed using the geogrid
displacement distribution, since the relative displacements were smaller than the geogrid
displacements at a given frontal unit tension. On the other hand, the normalized ultimate
resistance should be the same in both models, since the total resistance from the
longitudinal ribs is independent of the displacement measurements.
5.2.3 Implementation of the Longitudinal-Rib Model in the Biaxial Geogrid
The 𝑀 and

values (or 𝑀′ and

′

values if using 𝑢𝑠𝑔,𝑡 correlations) were

obtained using the results of the test only involving longitudinal-rib elements.
Consequently, if assuming the longitudinal ribs have similar behaviors in the tests
conducted using the intact geogrid specimen, the resistance contribution from the
longitudinal ribs can also be predicted in the SGI test conducted using intact Geogrid G1.
Details of this test were discussed in Section 4.2.1 . The confined geogrid displacement
distribution along the loading direction is shown in Figure 4-3 for increasing values of
frontal unit tension. Equation (5-16) was used to fit the geogrid displacement
measurements as shown in Figure 5-15. Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 were obtained
for increasing values of frontal unit tension, as listed in Table 5-3.
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Figure 5-15: Fitted geogrid displacement distribution for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G1.

Table 5-3: Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 for increasing values of frontal unit tension
during the SGI test conducted using intact Geogrid G1.
Image #
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Frontal unit tension (kN/m)
1.15
2.24
3.23
4.15
4.94
5.66
6.31
6.91
7.41
7.91
8.32
8.73
9.09
9.34
9.48
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𝑎𝑡

𝑏𝑡

𝑐𝑡

0.036
0.078
0.031
0.157
0.301
0.537
0.658
0.863
1.034
1.205
1.809
1.928
2.535
2.698
3.500

0.281
0.756
1.357
1.788
2.231
2.628
3.029
3.422
3.732
4.135
4.678
5.176
5.528
6.051
6.572

-0.0121
-0.0167
-0.0136
-0.0139
-0.0144
-0.0160
-0.0162
-0.0172
-0.0173
-0.0168
-0.0167
-0.0167
-0.0167
-0.0166
-0.0165

If the relative displacements along the soil-geogrid interface, 𝑢𝑠𝑔 , were considered
to predict the longitudinal rib contribution, the soil displacement distribution should also
be considered. In this case, 𝑢𝑠 obtained close to the geogrid plane in the laser illuminated
plane in this test is shown in Figure 5-16. Only the soil displacement measurements close
to the initial locations of the junction nodes are shown in this figure. Also, these soil
displacement profiles were smoothened using Equation (5-16) to minimize fluctuations in
the measured data. Unlike the soil displacements measured in the longitudinal-rib element
test, the soil displacements measured in this intact specimen test were significant. In this
test, the maximum soil displacement was almost 6 mm at the time reaching pullout failure,
while the geogrid displacement was slightly over 8 mm at the corresponding location (see
Figure 5-15). The possible reasons could be that the laser-illuminated plane was the plane
that passed through the transverse ribs as shown in Figure 3-5(a); and the soil displacement
near the transverse ribs may be more significant than the soil displacements near the
longitudinal ribs. Using the displacement measurements shown in Figure 5-15 and Figure
5-16, the relative displacement profiles along the soil-geogrid interface can be estimated
by using Equation (5-19). The relative displacement profiles are shown in Figure 5-17.
Equation (5-16) was used to generate the displacement functions, 𝑢𝑠𝑔,𝑡 (𝑥) as
shown in Figure 5-17.
With the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)), the back-calculated parameters in
the model function obtained from the longitudinal-rib element test, 𝑀 and
′

(or 𝑀′ and

if using 𝑢𝑠𝑔,𝑡 correlations), were used in Equation (5-12) to predict the resistance from
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all longitudinal ribs, 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ ). The predicted 𝐿𝑅𝑡 , 𝐿𝑅𝑡′ , as well as of the measured
frontal unit tension are presented in Figure 5-18.

Figure 5-16: Soil displacement distribution close to the geogrid plane during the SGI test
conducted using intact Geogrid G1.

Figure 5-17: Relative displacement profiles along the soil-geogrid interface during the SGI
test conducted using intact Geogrid G1.
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It can be observed from Figure 5-18 that the predictions of total resistance
contribution from the longitudinal-rib elements using geogrid displacements, 𝑢𝑔,𝑡 , are
slightly higher than the predictions using relative displacements, 𝑢𝑠𝑔,𝑡 . Also, the resistance
predicted using geogrid displacements was about 3 kN/m at the time reaching pullout
failure, which was approximately equal to one third of the measured total resistance.

Figure 5-18: Comparison between the resistance of all longitudinal ribs predicted using
geogrid displacements and that predicted using relative displacements along the soilgeogrid interface during the SGI test conducted using intact Geogrid G1.
′
The contribution of each longitudinal-rib element, 𝐿𝑅𝑖,𝑡 (or 𝐿𝑅𝑖,𝑡
), at time 𝑡, can

also be calculated based on Equation (5-11). The resistance mobilization of each
longitudinal-rib element is shown in Figure 5-19. The results shown in this figure reveal
that the resistance contribution from all transverse-rib elements was increased with
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increasing frontal load (or grip displacement). The only exception was the first rib element
(L-rib1 in Figure 5-19), which was close to the frontal confined boundary. Such decrease
was probably because a fraction of the first longitudinal-rib element moved out of the
confined section during the test and, consequently, the length of this element decreased
with increasing frontal load (or grip displacement).

Figure 5-19: Mobilization of the resistance from each longitudinal-rib element during the
SGI test conducted using Geogrid G1.

5.3 LOAD TRANSFER MODELING OF TRANSVERSE-RIB ELEMENTS IN
BIAXIAL GEOGRIDS
5.3.1 Transverse-Rib Model for Biaxial Geogrids
As previously discussed, the resistance contribution from all transverse ribs, 𝑇𝑅𝑡 ,
at time 𝑡, includes two components: (1) the interface shear resistance contribution from all
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transverse ribs, 𝑆𝑅𝑇,𝑡 , and (2) the passive bearing resistance contribution from all
transverse ribs, 𝐵𝑅𝑇,𝑡 . However, the passive bearing resistance of the transverse ribs,
𝐵𝑅𝑇,𝑡 , is expected to be more relevant than the interface shear resistance contribution from
all transverse ribs, 𝑆𝑅𝑇,𝑡 . Consequently, concepts from previous studies (see in Section
2.3) were used herein to predict the resistance from the transverse ribs, 𝑇𝑅𝑡 . Consistent
with the models proposed by Ziegler and Timmers (2004) and Wilson-Fahmy and Koerner
(1993), the transverse-rib element was considered as a beam with fixity conditions still to
be evaluated. Therefore, the distributed load acting on each transverse-rib element can be
correlated to the deflection distribution along rib elements. The load acting on the
transverse-rib element was initially assumed to be uniformly distributed.
Two extreme fixity conditions were evaluated: (1) simply supported beam (with
free rotation), and (2) beam with fixed ends (with no rotation). The length of each
transverse-rib element, 𝑙 𝑇 , can be measured directly, while the bending stiffness of the rib
element, 𝐸𝐼 can also be obtained in isolation. In the case of simply supported beams, the
deflection, 𝛿𝑥,𝑠𝑠 , at a given location, 𝑥 (see Figure 5-20(a)), can be calculated as follows:
𝛿𝑥,𝑠𝑠 =

𝑇𝑅𝑠𝑠 ∙ 𝑥 ∙ (𝑙 𝑇 − 𝑥) 2
[𝑙 𝑇 + 𝑥 ∙ (𝑙 𝑇 − 𝑥)]
24 ∙ 𝐸𝐼 ∙ 𝑙 𝑇

(5-20)

In the case of beams with fixed ends, the deflection, 𝛿𝑥,𝑓𝑒 , at a given location, 𝑥
(see Figure 5-20(b)), can be calculated as follows:
𝛿𝑥,𝑓𝑒 =

𝑇𝑅𝑓𝑒 ∙𝑥2
24∙𝐸𝐼∙𝑙
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(𝑙 𝑇 − 𝑥)2

(5-21)

The deflection distribution of the transverse-rib elements at time 𝑡 can be
measured using DIC techniques. If the bending stiffness, 𝐸𝐼, is known, the distributed
loads can be back-calculated by using Equations (5-20) and (5-21), considering two
different fixity conditions, to fit the measured rib deflection profiles. The more reasonable
fixity condition could be determined by comparing the predicted rib deflection profiles
with the measured rib deflection profiles.

𝑻𝑹𝒔𝒔

𝜹

,𝒔𝒔

𝑻

𝑻𝑹𝒔𝒔

𝑻𝑹𝒇𝒆 ∙

(a)

𝑻𝑹𝒇𝒆
𝑻

𝜹

𝑻𝑹𝒔𝒔

𝑻𝑹𝒇𝒆 ∙

𝑻

,𝒇𝒆

𝑻

𝑻𝑹𝒇𝒆

𝑻𝑹𝒇𝒆
(b)

Figure 5-20: Fixity conditions considered for the beam model: (a) Simply supported beam,
and (b) beam with fixed ends.
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Using Equations (5-20) and (5-21) requires determination of the bending stiffness,
𝐸𝐼, of the transverse-rib element. Consequently, a small-scale beam test was conducted by
applying incremental static loads. In this test, the two ends of transverse-rib element were
fixed using a clamp system, which included two bench vises. A static point load was
applied to the center of the rib using dead weights suspended from a stainless-steel wire.
The deflection of the rib element was recorded by using Digital Camera I (see in Section
3.3.3 ). The static load was incrementally increased by adding dead weights. The
deflections at the center of the rib were measured using the binarized version of the
collected images. Five repeat tests were conducted. The relationship between the point load
and the central deflection of the transverse-rib elements of Geogrid G1 is shown in Figure
5-21. This relationship was found to be nonlinear and, consequently, a hyperbolic function
was used to fit this relationship. The possible reasons for the nonlinearity of this
relationship could be that: (1) the planar shape (comparatively high width-to-depth ratio)
of the transverse-rib element of Geogrid G1, resulted in a significant off-plane torque,
which was observed in all beam tests, especially at the time involving comparatively large
loads; the off-plane torque may decrease the moment of inertia of the rib element because
of the off-plane rotations. Plus, the off-plane rotations were also observed in transverse ribs
during SGI tests. (2) Even though the two ends of the rib elements were fixed, limited inplane rotation was still observed in all beam tests. This rotation was probably also because
of the off-plane torque.
Consequently, the bending stiffness was assumed to be center-deflection dependent
due to the potential off-plane torque. Also, because of the in-plane rotations of the rib ends,
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the final bending stiffness was obtained by averaging the back-calculated values obtained
from the two extreme fixity conditions. The final relationship between the bending stiffness
and the central deflection is shown in Figure 5-22.

Figure 5-21: Relationship between the center point load and the central deflection of the
transverse rib of Geogrid G1 in the beam tests.

Figure 5-22: Back-calculated bending stiffness of the transverse ribs of Geogrid G1.
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5.3.2 Implementation of the Transverse-Rib Model in the Biaxial Geogrid
With the determined bending stiffness, the resistance, 𝑇𝑅, of each transverse-rib
element mobilized during the SGI test can be back-calculated by matching the measured
deflection profile with the fitted deflection profile using Equations (5-20) and (5-21),
considering two different fixity conditions. The least-square method was used to conduct
the fitting process.
Figure 5-23(a) shows the measured deflections of a transverse-rib element for
increasing values of frontal unit tension during the SGI test conducted using intact Geogrid
G1. Details of this test were presented in Section 4.2.1 . The central deflections of this rib
were initially estimated based on the measured rib deflections. Since the bending stiffness
of the rib was assumed to correlate with the central deflections, the corresponding bending
stiffness was obtained for each measured central deflection based on the data shown in
Figure 5-22. Inserting the obtained bending stiffness into Equation (5-20), the best-fitted
deflection profiles of this rib element were obtained for increasing values of frontal unit
tension. The results are shown in Figure 5-23(b) considering the simply supported beam
assumption. It can be observed from this figure that the fitted rib deflection profiles do not
match well with the measured deflections. Specifically, the fitted data overpredicted
deflections near the two ends, while underpredicted deflections at the central section of the
rib. The assumption considering beam with fixed ends was also considered by using
Equation (5-21) to fit the measured rib deflections.
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(a)

(b)

(c)

Figure 5-23: Deflections of a transverse-rib element for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G1: (a) Measured rib
deflections; (b) comparison between the measured deflections and the best-fitted
deflections assuming a simply supported beam; (c) comparison between the measured
deflections and the best-fitted deflections assuming a beam with fixed ends.
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Figure 5-23(c) shows the results for increasing values of frontal unit tension. The
predictions show in this figure match better with the measurements. This indicates that the
assumption considering beam with fixed ends is more reasonable to predict the deflection
profiles of the transverse ribs of Geogrid G1 during the SGI test. However, the results
shown in Figure 5-23(c) indicate that the fitted rib shapes have the maximum deflections
at the center of the rib, while this is not necessarily the case for rib deflection
measurements. Specifically, the measured rib deflections show an eccentricity of a few
millimeters on the right-hand side in relation to the location of the maximum deflection.
The eccentricity is probably due to local nonuniformity in load distribution (rather than a
uniform load distribution as shown in Figure 5-20), or local nonuniformity of the geometry
of the geogrid specimen. Consequently, an eccentrically distributed load was applied to
simulate this situation as shown in Figure 5-24. Assuming a beam with fixed ends,
Equations (5-22) to (5-24) were used to predict the total eccentrically load of the transverse
𝑒𝑙
ribs, 𝑇𝑅𝑓𝑒
, by fitting the rib deflection measurements:

𝛿𝑥,𝑓𝑒 =

𝛿𝑥,𝑓𝑒 =

𝑒𝑙
𝑇𝑅𝑓𝑒,1
∙𝑥 2

24∙𝐸𝐼∙𝑙

𝑒𝑙
𝑇𝑅𝑓𝑒,1
∙𝑥 2

24∙𝐸𝐼∙𝑙

𝑒𝑙
𝑇𝑅𝑓𝑒,2

(𝑙 𝑇 − 𝑥)2 +

(𝑙 𝑇 − 𝑥)2 +

60∙𝐸𝐼

𝑒𝑙
𝑇𝑅𝑓𝑒,2

60∙𝐸𝐼
(𝑙

𝑥5

(3 ∙ 𝑥 − 2 ∙ 𝑙 𝑇 ∙ 𝑥 2 − 𝑙 2 )

(5-22)

[3 ∙ (𝑙 𝑇 − 𝑥) − 2 ∙ 𝑙 𝑇 ∙ (𝑙 𝑇 − 𝑥)2 −
(5-23)

−𝑥)5
𝑙 2

]

𝑒𝑙
𝑒𝑙
𝑒𝑙
𝑇𝑅𝑓𝑒
= 𝑇𝑅𝑓𝑒,1
+ 𝑇𝑅𝑓𝑒,2
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(5-24)

Specifically, Equation (5-22) was used to fit the deflection profile which had a
larger eccentrical load on the right-hand side as shown in Figure 5-23(a) and Figure 5-24,
while Equation (5-23) was used to fit the deflection profile which had a larger eccentrical
load on the opposite side as shown in Figure 5-24. Selection of the equation to be used
depended on the measured deflection profile of the specific rib element. The fitting process
𝑒𝑙
provides two load components: the uniformly distributed load component, 𝑇𝑅𝑓𝑒,1
, and the
𝑒𝑙
eccentrically distributed load component, 𝑇𝑅𝑓𝑒,2
. In this case, the final total resistance,
𝑒𝑙
𝑇𝑅𝑓𝑒
, is the summation of these two components as indicated by Equation (5-24). If the
𝑒𝑙
eccentrically distributed load component, 𝑇𝑅𝑓𝑒,2
= 0, Equations (5-22) and (5-23) result

in Equation (5-21).
𝑻𝑹𝒆𝒇𝒆,

𝜹

,𝒇𝒆

𝑻𝑹𝒆𝒇𝒆,

𝑻

Figure 5-24: Eccentrically distributed load for the beam with fixed ends.
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Figure 5-25 shows a comparison between the measured rib deflections and the bestfitted deflections considering beam with fixed ends and under an eccentrically distributed
load.

Figure 5-25: Comparison between measured deflections and fitted deflections considering
beam with fixed ends and under an eccentrically distributed load.
Inspection of the results in Figure 5-23 and Figure 5-25 indicates that, combining
the assumptions considering beam with fixed ends and the eccentrical load distribution, the
fitted rib deflection profiles show the best predictions, compared with the measured rib
deflections. The comparison between the predicted load mobilization acting on this
transverse rib using three different assumptions is illustrated in Figure 5-26. In this figure,
the general trends of the relationship between the predicted load and the frontal grip
displacement are similar for all three cases. The loads predicted by assuming a simply
supported beam are well below those predicted by assuming a beam with fixed ends. In
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addition, even though the eccentrically distributed load is more reasonable when compared
the fitted rib deformations with the measurements, it has insignificant difference between
the mobilization of total predicted load using the assumption of uniformly distributed load
and that using the assumption of eccentrically distributed load.
The load mobilization on other transverse ribs between the central two longitudinal
ribs of Geogrid G1 during the SGI test (described in Section 4.2.1 ) can also be predicted
using Equations (5-20) to (5-24). Another assumption considered herein is that, at time 𝑡,
the different transverse ribs along the width of the geogrid specimen, which are at the same
distance from the frontal confined boundary, have the same resistance. Specifically, the
specimen of Geogrid G1 used in this test had five transverse-rib elements along its width.
Since the loads acting on the transverse-rib element between the two central longitudinal
ribs were predicted, the total load acting on all five rib elements along the width of the
geogrid specimen was five times of that predicted load. All these five rib elements, which
are at the same distance from the frontal confined boundary, were considered as one
“nominal” transverse-rib element. In the reminder of this chapter, a transverse-rib element
means a “nominal” transverse-rib element. The predicted loads of each rib element were
normalized by the width of the specimen. the normalized load predictions of all the rib
elements are shown in Figure 5-27, assuming a simply supported beam.
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Figure 5-26: Comparison between predicted load mobilization acting on the transverse-rib
element of Geogrid G1 in three different cases.
Because of the data fluctuation in the load predictions, parabola fitting functions
were used to smoothen the relationship between the predicted normalized load of each
transverse-rib element and the frontal grip displacement. The results are shown in Figure
5-27. It can be observed from this figure that the predicted loads for the first transverse-rib
element (T-rib1 in Figure 5-27) were even smaller than those for the rib element behind
(i.e. T-rib2 in Figure 5-27). This is probably because the first transverse-rib element was
close to the frontal confined boundary and, consequently, the local confining pressure may
be smaller than the target value. Also, the rib elements behind the first transverse-rib
element may introduce interference on the resistance mobilization of this rib element.
Further discussion is provided in Section 5.4.
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Figure 5-27: Predicted load mobilization of the transverse-rib elements of Geogrid G1
assuming a simply supported beam.
As previously discussed, in the case of the beam with fixed ends, the use of the
eccentrical load distribution provided better predictions of rib deflection profiles than the
use of the uniform load distribution. In addition, the former case covers the situation of the
𝑒𝑙
latter case when 𝑇𝑅𝑓𝑒,2
= 0 in Equation (5-24), even though the difference between the

predicted loads in these two situations were found to be small as shown in Figure 5-26.
Consequently, the loads acting on all other transverse-rib elements were predicted by using
Equation (5-24). Figure 5-28 shows the predicted load mobilization of each transverse-rib
element of Geogrid G1during the SGI test.
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Figure 5-28: Predicted load mobilization of the transverse-rib elements of Geogrid G1
assuming a beam with fixed ends.
The resistance contribution from all transverse-rib elements, 𝑇𝑅 , during the
progress of the SGI test until pullout failure can be predicted using Equation (5-6) for each
of the fixity conditions as shown in Figure 5-29. The measured frontal unit tension is also
shown in this figure. As can be observed from Figure 5-29, the results obtained assuming
a beam with fixed ends provide much higher predictions than those predicted assuming a
simply supported beam.
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Figure 5-29: Comparison between the total predicted resistance from all transverse-rib
elements using two assumptions of the fixity conditions.
The predicted resistance from all transverse-rib elements based on the two different
fixity conditions is shown in Figure 5-30 as percentages of the measured frontal unit
tension against the measured frontal unit tension expressed as a percentage of the peak
pullout resistance. The results in this figure reveal that the resistance from the transverse
ribs obtained from the assumption of simply supported beam was about 10% of the total
frontal unit tension throughout the entire SGI test. On the other hand, assuming a beam
with fixed ends, the resistance from the transverse ribs dominated the total resistance,
particularly at the time close to pullout failure. This finding is consistent with the overall
conclusions reported by previous studies (i.e. Wilson-Fahmy & Koerner, 1993; Teixeira et
al., 2007), as they concluded that the transverse ribs provided significant resistance
contribution especially at the late stages of SGI tests.
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Figure 5-30: Comparison between the resistance contribution of transverse-rib elements
based on the two assumptions of the fixity conditions.
Since the resistance from all longitudinal-rib elements were evaluated in Section
5.2, Equation (5-2) can be applied to any time 𝑡 throughout the test to predict the total
frontal unit tension by adding the predicted resistance component, 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ ), to the
predicted resistance component, 𝑇𝑅𝑓𝑒,𝑡 (or 𝑇𝑅𝑠𝑠,𝑡 ). Consequently, four different
combinations of the model predictions can be evaluated based on the different assumptions
considered to predict the total frontal unit tension in the SGI test. The comparison between
the predicted total frontal unit tension and the measured frontal unit tension with increasing
grip displacement is shown in Figure 5-31.
As shown in Figure 5-31, the use of the assumption considering beam with fixed
ends provides more realistic results, regardless whether using geogrid displacements or
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relative displacements to predict the resistance from all longitudinal ribs. Also, the
longitudinal-rib model using geogrid displacements predicted slightly better results than
using relative displacements along the soil-geogrid interface, except for the last three data
points. Thus, using the geogrid displacement measurements was found to provide good
predictions of the resistance mobilization long the longitudinal ribs of Geogrid G1. In
addition, the underestimations obtained using relative displacements is probably due to: (1)
soil displacements in the longitudinal-rib element test were measured at the profile between
two longitudinal ribs, which was not the true soil geogrid interface. Therefore, the obtained
soil displacements should be less than the soil displacements at the true soil-geogrid
interface. Consequently, the initial stiffness of the “nominal” interface shear (the reciprocal
of 𝑀′) was underestimated. (2) The soil displacements obtained in the intact specimen test
were measured from the laser-illuminated plane which also passed through the transverse
ribs as shown in Figure 3-5(a). The transverse ribs should mobilize more significant soil
displacements than the longitudinal ribs. Therefore, the soil displacements at the true soilgeogrid interface along the longitudinal ribs should be less than those measured.
Consequently, the relative displacement profiles used for the calculations were
underestimated.
Since the combination of 𝐿𝑅 and 𝑇𝑅𝑓𝑒 provided the best predictions over the
other three combinations, the mobilization of these two resistance components, as well as
the mobilization of the measured frontal unit tension are shown in Figure 5-32.
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Figure 5-31: Comparison between the frontal unit tension mobilization of the
measurements and the model predictions during the SGI test conducted using intact
Geogrid G1.
It can be observed from Figure 5-32 that the resistance from the longitudinal ribs
were slightly higher than the resistance from the transverse ribs only for grip displacements
below 5 mm (the corresponding measured total frontal load was slightly over 2 kN/m.
Subsequently, the resistance from transverse ribs provided the larger contribution for the
total resistance.
The resistance mobilized by each of the longitudinal-rib and transverse-rib
elements were predicted as shown in Figure 5-19 and Figure 5-28 for increasing grip
displacements. Consequently, the confined unit tension distribution of the geogrid
specimen along the loading direction can be plotted as shown in Figure 5-33. In this figure,
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the load acting on each longitudinal-rib element was assumed to be linearly distributed.
Also, junction nodes were considered as points in Figure 5-33.
It can be observed from Figure 5-33 that, even at the time of pullout failure, the
overall load transferred to the geogrid section behind the third transverse rib was only about
40% of the frontal load, and this percentage would be lower before pullout failure. This
observation indicates that, under the proposed testing configuration, over a half of the
resistance of Geogrid G1 was generated by the first three transverse ribs, and the
contributions of the subsequent four transverse ribs were not such significant during the
testing progress.

Figure 5-32: Mobilization of the best predicted resistance components during the SGI test
conducted using intact Geogrid G1.
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Figure 5-33: Confined unit tension mobilization based on the model predictions during the
SGI test conducted using intact Geogrid G1.

5.4

EVALUATION OF LOAD TRANSFER MECHANISMS USING THE

GEOGRID WITH DIFFERENT GEOMETRIC CONFIGURATIONS
According to the longitudinal-rib model applied in this study, the resistance
developed in longitudinal ribs for a given confining pressure depends on the displacement
distribution along the soil-geogrid interface. The model implementation for the SGI test
conducted using the intact G1 specimen indicated that using the predicted resistance of the
longitudinal ribs by applying geogrid displacements provided the overall best-fitted
predictions. On the other hand, using the obtained relative displacement profiles generally
underestimated the resistance contributions from the longitudinal ribs due to several
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experimental limitations. Therefore, soil displacements close to the soil-geogrid interface
were neglected in the rest of discussion in the chapter. Figure 5-34 shows the comparison
between the resistance mobilization of all longitudinal ribs in the intact specimen test (see
in Section 4.2.1 ) and that in the longitudinal-rib element test (see in Section 5.2.1 ). It can
be observed from this figure that the longitudinal ribs in both tests finally reached similar
peak resistances (around 3 kN/m). However, the resistance of the longitudinal ribs
mobilized much faster in the longitudinal-rib element test than in the intact specimen test.
Specifically, 𝐿𝑅 in the former test reached the peak at the time of 12 minutes, while 𝐿𝑅
in the latter test reached the peak at the time of 30 minutes.

Figure 5-34: Comparison between the resistance mobilization of all longitudinal ribs in the
intact specimen test and that in the longitudinal-rib element test conducted using Geogrid
G1.
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This finding can be probably explained based on the comparison shown in Figure
5-35. It can be overserved from this figure that, at a given time in both tests, the intact
specimen test provided much less significant geogrid displacement distribution than the
longitudinal-rib element test, since the transverse-rib elements in the former test had
significant resistance contribution to decrease the displacement mobilization along the
longitudinal ribs. Consequently, at the same time of both tests, the resistance of the
longitudinal ribs calculated based on the longitudinal-rib model in the intact specimen test
was also smaller than that in the longitudinal-rib element test.

Figure 5-35: Comparison between the geogrid displacement distribution in the intact
specimen test and that in the longitudinal-rib element test conducted using Geogrid G1.
Another SGI test involving a modified Geogrid G1 specimen was conducted by
considering a different quantity of the transverse-rib elements. In this test, half of the
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transverse-rib elements were removed. As a result, the spacing between two successive
transverse-rib elements were doubled. The frontal view of this test is shown in Figure 5-36.
Except for the quantity of the transverse-rib elements, all other testing parameters were the
same as the intact specimen test (see in Section 4.2.1 ), as well as the longitudinal-rib
element test (see in Section 5.2.1 ).
In detail, the applied normal stress of this test was 4 psi (27.6 kN/m2). The
displacement rate, as measured by the frontal moving head of the load frame, was 1
mm/min. An irregular pattern was also painted on the top surface of both the transverse
ribs and the longitudinal ribs by applying permanent white markers. The relationship
between the frontal load (or the unit tension) and the relative time (or the grip displacement)
in this test is presented in Figure 5-37. The width of this geogrid specimen was 200.3 mm.
A total of twelve images (each image captured at the time indicated with a blue star in
Figure 5-37) were selected for image processing. The average time span between two
successive images was about 120 seconds. The last selected image corresponds to the time
of pullout failure. The pullout resistance of this modified specimen of Geogrid G1 in this
test was found to be 7.70 kN/m.
The comparison between the mobilization of the measured frontal unit tension in
this test and that in the intact specimen test is presented in Figure 5-38. In this figure, the
measured frontal load mobilization in the longitudinal-rib element test is also displayed for
comparison.
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Figure 5-36: Frontal view of the SGI test conducted using Geogrid G1 with double-spaced
transverse ribs.

Figure 5-37: Relationship between the frontal unit tension and the grip displacement in the
SGI test conducted using Geogrid G1 with double-spaced transverse ribs.
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It can be observed from Figure 5-38 that, even though half of the transverse-rib
elements were removed, the loading curve of this test is still similar to that of the intact
specimen test until reaching pullout failure. Plus, the ultimate pullout resistance of the test
with double-spaced transverse ribs elements is about 80% of the ultimate pullout resistance
of the intact specimen test. The possible explanations for these findings require further
investigations of the resistance mobilization of the two rib components.
According to the load transfer model presented in Sections 5.2 and 5.3, the
resistance contribution from all longitudinal-rib and transverse-rib elements in the SGI test
conducted using Geogrid G1 with double-spaced transverse ribs were predicted. The
resistance mobilization of these two components, as well as the mobilization of the
predicted total frontal unit tension are shown in Figure 5-39. The beam with fixed ends’
assumption was used for the model implementation to predict the resistance of transverserib elements based on the rib deformations. The geogrid displacement distribution was
applied to the longitudinal-rib model to predict the resistance of the longitudinal-rib
elements. Even though model predictions slightly overestimated the total frontal unit
tension, especially when approaching pullout failure, in overall, a good agreement was
evidenced as shown in Figure 5-39. Since the geogrid specimen used for this test was found
to have more significant deformations than that used for the intact specimen test, the
possible reasons for the overpredictions could be that: (1) the beam with fixed ends may
not be best assumption to simulate the fixity condition of the transverse ribs with
comparatively large deformation; (2) linear elastic beam theory may not be suitable to
predict the resistance of the transverse ribs with comparatively large deformation.
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Figure 5-38: Comparison between the frontal unit tension mobilization in tests conducted
using Geogrid G1 with different specimen configurations.

Figure 5-39: Predicted resistance mobilization of the two rib components during the SGI
test conducted using Geogrid G1 with double-spaced transverse ribs.
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The simplified confined unit tension distribution of the geogrid specimen along the
loading direction in this test is shown in Figure 5-40. In this plot, due to the overpredictions
from the developed load transfer model, the predicted loads of the first transverse-rib
element from the frontal confined boundary were corrected by matching the total
predictions with the measured frontal unit tension, since this rib element had the most
significant rib deformations.

Figure 5-40: Confined unit tension mobilization based on the model predictions during the
SGI test conducted using Geogrid G1 with double-spaced transverse ribs.
Figure 5-41 shows the comparison between the resistance mobilization of all
transverse-rib elements in this test and that in the intact specimen test. It can be observed
from this figure that the resistance mobilizations of all transverse ribs in both tests were
almost identical, even though the number of the transverse ribs are quite different. The
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possible reason can be partially explained by comparing the predicted confined unit tension
distribution in both tests as displayed in Figure 5-42.
In Figure 5-42, similar values of frontal unit tension were selected for comparison.
The following observations can be found from this plot:
(1) The slopes of the unit tension distribution along the longitudinal-rib elements are
quite similar in both tests, especially at comparatively high load levels. This finding
reveals the fact that it had insignificant differences between the resistance
mobilization of the longitudinal-rib elements in both tests.
(2) The transverse-rib elements generally provided less resistance in the intact
specimen test than the corresponding transverse-rib elements at similar locations in
the test with double-spaced transverse ribs. This finding reveals the fact that the
transverse-rib elements in the latter test were more efficient than the transverse-rib
elements in the former test. This is probably because interference between
successive transverse ribs could be more significant in the intact specimen test than
that in the test with a comparatively large spacing between transverse ribs.
(3) The test with double-spaced transverse ribs generally provided a more uniform
shape of the confined unit tension distribution than the intact specimen test.
Specifically, for a given frontal unit tension, the confined unit tension distribution
after the first two transverse ribs in the latter test were always below that in former
test. This finding indicates the fact that Geogrid G1 specimen with a comparatively
large transverse-rib spacing transferred loads more effectively along the loading
direction than the specimen with a comparatively small transverse-rib spacing.
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Figure 5-41: Comparison between the predicted total resistance of the transverse-rib
elements in the test conducted using Geogrid G1 with double-spaced transverse ribs
elements and that in the test conducted using intact Geogrid G1.

Figure 5-42: Comparison between predicted confined unit tension distribution in the test
conducted Geogrid G1 with double-spaced transverse ribs elements and that in the test
conducted using intact Geogrid G1.
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5.5 CONCLUSIONS
A load transfer model for biaxial geogrid was developed in this chapter. A specific
geogrid type was used and analyzed in a prototype test. The model developed in this chapter
includes two components: (1) a load transfer component for the longitudinal ribs, and (2)
a load transfer component for the transverse ribs. Key parameters of the first component
were developed by conducting longitudinal-rib element test. The second component was
developed considering linear elastic beam theory with assumptions regarding the load
configurations and fixity conditions. By applying these two model components, the relative
contributions of longitudinal and transverse ribs were calculated in the prototype test. The
predicted total frontal unit tension obtained from the load transfer model was compared
against the measured frontal unit tension for increasing grip displacements. Then, the
confined unit tension of the intact geogrid specimen along the loading direction was also
predicted for increasing grip displacements. Finally, the load transfer mechanisms were
compared based on the developed load transfer model among tests conducted using the
geogrid with different configurations of the specimen. The main findings that result from the
investigations presented in this chapter are as follows:

(1) The load transfer model developed in this chapter generally provided adequate
predictions of the total frontal unit tension when compared to the measurements of
the frontal unit tension, in the intact specimen test conducted using the biaxial
geogrid evaluated in this study.
(2) The model function adopted in this study was found to be adequate to predict the
resistance mobilization from longitudinal ribs. Specifically, the model function was
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validated in the longitudinal-rib element test using a modified geogrid specimen
without transverse ribs. In this test, the predicted values of the resistance from all
longitudinal ribs using the developed model function, were found to be consistent
with the measured values of the frontal unit tension. Also, the prediction results
showed negligible differences between using the geogrid displacement profiles and
using the relative displacement profiles along the soil-geogrid interface. However,
the model function involving relative displacement profiles slightly underestimated
the resistance from longitudinal ribs, due to some experimental limitations.
(3) Overall, the image processing techniques including DIC techniques introduced in
Chapter 3 were found to be adequate to capture the deflection profiles of the
transverse ribs of the biaxial geogrid. Linear elastic beam theory, as well as the
assumption of the fixity condition with two fixed ends, were found to be adequate
to predict the resistance from the transverse ribs by fitting the deflection profiles
measured using DIC techniques. However, the overall model predictions tended to
overestimate the frontal unit tension at the time approaching pullout failure, and
this probably because linear elastic beam theory with the adopted fixity condition
may not be suitable to simulate the behaviors of the transverse ribs with
comparatively large deformations.
(4) The load transfer model developed in this chapter could be used to estimate the
confined unit tension mobilization of the biaxial geogrid along the loading direction
during the SGI test. The results indicated that, under the proposed testing
configuration involving the biaxial geogrid evaluated in this study, the main
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resistance acting on the geogrid specimen may come from the first three transverserib elements, and functions of the subsequent transverse-rib elements were not fully
mobilized during the testing progress.
(5) The load transfer model developed in this chapter allowed a comparison between
the resistance mobilization of the longitudinal ribs in the intact specimen test and
that obtained from the longitudinal-rib element test. This comparison revealed that
the resistance of the longitudinal ribs mobilized more efficient in the longitudinalrib element test than that mobilized in the intact specimen test. This is probably
because of the differences between the overall shapes of the geogrid displacement
profiles in these two tests.
(6) The load transfer model developed in this study allowed evaluating the impact of
the spacing between successive transverse ribs along the loading direction on the
load transfer mechanisms between soil and geogrid. Specifically, a SGI test was
conducted using the biaxial geogrid with double-spaced transverse ribs. The
confined unit tension distribution of the biaxial geogrid along the loading direction
in the intact specimen test, was compared to that in the test conducted using geogrid
with double-spaced transverse ribs, for increasing frontal load levels. This
comparison indicated that the test using the geogrid with double-spaced transverse
ribs tended to show more uniform trends of the confined unit tension distribution
than the intact specimen test. This finding indicated that, for the biaxial geogrid
evaluated in this study, larger spacing between successive transverse ribs tended to
provide higher load transfer efficiency. The possible reason could be that
195

interference between successive transverse ribs could be less significant in the
biaxial geogrid with larger spacings between transverse ribs.
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Chapter 6: Load Transfer Modeling of Soil-Geogrid Interaction for Triaxial
Geogrids
6.1

INTRODUCTION
Taking as initial basis from the theories and concepts described in Chapter 5, a load

transfer model was developed in this chapter for geogrids with triangular apertures. Due to
the triangular configuration, SGI tests cannot be conducted using the specimen of triaxial
geogrid specimens along the machine direction. Therefore, only the geogrid configuration
along the cross-machine direction was adopted for developing the load transfer models to
interpret SGI tests using triaxial geogrids. As is the case for biaxial geogrids, triaxial
geogrids have longitudinal-rib elements along the cross-machine direction. Consequently,
the load transfer model developed for the longitudinal rib elements of biaxial geogrids can
also be adopted for the case of the longitudinal rib elements of triaxial geogrids. On the
other hand, rather than having the transverse-rib elements, the triaxial geogrids have
diagonal-rib elements, which can be characterized by their inclination angles, 𝜃, from the
transvers (horizontal) direction.
At time 𝑡 of a SGI test, the frontal unit tension of the confined geogrid specimen,
𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 , has two components: the resistance contribution from all longitudinal ribs, 𝐿𝑅𝑡 ,
and the resistance contribution from all diagonal ribs, 𝐷𝑅𝑡 :
𝐹𝑓𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 = 𝐿𝑅𝑡 + 𝐷𝑅𝑡
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(6-1)

The resistance contribution from all longitudinal ribs, 𝐿𝑅𝑡 , includes the interface
shear resistance contribution from all longitudinal ribs, 𝑆𝑅𝐿,𝑡 , and the passive bearing
resistance contribution from all junction nodes, 𝐵𝑅𝐽,𝑡 , as indicated by Equation (5-3) in
Chapter 5. The resistance contribution from all diagonal ribs, 𝐷𝑅𝑡 , includes the interface
shear resistance contribution from all diagonal ribs, 𝑆𝑅𝐷,𝑡 , and the passive bearing
resistance contribution from all diagonal ribs, 𝐵𝑅𝐷,𝑡 :
𝐷𝑅𝑡 = 𝑆𝑅𝐷,𝑡 + 𝐵𝑅𝐷,𝑡

(6-2)

The model defines the rib section between two successive junction nodes along the
along direction as a longitudinal-rib element. Each longitudinal-rib element should include
one junction node at the front of the rib section. The diagonal rib section that connects the
two successive junction nodes in two different longitudinal ribs is defined as a diagonalrib element, without including the junction node. For a given time 𝑡 , the resistance
contribution from all longitudinal ribs, 𝐿𝑅𝑡 , is the summation of the resistance contribution
from each of the longitudinal-rib elements (Equation (5-5) in Chapter 5). Similarly, the
resistance contribution from all diagonal ribs, 𝐷𝑅𝑡 , is the summation of the resistance from
each of the diagonal-rib element:
𝐷𝑅𝑡 = ∑ 𝐷𝑅𝑖,𝑡

(6-3)

Sections 6.2 and 6.3 presents two independent models are developed to predict the
resistance from each longitudinal-rib element, 𝐿𝑅𝑖,𝑡 , and the resistance from each
diagonal-rib element, 𝐷𝑅𝑖,𝑡 .
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6.2

LOAD TRANSFER MODELING OF LONGITUDINAL-RIB ELEMENTS

IN TRIAXIAL GEOGRIDS
As previously discussed, the resistance contribution from all longitudinal ribs, 𝐿𝑅𝑡 ,
includes two components: the interface shear resistance contribution from all longitudinal
ribs, 𝑆𝑅𝐿,𝑡 , and the passive bearing resistance contribution from all junction nodes, 𝐵𝑅𝐽,𝑡 .
Since the dimensions of the longitudinal-rib elements and junction shapes of the typical
triaxial geogrids are different from those of the typical biaxial geogrids (see Table 3-3 and
Figure 3-3), the relative contributions between these two components in triaxial geogrids
may also be different from those in biaxial geogrids. However, the load transfer model for
the longitudinal-rib elements in the triaxial geogrids was still assumed to be characterized
by a interface resistance model, as was the case discussed in Section 5.2. Specifically, a
hyperbolic stress-displacement equation (Equation (5-7)) were used to simulate the
interface behavior between longitudinal-rib elements and soil particles. Moreover, the
evaluation presented herein consider that the different longitudinal ribs along the width of
the geogrid specimen, have the same displacement distribution, as they are at the same
distance from the frontal confined boundary. Consequently, this model can be treated as a
one-dimensional model. In the reminder of this chapter, a longitudinal-rib element
represents all longitudinal rib sections along the width of the geogrid specimen.
6.2.1 Longitudinal-Rib Model for Triaxial Geogrids Using Geogrid Displacements
Assuming no soil displacement along the soil-geogrid interface, the normalized
interface resistance at a given location along a longitudinal-rib element can be predicted
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using Equation (5-9). Consequently, the normalized resistance from the entire longitudinalrib element, for any given time 𝑡, is the integral of the normalized interface resistance
along the length of longitudinal-rib element as indicated in Equation (5-11). Also, the
resistance from all the longitudinal-rib elements, at time 𝑡, is the integral of the normalized
resistance along the entire length of the geogrid specimen as indicated in Equation (5-12).
For a given type of the triaxial geogrids with a specific testing configuration, the
two model parameters, 𝑀 and

in Equations (5-11) and (5-12), are required to be

determined. These two parameters can be back-calculated from the longitudinal-rib
element test conducted using transparent soil (Figure 5-4). In the longitudinal-rib element
test, the measured frontal unit tension, at any given time 𝑡, equal the resistance from all
longitudinal ribs as indicated in Equation (5-15).
The displacement distribution along the specimen can be measured using DIC
techniques as previously discussed in Section 4.2. The confined length of the geogrid
specimen, can also be measured directly. Therefore, the resistance contribution from all
longitudinal ribs, 𝐿𝑅𝑡 can be predicted using Equation (5-12) with initial estimates of 𝑀
and

values. The best combination of these two values can be determined by matching

the predicted 𝐿𝑅𝑡 to the measured 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 at any time during the testing progress.
To illustrate the procedure to back calculate 𝑀 and

values, an experimental

test conducted using a modified specimen of Geogrid G2 is introduced herein. In this test,
all diagonal ribs were removed from the geogrid specimen. The confined portion of this
longitudinal-rib element test is displayed in Figure 6-1.
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Figure 6-1: Frontal view of the longitudinal-rib element test conducted using Geogrid G2.
Except for the modified geogrid specimen, all other testing parameter (e.g.
confining pressure, displacement rate) was the same as the SGI test conducted using intact
Geogrid G2 presented in Section 4.2.2 . White markers were painted on the top surface of
the junction nodes for to enhance the quality of the results from DIC calculation. No
markers were painted on the longitudinal ribs because of their comparatively narrow width.
The relationship between the frontal load (or the unit tension) and the relative time (or the
grip displacement) in this test is presented in Figure 6-2. The width of this geogrid
specimen was 204.8 mm. A total of eighteen images (each image captured at the time
indicated with a blue star in Figure 6-2) were selected for image processing. The average
time span between two successive images was about 60 seconds. The last selected image
corresponds to the time of pullout failure. The pullout resistance of this modified specimen
of Geogrid G2 in this test was found to be 4.15 kN/m.
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Figure 6-2: Relationship between the frontal load and the grip displacement in the
longitudinal-rib element test conducted using Geogrid G2.
Figure 6-3 shows the displacement distributions of the geogrid specimen for
increasing values of frontal unit tension. Junction displacements along the central three
longitudinal ribs were adopted as representative of geogrid displacement distribution along
the loading direction. Since the central-left rib and the central-right rib have similar
configurations regarding the junction locations, the average displacements of these two ribs
were used to present the displacements at the corresponding junction locations. Equation
(5-16) was used to fit the geogrid displacement distribution for increasing frontal load
levels. The fitted profiles are displayed in Figure 6-3. Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡
in Equation (5-16) were obtained for increasing values of frontal unit tension, as listed in
Table 6-1. These parameters were obtained by using 𝑢𝑡 (𝑥) and 𝑥 in units of millimeters.
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Figure 6-3: Junction displacement distribution and the corresponding fitting functions in
the longitudinal-rib element test conducted using Geogrid G2.
Table 6-1: Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 for increasing values of frontal unit tension
in the longitudinal-rib element test conducted using Geogrid G2.
Image #

Frontal unit tension (kN/m)

𝑎𝑡

𝑏𝑡

𝑐𝑡

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.40
0.67
0.97
1.30
1.64
1.98
2.34
2.64
2.92
3.15
3.33
3.51
3.71
3.81
3.91
4.01
4.15

1. ×10-7
1.44×10-3
0.209
0.253
0.136
0.090
0.406
0.287
0.001
1.635
2.222
2.822
3.069
3.840
3.942
4.950
5.640

0.180
0.305
0.286
0.465
0.807
1.266
1.299
1.799
2.467
1.563
1.727
1.919
2.203
2.029
2.380
2.567
2.660

-2.66×10-3
-2.86×10-3
-7.76×10-3
-7.14×10-3
-3.89×10-3
-4.22×10-3
-4.45×10-3
-3.51×10-3
-2.47×10-3
-7.41×10-3
-1.04×10-2
-9.75×10-3
-1.15×10-2
-9.54×10-3
-8.34×10-3
-9.04×10-3
-1.16×10-2
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The initial confined length of the modified Geogrid G2 specimen 𝑙𝑔𝑔 was 234
mm. However, this value decreased with progression of the test, since the very front of the
confined geogrid specimen moved out of the confined as the geogrid moved along the
loading direction. Therefore, 𝑙𝑔𝑔 was updated for each timeframe according to the
corresponding frontal displacement of the confined geogrid specimen. The projected
lengths of the fitting curves along the x-axis in Figure 6-3 are the updated values of 𝑙𝑔𝑔 at
the corresponding timeframe.
The best combination of 𝑀 and

was obtained by besting fitting of the

measured total frontal unit tension. Specifically, 𝑀 equals to 62 (mm2·m)/kN, and
equals to 45 (mm·m)/kN. The comparison between the predicted total resistance from all
longitudinal ribs and the measured frontal unit tension is shown in Figure 6-4. Good
agreement was observed between the measurements and the predictions.
Using Equation (5-9), the relationship between the normalized resistance per unit
length (in millimeters), 𝑆, and the displacement (in millimeter), 𝑢(𝑥), at a given location,
𝑥, along the longitudinal rib, is shown in Figure 6-5. It indicates that the normalized
ultimate resistance, 𝑆𝑢𝑙𝑡 ≈ 0.022 kN/m (the reciprocal of

). The interface resistance

in the longitudinal ribs of Geogrid G2 mobilizes significantly at comparatively high
displacement levels when compared to the same relationship of the longitudinal ribs of
Geogrid G1 (see Figure 5-10). For example, Figure 6-5 shows that, when 𝑢 = 5.25 mm
(𝑢 = 1.73 mm for Geogrid G1), the corresponding normalized resistance, 𝑆, at a given
location along the longitudinal rib, reaches 80% of 𝑆𝑢𝑙𝑡 .
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Figure 6-4: Comparison between the measured frontal unit tension and the predicted total
resistance in the longitudinal-rib element test conducted using Geogrid G2.

Figure 6-5: Relationship between the normalized resistance and the point displacement of
the longitudinal rib of Geogrid G2 under the proposed testing configuration.
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6.2.2 Longitudinal-Rib Model for Triaxial Geogrids Using Relative Displacements
at the “Soil-Geogrid Interface”
The model described by Wilson-Fahmy and Koerner (1993) adopted relative
displacements along the soil-geogrid interface, as shown in Equation (5-17). If the
displacements of the soil are not neglected, Equation (5-18) should be used to predict the
normalized interface resistance at a given location along the interface between longitudinal
ribs and soil particles, Equation (5-19) can be used to calculate the relative displacement.
The parameters 𝑀′ and

′

in the model using relative displacements can also be back-

calculated in the longitudinal-rib element test conducted using Geogrid G2. Figure 6-6
shows the smoothened soil displacement distribution close to the geogrid specimen
measured in the laser-illuminated plane using DIC techniques. Only the soil displacement
measurements close to the initial locations of the junction nodes are shown in this figure.
Compared to the geogrid displacements shown in Figure 6-3, the soil displacements were
comparatively small. The maximum displacement of soil particles at the time reaching
pullout failure was about 1.76 mm, while the geogrid displacement at the corresponding
location was about 7.28 mm (see Figure 6-3). However, the laser-illuminated plane did not
align with the longitudinal ribs. Instead, it passed through the area between two
longitudinal ribs. Therefore, the soil displacements used for calculation herein were not
rigorously the soil displacements along the interface between longitudinal ribs and soil
particles, which should be larger than the displacement data shown in Figure 6-6.
The relative displacement profiles are shown in Figure 6-7 for increasing frontal
load levels. As can be observed from this figure, the relative displacement profiles were
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reasonably uniform along the loading direction. This observation may indicate that only a
small amount of relative strains was generated along the soil-geogrid interface.

Figure 6-6: Soil displacement distribution close to the geogrid plane in the longitudinal-rib
element test conducted using Geogrid G2.

Figure 6-7: Relative displacement profiles and the corresponding fitting functions along
the soil-geogrid interface in the longitudinal-rib element test conducted using Geogrid G2.
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In Figure 6-7, Equation (5-16) was used to generate the relative displacement
functions, 𝑢𝑠𝑔,𝑡 (𝑥), for increasing values of frontal unit tension. Fitting parameters 𝑎𝑠𝑔,𝑡 ,
𝑏𝑠𝑔,𝑡 and 𝑐𝑠𝑔,𝑡 were obtained for increasing values of frontal unit tension, as listed in Table
6-2.

Table 6-2: Fitting parameters 𝑎𝑠𝑔,𝑡 , 𝑏𝑠𝑔,𝑡 and 𝑐𝑠𝑔,𝑡 for increasing values of frontal unit
tension in the longitudinal-rib element test conducted using Geogrid G2.
Image #

Frontal unit tension (kN/m)

𝑎𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑏𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑐𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.40
0.67
0.97
1.30
1.64
1.98
2.34
2.64
2.92
3.15
3.33
3.51
3.71
3.81
3.91
4.01
4.15

0.037
0.013
0.172
0.114
1.11×10-9
2.62×10-7
9.59×10-7
6.44×10-8
2.04×10-10
4.46×10-7
2.174
1.630
3.068
1.988
2.130
2.565
2.793

0.140
0.263
0.217
0.436
0.714
1.010
1.240
1.542
1.795
2.152
0.439
1.549
0.469
1.988
2.165
2.588
2.793

-3.70×10-3
-2.47×10-3
-4.26×10-3
-2.95×10-3
-1.83×10-3
-2.42×10-3
-1.50×10-3
-1.47×10-3
-1.07×10-3
-6.27×10-4
-5.69×10-3
-8.12×10-4
-1.06×10-2
-2.22×10-14
-1.53×10-4
-4.11×10-5
-2.22×10-14

Inserting the obtained fitting functions, 𝑢𝑠𝑔,𝑡 (𝑥), into Equation (5-12), the best
combination of 𝑀′ and

′

was found by matching the predicted 𝐿𝑅𝑡′ with the measured

𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 at any time 𝑡 during the test. Specifically, 𝑀′ equals 55 (mm2·m)/kN and

′

equals 45 (mm·m)/kN. The comparison between the load measurements and the resistance
predictions is shown in Figure 6-8.
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Figure 6-8: Comparison between the measured frontal unit tension and the total resistance
predicted by using geogrid displacement measurements and relative displacement
measurements in the longitudinal-rib element test conducted using Geogrid G2.
The resistance predicted using the geogrid displacement profiles are also shown in
Figure 6-8 for comparison. It can be observed from this figure that both the predicted 𝐿𝑅𝑡
and 𝐿𝑅𝑡′ match well at any time 𝑡 during testing. The two predictions are in good
agreement with the measured values of the frontal unit tension, 𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 .
Using Equation (5-18), the relationship between the normalized interface
resistance, 𝑆 ′ , and the relative displacement, 𝑢𝑠𝑔,𝑡 (𝑥), at a given location, 𝑥, along the
soil-geogrid interface, can be plotted as shown in Figure 6-9. The corresponding
relationship developed from the geogrid displacement distribution is also shown in this
figure for comparison. Comparison of the two model functions indicates that, in the model
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function developed using relative displacements, the initial stiffness of the interface
resistance (the reciprocal of 𝑀′) is slightly higher than the corresponding value in the
model function developed using geogrid displacements, while the values of the normalized
ultimate resistance (the reciprocals of

′ and

) are essentially the same. The slight

higher the initial stiffness is because that the model using relative displacements requires
smaller displacements to mobilize the same amount of resistance than the model developed
using the geogrid displacement distribution, since the relative displacements were smaller
than the geogrid displacements at a given frontal unit tension. On the other hand, the
normalized ultimate resistance should be the same in both models, since the total resistance
from the longitudinal ribs is independent of the displacement measurements.

Figure 6-9: Comparison between the model functions to predict the resistance in the
longitudinal ribs of Geogrid G2 under the proposed testing configuration.
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6.2.3 Implementation of the Longitudinal-Rib Model in the Triaxial Geogrids
The 𝑀 and

values (or 𝑀′ and

′

values, if using 𝑢𝑠𝑔,𝑡 correlations) were

obtained using the results of the test only involving longitudinal-rib elements.
Consequently, the resistance contribution from the longitudinal ribs can also be predicted
in the SGI test conducted using intact Geogrid G2. Details of this test were discussed in
Section 4.2.2 . The confined geogrid displacement distribution along the loading direction
is shown in Figure 4-7 for increasing values of frontal unit tension. Equation (5-16) was
used to fit the geogrid displacement measurements, as shown in Figure 6-10. Fitting
parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 were obtained for increasing values of frontal unit tension, as
listed in Table 6-3.

Figure 6-10: Fitted geogrid displacement distribution for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G2.
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Table 6-3: Fitting parameters 𝑎𝑡 , 𝑏𝑡 and 𝑐𝑡 for increasing values of frontal unit tension
during the SGI test conducted using intact Geogrid G2.
Image #
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Frontal unit tension (kN/m)
0.52
1.08
1.80
2.56
3.39
4.21
4.96
5.64
6.24
6.81
7.36
7.93
8.37
8.82
9.23
9.65
10.05
10.29
10.54
10.85
11.07
11.08
11.16
11.38
11.61

𝑎𝑡
-14

2.221×10
2.812×10-14
7.705×10-13
2.555E×10-10
1.084×10-12
3.176×10-12
4.343×10-10
1.443×10-12
0.219
0.070
0.403
0.071
0.622
1.128
1.881
1.870
2.071
2.354
3.116
3.636
3.868
5.684
5.991
7.717
8.575

𝑏𝑡

𝑐𝑡

0.148
0.239
0.451
0.580
0.972
1.433
1.705
2.196
2.573
3.087
3.242
3.965
4.070
4.341
4.713
4.980
5.069
5.557
5.932
6.222
6.344
6.941
7.119
7.206
7.115

-0.0289
-0.0131
-0.0147
-0.0173
-0.0158
-0.0149
-0.0142
-0.0136
-0.0122
-0.0117
-0.0105
-0.0087
-0.0109
-0.0114
-0.0128
-0.0124
-0.0126
-0.0115
-0.0118
-0.0123
-0.0120
-0.0132
-0.0144
-0.0145
-0.0147

If the relative displacements along the soil-geogrid interface, 𝑢𝑠𝑔 , were considered
to predict the longitudinal rib contribution, the soil displacement distribution should also
be considered. In this case, soil displacement values, 𝑢𝑠 , obtained close to the geogrid
plane in the laser illuminated plane should be defined for this test, as shown in Figure 6-11.
Only the soil displacement measurements close to the initial locations of the selected
junction nodes are shown in this figure. Also, these soil displacement profiles were
smoothened using Equation (5-16) to minimize fluctuations in the measured data.
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Figure 6-11: Soil displacement distribution close to the geogrid plane in the laser
illuminated plane during the SGI test conducted using intact Geogrid G2.
Unlike the soil displacements measured in the longitudinal-rib element test, soil
displacements measured in this test were significant. The maximum soil displacement was
slightly over 5 mm in this test, while the maximum soil displacement was only about 2 mm
in the longitudinal-rib element tests as shown in Figure 6-6. The possible reason could be
that the laser-illuminated plane was the plane that passed between longitudinal ribs (i.e.
through the diagonal ribs). The diagonal ribs may result in more significant soil disturbance
and, consequently, mobilize larger soil displacements than the longitudinal ribs in the
longitudinal-rib element test.
Using the displacement measurements shown in Figure 6-10 and Figure 6-11, the
relative displacement profiles along the soil-geogrid interface can be estimated by using
Equation (5-19). The relative displacement profiles along the soil-geogrid interface are
shown in Figure 6-12. Equation (5-16) was used to generate the displacement functions,
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𝑢𝑠𝑔,𝑡 (𝑥), along the loading direction, as shown in Figure 6-12. Fitting parameters 𝑎𝑠𝑔,𝑡 ,
𝑏𝑠𝑔,𝑡 and 𝑐𝑠𝑔,𝑡 were obtained for increasing values of frontal unit tension, as listed in Table
6-4.

Figure 6-12: Relative displacement profiles along the soil-geogrid interface during the SGI
test conducted using intact Geogrid G2.
With the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)), the back-calculated parameters in
the model function obtained from the longitudinal-rib element test, 𝑀 and
′

(or 𝑀′ and

, if using 𝑢𝑠𝑔,𝑡 correlations), were used in Equation (5-12) to predict the resistance from

all the longitudinal-rib elements, 𝐿𝑅𝑡 (or 𝐿𝑅′𝑡 ). The predicted 𝐿𝑅𝑡 , 𝐿𝑅𝑡′ , as well as the
measured frontal unit tension are shown in Figure 6-13.
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Table 6-4: Fitting parameters 𝑎𝑠𝑔,𝑡 , 𝑏𝑠𝑔,𝑡 and 𝑐𝑠𝑔,𝑡 for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G2.
Image #

Frontal unit tension (kN/m)

𝑎𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑏𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

𝑐𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑡

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

0.52
1.08
1.80
2.56
3.39
4.21
4.96
5.64
6.24
6.81
7.36
7.93
8.37
8.82
9.23
9.65
10.05
10.29
10.54
10.85
11.07
11.08
11.16
11.38
11.61

1.496×10-11
5.387×10-7
1.394×10-4
3.059×10-8
1.187×10-7
6.535×10-10
3.413×10-11
2.054×10-10
0.142
3.596×10-7
0.303
0.049
0.504
0.957
1.563
1.549
1.723
1.993
2.549
2.934
3.159
4.316
4.538
4.728×10-9
2.151×10-8

0.249
0.207
0.414
0.568
0.950
1.463
1.784
2.291
2.150
2.640
2.467
2.787
2.983
2.942
3.013
3.228
3.323
3.373
3.752
3.954
4.000
4.952
5.527
7.802
8.023

-0.0445
-0.0142
-0.0158
-0.0211
-0.0189
-0.0187
-0.0201
-0.0194
-0.0138
-0.0133
-0.0121
-0.0093
-0.0128
-0.0142
-0.0187
-0.0175
-0.0179
-0.0163
-0.0175
-0.0195
-0.0186
-0.0226
-0.0277
-0.0020
-0.0014

The results in Figure 6-13 indicate that the predictions of total resistance
contribution from the longitudinal-rib elements using geogrid displacements, 𝑢𝑔,𝑡 , are
slightly higher than the predictions using relative displacements, 𝑢𝑠𝑔,𝑡 . However, overall,
the differences between these two predicted data sets were insignificant.
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Figure 6-13: Comparison between the resistance of all longitudinal ribs predicted using
geogrid displacements and that predicted using relative displacements along the soilgeogrid interface during the SGI test conducted using intact Geogrid G2.

6.3

LOAD TRANSFER MODELING OF DIAGONAL-RIB ELEMENTS IN

TRIAXIAL GEOGRIDS
6.3.1 Diagonal-Rib Model for Triaxial Geogrids
As previously discussed, the resistance contribution from all diagonal ribs, 𝐷𝑅𝑡 , at
time 𝑡, includes two components: (1) the interface shear resistance contribution from all
diagonal ribs, 𝑆𝑅𝐷,𝑡 , and (2) the passive bearing resistance contribution from all diagonal
ribs, 𝐵𝑅𝐷,𝑡 . However, the passive bearing resistance contribution from all diagonal ribs,
𝐵𝑅𝐷,𝑡 , is expected to be more relevant than the interface shear resistance contribution from
all diagonal ribs, 𝑆𝑅𝐷,𝑡 . Specifically, the diagonal-rib element was considered as a beam
216

with fixity conditions still to be evaluated (as the transverse-rib model used for biaxial
geogrids).
Since only the configuration of triaxial geogrids along the cross-machine direction
is considered in load transfer modeling of the triaxial geogrids, the diagonal-rib elements
have an inclination angle, 𝜃 ( 𝜃 ≈ 30o ), from the horizontal direction. The overall
procedure to predict the resistance from the diagonal-rib elements is described herein (also
see Figure 6-14)
(1) The load configuration acting on a diagonal-rib element is displayed in Figure
6-14(a). It was assumed that the distributed load, 𝐷𝑅𝑉 , is along the opposite
direction of the overall loading direction for the geogrid specimen. In this study,
the geogrid specimen was pulled upward along the vertical direction, therefore, the
direction of the distributed load on the diagonal-rib element is downward along the
vertical direction.
(2) The downward distributed load, 𝐷𝑅𝑉 , can be decomposed into two components as
shown in Figure 6-14(b). One of the components acts along the rib orientation,
while the other component, 𝐷𝑅𝑃 , acts in the direction perpendicular to the rib
orientation.
(3) The load component along the rib orientation is comparatively small compared to
the distributed load component perpendicular to the rib orientation, therefore, the
impact of the load component along the rib orientation on the overall rib deflection
profiles was neglected in this evaluation. The simplified load configuration is
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shown in Figure 6-14(c). In this case, only the load component perpendicular to the
rib orientation, 𝐷𝑅𝑃 , was considered.
(4) The entire deflection profile of the diagonal-rib element can be quantified and
rotated as previously described in Section 3.4.1 . Each “rotated” diagonal-rib
element can be considered in a similar way as a transverse-rib element with
distributed load perpendicular to the rib orientation as shown in Figure 6-14(d). The
prediction process for the resistance from each diagonal-rib element is similar to
that discussed in the Chapter 4 for predicting the resistance from the transverse-rib
elements in biaxial geogrids. Specifically, linear elastic beam theory was used. Two
different fixity conditions of the beam, (1) simply supported beam and (2) beam
with fixed ends were considered. Also, the deflection profile function under an
eccentrically distributed load was also used to predict the force, 𝐷𝑅𝑃 , by fitting the
measured deflection profiles, since this function covers the case for rib element
under an uniformly distributed load.
(5) The force perpendicular to the rib orientation, 𝐷𝑅𝑃 , obtained by fitting the
measured rib deflections with related beam assumptions, can be used to calculate
the total downward distributed load acting on this rib element, 𝐷𝑅𝑉 :
𝐷𝑅𝑉 =

𝐷𝑅𝑃
cos 𝜃

(6-4)

(6) To minimize the impact of the boundary effect on the resistance predictions, only
the diagonal-rib elements between the central two longitudinal ribs were used to
predict the loads. Another assumption considered herein is that, at time 𝑡, the
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different diagonal ribs along the width of the geogrid specimen, which are at the
same distance from the frontal confined boundary, have the same resistance. These
diagonal-rib elements, which are at the same distance from the frontal confined
boundary, were considered as one “nominal” diagonal-rib element. Consequently,
the load acting on the “nominal” rib element is the predicted load acting on the
central rib multiplied by the actual quantity of rib elements accounted for this
“nominal” diagonal-rib element. In the reminder of this chapter, a diagonal -rib
element means a “nominal” diagonal-rib element. Loads acting on each of the
diagonal-rib elements, can be predicted by repeating (1) – (5).

(a)

(b)

𝑹
𝑹

𝑹 =

(d)

𝑹

(c)
𝑹

𝑹

Figure 6-14: Load prediction for the diagonal-rib elements in triaxial geogrids: (a) original
load configuration of a diagonal-rib element; (b) decomposition of the force acting on the
diagonal-rib element; (c) decomposed and simplified load configuration for the diagonalrib element; (d) rotated load configuration for the diagonal-rib element.
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6.3.2 Implementation of the Diagonal-Rib Model in the Triaxial Geogrids
To illustrate the entire procedure to predict the resistance from the diagonal-rib
elements in a SGI test using the triaxial geogrid, an experimental test conducted using
Geogrid G2 is discussed herein. Details of this test were discussed in Section 4.2.2 . The
process for predicting the resistance from the longitudinal ribs were previously discussed
in Section 6.2.3 .
Since the beam theory was used to predict the resistance acting on the diagonal-rib
elements, determination of the bending stiffness, 𝐸𝐼, of the rib element of Geogrid G2 is
required. The procedure followed to obtain this value was similar to that followed to obtain
the bending stiffness of the transverse-rib element of the biaxial Geogrid G1. A small-scale
beam test was conducted by applying incremental static loads. In this test, the two ends of
transverse-rib element were fixed using a clamp system, which involved two bench vises.
A static point load was applied to the center of the rib using dead weights suspended from
a stainless-steel wire. The deflection of the rib element was recorded by using Digital
Camera I (see Section 3.3.3 ). The static load was incrementally increased by adding dead
weights. The deflections at the center of the rib were measured using the binarized version
of the collected images. Four repeat tests were conducted. The relationship between the
point load and the central deflection of the diagonal rib of Geogrid G2 is shown in Figure
6-15. A linear function was used to fit this relationship. Since neither off-plane rotations
nor in-plane rotations was observed in these beam tests, the fixity condition was adopted
for the model involves fixed ends with no rotations. The bending stiffness, 𝐸𝐼, of the
diagonal ribs of Geogrid G2 can be determined using the equation as follows:
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𝐸𝐼 =

𝑘∙𝑙𝐷 3
192

(6-5)

Where, 𝑘 is the fitted slope from the fitting function; 𝑙𝐷 is the length of the
diagonal rib of Geogrid G2. The bending stiffness obtained for the diagonal ribs of Geogrid
G2 was 1.40 ×10-6 kN·m2.

Figure 6-15: Relationship between the center point load and the central deflection of the
diagonal rib of Geogrid G2 in the beam tests.
With the determined bending stiffness, the resistance, 𝐷𝑅𝑉 , of each diagonal-rib
element mobilized during the SGI test can be back-calculated by matching the measured
deflection profile with the fitted deflection profile. In the case of simply supported beams,
the deflection, 𝛿𝑥,𝑠𝑠 , at a given location, 𝑥, along the rib orientation, can be calculated as
follows:
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𝛿𝑥,𝑠𝑠 =

𝐷𝑅𝑉,𝑠𝑠 ∙

𝜃 ∙ 𝑥 ∙ (𝑙 𝑇 − 𝑥) 2
[𝑙 𝑇 + 𝑥 ∙ (𝑙 𝑇 − 𝑥)]
24 ∙ 𝐸𝐼 ∙ 𝑙 𝑇

(6-6)

In the case of beams with fixed ends, the deflection, 𝛿𝑥,𝑓𝑒 , at a given location, 𝑥,
along the rib orientation, can be calculated as follows:
𝛿𝑥,𝑓𝑒 =

𝐷𝑅𝑉,𝑓𝑒 ∙cos 𝜃∙𝑥 2
24∙𝐸𝐼∙𝑙

(𝑙 𝑇 − 𝑥)2

(6-7)

As previously discussed, the entire deflection profile of the diagonal ribs can be
quantified and rotated using TSD techniques as previously described in Section 3.4.1 . In
this case, each “rotated” diagonal rib can be considered a transverse rib with distributed
load perpendicular to the rib orientation as shown in Figure 6-14(d). Figure 6-16(a) shows
the “rotated” measured deflections of a diagonal rib for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G2.
Using Equation (6-6), as well as the bending stiffness obtained from beam tests, the
best-fitted deflection profiles of this rib element were obtained for increasing values of
frontal unit tension. The results are shown in Figure 6-16(b) considering the simply
supported beam assumption. It can be observed from this figure that the fitted rib deflection
profiles do not match very well with the measured deflection profiles. Specifically, the
fitted data overpredicted deflections near the two ends, while underpredicted deflections at
the central section of the rib. Figure 6-16(c) shows the best-fitted rib deflection profiles
assuming a beam with fixed ends. The predictions show in this figure match better with the
measurements. This indicates that the assumption considering beam with fixed ends is
more reasonable to predict the deflection profiles of the diagonal ribs of Geogrid G2 during
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the SGI test. Moreover, to consider the potential eccentricity of the distributed load acting
on the diagonal rib as previously shown in Figure 5-24, Equations (6-8) to (6-10) were used
𝑒𝑙
to predict the total load 𝐷𝑅𝑉,𝑓𝑒
, by fitting the rib deflection measurements:

𝛿𝑥,𝑓𝑒 =

𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒,1
∙cos 𝜃∙𝑥 2

𝛿𝑥,𝑓𝑒 =

24∙𝐸𝐼∙𝑙

(𝑙 𝑇 − 𝑥)2 +

𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒,1
∙cos 𝜃∙𝑥 2

24∙𝐸𝐼∙𝑙

𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒,2
∙cos 𝜃

(𝑙 𝑇 − 𝑥)2 +

60∙𝐸𝐼

𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒,2
∙cos 𝜃

(𝑙 𝑇 − 𝑥)2 −

60∙𝐸𝐼
(𝑙

−𝑥)5
𝑙 2

𝑥5

(3 ∙ 𝑥 − 2 ∙ 𝑙 𝑇 ∙ 𝑥 2 − 𝑙 2 )

(6-8)

[3 ∙ (𝑙 𝑇 − 𝑥) − 2 ∙ 𝑙 𝑇 ∙
(6-9)

]

𝑒𝑙
𝑒𝑙
𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒
= 𝐷𝑅𝑉,𝑓𝑒,1
+ 𝐷𝑅𝑉,𝑓𝑒,2

(6-10)

Specifically, Equation (6-8) was used to fit deflection profiles with larger
eccentrical load on one side (right-hand side in Figure 5-24), while Equation (6-9) was
used to fit deflection profiles with a larger eccentrical load on the other side. Selection of
the equation to be used depended on the shapes of the measured deflection profile of the
specific rib element. This fitting process provides two load components: the uniformly
𝑒𝑙
distributed load component, 𝐷𝑅𝑉,𝑓𝑒,1
, and the eccentrically distributed load component,
𝑒𝑙
𝑒𝑙
𝐷𝑅𝑉,𝑓𝑒,2
. The final total vertical resistance 𝐷𝑅𝑉,𝑓𝑒
is the summation of these two

components as indicated in Equation (6-10). If the eccentrically distributed load
𝑒𝑙
component, 𝐷𝑅𝑉,𝑓𝑒,2
= 0, Equations (6-8) and (6-9) result in Equation (6-7).
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(a)

(b)

(c)

Figure 6-16: Deflections of a diagonal-rib element for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G2: (a) Measured rib
deflections; (b) comparison between the measured deflections and the best-fitted
deflections assuming a simply supported beam; (c) comparison between the measured
deflections and the best-fitted deflections assuming a beam with fixed ends.
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The comparison between the predicted load mobilization acting on this diagonal rib
using two different fixity conditions is shown in Figure 6-17. The results shown in this
figure indicate that the loads predicted by assuming a simply supported beam are well
below those predicted by assuming a beam with fixed ends. Since data fluctuation were
obtained in load predictions, parabola fitting functions were used to smoothen these two
data sets. The smoothened fitting curves are also displayed in Figure 6-17.

Figure 6-17: Comparison between predicted load mobilization acting on a diagonal rib of
Geogrid G2 using two different fixity conditions.
Using the assumption of the simply supported beam, the normalized loads
mobilized by each of the diagonal rib elements of Geogrid G2 during the SGI test were
predicted as shown in Figure 6-18 for increasing frontal load levels. Using the assumption
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of the beam with the fixed ends, the normalized loads mobilized by each of the diagonal
rib elements of Geogrid G2 during the SGI test were predicted as shown in Figure 6-19.
Since data fluctuation was obtained in load predictions, parabola fitting functions were
used to smoothen the relationship between the predicted load and the frontal grip
displacement for all diagonal rib element.
It can be observed from Figure 6-18 and Figure 6-19 that the first two diagonal-rib
elements (D-rib1 and D-rib2), which were close to the frontal confined boundary, had
predicted loads smaller than several subsequent rib elements. In addition, the predicted
loads of these two rib elements decreased at the time close to pullout failure. This is
probably because: (1) since these two rib elements were close to the frontal confined
boundary, the local confining pressure in the area of these two ribs may be smaller than the
target value; (2) due to comparatively large soil movements in the zone close to the
confined boundary, the change of local confining pressure in that area may also have
comparatively large fluctuation; (3) the subsequent rib elements may introduce interference
on the resistance mobilization of these rib elements.

226

Figure 6-18: Predicted loads mobilized by each of the diagonal-rib elements of Geogrid
G2 assuming a simply supported beam.

Figure 6-19: Predicted loads mobilized by each of diagonal-rib elements of Geogrid G2
assuming a beam with fixed ends.
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The resistance contribution from all diagonal-rib elements, 𝐷𝑅𝑡 , at any time 𝑡, can
be predicted using Equation (6-3) for each of the fixity conditions as shown in Figure 6-20.
The measured frontal unit tension is also shown in this figure. As can be observed from
Figure 6-20, the results obtained assuming a beam with fixed ends provide much higher
predictions than those predicted assuming a simply supported beam. At the time reaching
pullout failure, the predicted resistance contribution from all diagonal ribs using the simply
supported beam assumption is 1.31 kN/m, while the corresponding value obtained
assuming a beam with fixed ends is 7.53 kN/m.

Figure 6-20: Comparison between the predicted resistance contribution from all diagonalrib elements of Geogrid G2 using two assumptions of the fixity conditions.
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Since the resistance contribution from all longitudinal ribs were evaluated in
Section 6.2.3 , Equation (6-1) can be applied to any time 𝑡 during the test to predict the
frontal unit tension by adding the predicted resistance component 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ ) to the
predicted resistance component 𝐷𝑅𝑓𝑒,𝑡 (or 𝐷𝑅𝑠𝑠,𝑡 ). Consequently, four different
combinations of the model predictions can be evaluated based on the different assumptions
considered to predict the total frontal unit tension in the SGI test. The comparison between
the predicted total frontal unit tension and the measured frontal unit tension with increasing
grip displacement is shown in Figure 6-21.

Figure 6-21: Comparison between the measurements frontal unit tension and model
predictions during the SGI test conducted using intact Geogrid G2.
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As shown in Figure 6-21, the use of the assumption considering beam with fixed
ends provides more realistic results, regardless whether using geogrid displacements or
relative displacements to predict the total resistance from all longitudinal ribs. Also, the
longitudinal-rib model using geogrid displacements predicted slightly better results than
using relative displacements along the soil-geogrid interface, except for the last four data
points. Thus, using the geogrid displacement measurements was found to provide good
predictions of the resistance mobilization long the longitudinal ribs of Geogrid G2.
However, the predicted data slightly underestimated the total frontal unit tension at some
load levels. Possible explanations could be that: (1) no white markers were painted on the
top surface of the longitudinal ribs of Geogrid G2, which may have not provided as good
quality of displacement measurements as using DIC techniques involving painted patterns
provided, especially for comparatively small displacements levels. (2) TSD techniques
may not have provided as high resolution as DIC techniques involving painted patterns
provided, especially for comparatively small deflection levels. Specifically, even though
the deflections of the transverse rib of Geogrid G1 (see Figure 5-23(a)) was much smaller
than the deflections of the diagonal rib of Geogrid G2 (see Figure 6-16(a)), the measured
deflection profiles of the transverse rib of Geogrid G1 (see Figure 5-23(a)), which were
obtained using DIC techniques, was much smoother than the measured deflection profiles
of the diagonal rib of Geogrid G2 (see Figure 6-16(a)), which were obtained using TSD
techniques.
In addition, the model predictions using relative displacements along the soilgeogrid interface are always below the model predictions using geogrid displacements.
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This is probably due to: (1) soil displacements in the longitudinal-rib element test were
measured at the profile between two longitudinal ribs, which was not the interface between
longitudinal ribs and soil particles. Therefore, the obtained soil displacements should be
smaller than the theoretical soil displacements at the soil-geogrid interface. Consequently,
the initial stiffness of the interface resistance (the reciprocal of 𝑀′) was underestimated.
(2) The soil displacements obtained in the intact specimen test were measured from the
laser-illuminated plane which also passed between longitudinal ribs (i.e. through the
diagonal ribs). The diagonal ribs may mobilize larger soil displacements than the
longitudinal ribs. Therefore, the soil displacements at the interface between longitudinal
ribs and soil particles should be smaller than those measured from the laser-illuminated
plane. Consequently, the relative displacement profiles used for the calculations were
underestimated. In addition, soil displacements obtained in this test always involved with
the contribution from the diagonal ribs, even if the laser plane was targeting the interface
between the longitudinal ribs. Theoretically, the displacement component in soil particles
only involving the contribution from longitudinal ribs cannot be separated using current
experimental techniques.
Since the combination of 𝐿𝑅 and 𝐷𝑅𝑓𝑒 gives the best prediction over other three
combinations, the predicted 𝐿𝑅 and 𝐷𝑅𝑓𝑒 , as well as the measured frontal unit tension
are shown in Figure 6-22 for increasing grip displacements.
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Figure 6-22: Mobilization of the best predicted resistance components during the SGI test
conducted using intact Geogrid G2.

Figure 6-23 shows the relative resistance contribution from the two rib components
expressed as percentages of the predicted total frontal unit tension against the predicted
total frontal unit tension expressed as a percentage of the predicted peak pullout resistance.
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Figure 6-23: Comparison between the relative resistance contribution of the two rib
components during the SGI test conducted using intact Geogrid G2.

The results in Figure 6-23 indicate that during the SGI tests conducted using intact
Geogrid G2, the relative resistance contribution from all diagonal ribs was always higher
than the relative resistance contribution from all longitudinal ribs, particularly at the initial
stages of the test, with almost 90% of the total frontal unit tension. Even though it decreased
slightly with increasing values of the frontal unit tension, it still stayed around 65% at the
time reaching pullout failure.
On the other hand, the relative resistance contribution from all longitudinal ribs was
slightly above 10% at the beginning of SGI test; with increasing values of the frontal unit
tension, it increased to 35% when the instant frontal unit tension reached half of ultimate
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frontal unit tension; with further increasing in the frontal unit tension, the relative resistance
contribution from all longitudinal ribs stayed in a constant range, which was still around
35%, until pullout failure. The possible explanation for the initial increase of the relative
resistance contribution from all longitudinal ribs could be that, unlike the longitudinal ribs
and the junction nodes of the biaxial geogrids, which typically have comparatively high
width-to-depth ratios, the longitudinal ribs and the junction nodes of the triaxial geogrids
have comparatively high depth-to-width ratios; consequently, combining with the
hexagonal junction shape, the more relevant resistance component in the longitudinal ribs
of the triaxial geogrid may be the passive bearing resistance of the junction nodes, 𝐵𝑅𝐽 ,
rather than the interface shear resistance of the longitudinal ribs, 𝑆𝑅𝐿 . The mobilization of
𝐵𝑅𝐽 typically requires larger displacements than the mobilization of 𝑆𝑅𝐿 .
6.4

LOAD TRANSFER MODELING FOR OTHER TRIAXIAL GEOGRIDS
Similar analysis was conducted during the SGI tests using the other two triaxial

geogrids, G3 and G4. For each of the geogrids, the resistance mobilization of the
longitudinal ribs and diagonal ribs during the SGI test are predicted separately based on
the corresponding load transfer models. The predicted total frontal unit tension is also
compared with the measured frontal unit tension to assess the adequacy of the model
predictions.
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6.4.1 Load Transfer Modeling for Geogrid G3
Longitudinal-Rib Modelling for Geogrid G3
SGI test conducted using Geogrid G3 discussed herein is the same test presented in
Section 4.2.3 . To calculate the resistance contribution from all the longitudinal ribs of
Geogrid G3, determination of the parameters of the longitudinal-rib model, 𝑀 and
values (or 𝑀′ and

′

values, if using 𝑢𝑠𝑔,𝑡 correlations) are required. These values can be

back calculated from the longitudinal-rib element test. In the longitudinal-rib element test,
all diagonal ribs of the Geogrid G3 specimen were removed. The confined portion of the
modified geogrid specimen is shown in Figure 6-24.
Except for the modified geogrid specimen, all other testing configuration was the
same as the SGI test using intact Geogrid G3 presented in Section 4.2.3 . Since the width
of the longitudinal ribs of Geogrid G3 is slightly larger than those of Geogrid G2, white
markers were painted on the top surface of the entire ribs for acquiring good quality results
from DIC calculation. The relationship between the frontal load (or the unit tension) and
the relative time (or the grip displacement) in this test is presented in Figure 6-25. The
width of this geogrid specimen is 206.8 mm. Nine images (each image captured at the time
indicated with a blue star in Figure 6-25) were selected for image processing. The average
time span between two successive images was about 120 seconds. The last selected image
corresponds to the time of pullout failure. The pullout resistance of this modified specimen
of Geogrid G3 in this test was found to be 4.58 kN/m.
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Figure 6-24: Frontal view of the longitudinal-rib element test conducted using Geogrid G3.

Figure 6-25: Relationship between the frontal load and the grip displacement in the
longitudinal-rib element test conducted using Geogrid G3.
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Figure 6-26 shows the junction displacement distribution of the geogrid specimen
along the loading direction for increasing values of frontal unit tension. In this plot, the
junction displacements along the central two longitudinal ribs were used. Equation (5-16)
was used to fit the geogrid displacement distribution for increasing frontal load levels. The
fitted profiles are displayed in Figure 6-26. The initial confined length of the modified G3
specimen 𝑙𝑔𝑔 was 228 mm. this value was decreasing during the test, since the very front
of the confined geogrid specimen moved out of the confined section and into the
unconfined section as the geogrid moved along the loading direction. Therefore, 𝑙𝑔𝑔 was
updated for each timeframe according to the corresponding frontal displacement of the
confined geogrid specimen. The projected lengths of the fitting curves along the x-axis in
Figure 6-26 are the updated values of 𝑙𝑔𝑔 at the corresponding timeframe.
Figure 6-27 shows the smoothened soil displacement distribution close to the
geogrid specimen measured in the laser-illuminated plane using DIC techniques.
Compared to the geogrid displacements shown in Figure 6-26, the soil displacements were
comparatively small. Also, the laser-illuminated plane passed through the areas between
two longitudinal ribs, therefore, the obtained soil displacements were not exactly along the
interface between longitudinal ribs and soil particles, which may slightly underestimate the
soil displacement at the soil-geogrid interface.
The relative displacement between geogrid specimen and soil particles can be
estimated by using Equation (5-19). The relative displacement profiles are shown in Figure
6-28 for increasing frontal load levels.
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Figure 6-26: Junction displacement distribution and corresponding fitting functions in the
longitudinal-rib element test conducted using Geogrid G3.

Figure 6-27: Soil displacement distribution close to the geogrid plane in the longitudinalrib element test conducted using Geogrid G3.
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Figure 6-28: Relative displacement profiles and corresponding fitting functions in the
longitudinal-rib element test conducted using Geogrid G3.
Inserting the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)) into Equation (5-12), the best
combination of 𝑀 and

(or 𝑀′ and

′

, if using 𝑢𝑠𝑔,𝑡 correlations) was found by

matching the predicted 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ , if using 𝑢𝑠𝑔,𝑡 correlations) with the measured
𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 at any time 𝑡 during the test. The comparison between the predicted total
resistance from all the longitudinal ribs and the measured frontal unit tension is illustrated
in Figure 6-29. Again, good agreement was observed between the measurements and the
predictions. Specifically, 𝑀 equals 52 (mm2·m)/kN, and
𝑀′ equals 49 (mm2·m)/kN, and

′

equals 38 (mm·m)/kN, while

equals 38 (mm·m)/kN.

Using Equation (5-18), the relationship between the normalized interface
resistance, 𝑆 (or 𝑆 ′ , if using 𝑢𝑠𝑔 correlations), and the displacement, 𝑢(𝑥) (or
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𝑢𝑠𝑔 (𝑥)), at a given location, 𝑥, along the soil-geogrid interface, can be plotted as shown
in Figure 6-30. Compared to the model function developed from the geogrid displacement
distribution, the initial stiffness of the interface resistance (the reciprocal of 𝑀′), which
was developed from the relative displacement distribution, was increased. On the other
hand, the normalized ultimate resistance (the reciprocal of

or

′) is essentially the

same. These trends were similar to those observed in the tests conducted using Geogrids
G1 and G2.

Figure 6-29: Comparison between measured frontal unit tension and the total resistance
predicted by using geogrid displacement measurements and relative displacement
measurements in the longitudinal-rib element test conducted using Geogrid G3.
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Figure 6-30: Comparison between the model functions to predict the resistance in the
longitudinal ribs of Geogrid G3 under the proposed testing configuration.
The 𝑀 and

values (or 𝑀′ and

′

values if using 𝑢𝑠𝑔,𝑡 correlations) were

obtained using the results of the test only involving longitudinal-rib elements.
Consequently, the resistance contribution from the longitudinal ribs can also be predicted
in the SGI test conducted using intact Geogrid G3. Details of this test were discussed in
Section 4.2.3 . The confined geogrid displacement distribution along the loading direction
is shown in Figure 4-11 for increasing values of frontal unit tension. Equation (5-16) was
used to fit the geogrid displacement measurements as shown in Figure 6-31.
If the relative displacements along the soil-geogrid interface, 𝑢𝑠𝑔 , were considered
to predict the longitudinal rib contribution, the soil displacement distribution should also
be considered. In this case, 𝑢𝑠 obtained close to the geogrid plane in the laser illuminated
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plane in this test is shown in Figure 6-32. Only the soil displacement measurements close
to the initial locations of the selected junction nodes are shown in this figure. Also, these
soil displacement profiles were smoothened using Equation (5-16) to minimize fluctuations
in the measured data. Figure 6-32 shows that the soil moved uniformly along the loading
direction, especially at the time approaching pullout failure. The possible explanation could
be that the laser-illuminated plane was the plane that passed between longitudinal ribs (i.e.
through the diagonal ribs); and G3 is a comparatively stiff geogrid, therefore, when testing
progress approached pullout failure, the entire geogrids still had comparatively uniform
displacements, which may also make diagonal ribs generate comparatively uniform soil
disturbance along the loading direction.

Figure 6-31: Fitted geogrid displacement distribution for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G3.
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Figure 6-32: Soil displacement distribution close to the geogrid plane in the laser
illuminated plane during the SGI test conducted using intact Geogrid G3.
Using the displacement measurements shown in Figure 6-31 and Figure 6-32, the
relative displacement profiles along the soil-geogrid interface can be estimated by using
Equation (5-19). The relative displacement profiles along the soil-geogrid interface are
shown in Figure 6-33. Equation (5-16) was used to generate the displacement functions,
𝑢𝑠𝑔,𝑡 (𝑥), along the loading direction, as shown in Figure 6-33.
With the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)), the back-calculated parameters in
the model function obtained from the longitudinal-rib element test, 𝑀 and
′

(or 𝑀′ and

, if using 𝑢𝑠𝑔,𝑡 correlations), were used in Equation (5-12) to predict the resistance from

all the longitudinal-rib elements, 𝐿𝑅𝑡 (or 𝐿𝑅′𝑡 ). The predicted 𝐿𝑅𝑡 , 𝐿𝑅𝑡′ , as well as the
measured frontal unit tension are shown in Figure 6-34.
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Figure 6-33: Relative displacement profiles along the soil-geogrid interface during the SGI
test conducted using intact Geogrid G3.

Figure 6-34: Comparison between the resistance of all longitudinal ribs predicted using
geogrid displacements and that predicted using relative displacements along the soilgeogrid interface during the SGI test conducted using intact Geogrid G3.
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It can be observed from Figure 6-34 that the predictions of total resistance
contribution from the longitudinal-rib elements using geogrid displacements, 𝑢𝑔,𝑡 , are
slightly higher than the predictions using relative displacements, 𝑢𝑠𝑔,𝑡 . However, overall,
the differences between these two predicted data sets were not significant.
Diagonal-Rib Modelling for Geogrid G3
The same procedure described in Section 6.3.1

was conducted to predict the

resistance from the diagonal-rib elements in a SGI test conducted using intact Geogrid G3.
Details of this test were discussed in Section 4.2.3 . The process for predicting the
resistance from the longitudinal ribs were previously discussed in Section 6.4.1.1.
Since the beam theory was used to predict the resistance acting on the diagonal-rib
elements, the bending stiffness, 𝐸𝐼, of the rib element of Geogrid G3 was determined from
the small-scale beam test. The testing procedure for the diagonal ribs of Geogrid G3 was
essentially the same as that for the diagonal ribs of Geogrid G2 (discussed in Section 6.3.2
). Three repeated tests were conducted. The relationship between the point load and the
central deflection of the diagonal rib of Geogrid G3 is shown in Figure 6-35. A linear
function was used to fit this relationship. Since neither off-plane rotations nor in-plane
rotations was observed in these beam tests, the fixity condition was considered fixed ends
with no rotations. The bending stiffness, 𝐸𝐼, of the diagonal-rib element of Geogrid G3
can be determined using Equation (6-5). The bending stiffness, 𝐸𝐼, of the diagonal-rib
element of Geogrid G3 is 2.74 ×10-6 kN·m2.
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With the determined bending stiffness, the resistance, 𝐷𝑅𝑉 , of each diagonal-rib
element mobilized during the SGI test can be back-calculated by matching the measured
deflection profile with the fitted deflection profile. The relationship between the deflection
distribution and the acting load of a diagonal rib is shown in Equation (6-6) for assuming
a simply supported beam. The same relationship, but assuming the diagonal rib as beam
with fixed ends, is shown in Equation (6-7).

Figure 6-35: Relationship between the center point load and the central deflection of the
diagonal rib of Geogrid G3 in the beam tests.
As previously discussed, the entire deflection profile of the diagonal ribs can be
quantified and rotated using TSD techniques as previously described in Section 3.4.1 . In
this case, each “rotated” diagonal rib can be considered a transverse rib with distributed
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load perpendicular to the rib orientation as shown in Figure 6-14(d). Figure 6-36(a) shows
the “rotated” measured deflections of a diagonal rib for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G3.
Using Equation (6-6), as well as the bending stiffness obtained from beam tests, the
best-fitted deflection profiles of this rib were obtained for increasing values of frontal unit
tension. The results are shown in Figure 6-36(b) considering the simply supported beam
assumption. It can be observed from this figure that the fitted rib deflection profiles do not
match very well with the measured deflection profiles. Specifically, the fitted data
overpredicted deflections near the two ends, while underpredicted deflections at the central
section of the rib.
Figure 6-36(c) shows the best-fitted rib deflection profiles assuming a beam with
fixed ends. The predictions show in this figure match better with the measurements. This
indicates that the assumption considering beam with fixed ends is more reasonable to
predict the deflection profiles of the diagonal ribs of Geogrid G3 during the SGI test.
Moreover, to consider the potential eccentricity of the distributed load acting on the
𝑒𝑙
diagonal ribs, Equations (6-8) to (6-10) were used to predict the total load 𝐷𝑅𝑉,𝑓𝑒
, by

fitting the rib deflection measurements.
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(a)

(b)

(c)

Figure 6-36: Deflections of a diagonal-rib element for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G3: (a) Measured rib
deflections; (b) comparison between the measured deflections and the best-fitted
deflections assuming a simply supported beam; (c) comparison between the measured
deflections and the best-fitted deflections assuming a beam with fixed ends.
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The comparison between the predicted load mobilization acting on this diagonal rib
using two different fixity conditions is shown in Figure 6-37. In this figure, the general
trends of the relationship between the predicted load and the frontal grip displacement are
similar for these two cases. The loads predicted by assuming a simply supported beam are
well below those predicted by assuming a beam with fixed ends. Since data fluctuation
were obtained in load predictions, parabola fitting functions were used to smoothen these
two data sets. The smoothened fitting curves are also displayed in Figure 6-37.
Using the assumption of the simply supported beam, the normalized loads
mobilized by each of the diagonal rib elements of Geogrid G3 during the SGI test were
predicted as shown in Figure 6-38 for increasing frontal load levels. Using the assumption
of the beam with the fixed ends, the normalized loads mobilized by each of the diagonal
rib elements of Geogrid G3 during the SGI test were predicted as shown in Figure 6-39.
Parabola fitting functions were used to smoothen the relationship between the predicted
load and the frontal grip displacement for all diagonal rib element.
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Figure 6-37: Comparison between predicted load mobilization acting on a diagonal rib of
Geogrid G3 using two different fixity conditions.

Figure 6-38: Predicted loads mobilized by each of the diagonal-rib elements of Geogrid
G3 assuming a simply supported beam.
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Figure 6-39: Predicted loads mobilized by each of diagonal-rib elements of Geogrid G3
assuming a beam with fixed ends.
It can be observed from Figure 6-38 and Figure 6-39 that the first diagonal-rib
element (D-rib1) which was close to the frontal confined boundary, had predicted loads
smaller than several subsequent rib elements. This is probably because: (1) since this rib
element was close to the frontal confined boundary, the local confining pressure in the area
of this rib element may be smaller than the target value; (2) due to comparatively large soil
movements in the zone close to the confined boundary, the change of local confining
pressure in that area may also have comparatively large fluctuation; (3) the subsequent rib
elements may introduce interference on the resistance mobilization of these rib elements.
The resistance contribution from all diagonal-rib elements, 𝐷𝑅𝑡 , at any time 𝑡, can
be predicted using Equation (6-3) for each of the fixity conditions as shown in Figure 6-40.
The measured frontal unit tension is also shown in this figure. As can be observed from
251

Figure 6-40, the results obtained assuming a beam with fixed ends provide much higher
predictions than those predicted assuming a simply supported beam. At the time reaching
pullout failure, the predicted resistance contribution from all diagonal ribs using the simply
supported beam assumption is 1.35 kN/m, while the corresponding value obtained
assuming a beam with fixed ends is 7.63 kN/m.

Figure 6-40: Comparison between the predicted resistance contribution from all diagonalrib elements of Geogrid G3 using two assumptions of the fixity conditions.
Since the resistance contribution from all longitudinal ribs were evaluated in
Section 6.4.1.1, Equation (6-1) can be applied to any time 𝑡 during the test to predict the
frontal unit tension by adding the predicted resistance component 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ ) to the
predicted resistance component 𝐷𝑅𝑓𝑒,𝑡 (or 𝐷𝑅𝑠𝑠,𝑡 ). Consequently, four different
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combinations of the model predictions can be evaluated based on the different assumptions
considered to predict the total frontal unit tension in the SGI test. The comparison between
the predicted total frontal unit tension and the measured frontal unit tension with increasing
grip displacement is shown in Figure 6-41.

Figure 6-41: Comparison between the measurements frontal unit tension and model
predictions during the SGI test conducted using intact Geogrid G3.
As shown in Figure 6-41, the use of the assumption considering beam with fixed
ends provides more realistic results, regardless whether using geogrid displacements or
relative displacements to predict the total resistance from all longitudinal ribs. Also, the
longitudinal-rib model using geogrid displacements predicted slightly better results than
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using relative displacements along the soil-geogrid interface, particularly at comparatively
small load levels. When the test approaching pullout failure, both data sets assuming a
beam with fixed ends overestimate the total frontal unit tension. The possible reasons for
the overpredictions could be that: (1) the beam with fixed ends’ assumption may not be
best assumption to simulate the fixity condition of the diagonal ribs with comparatively
large deformation; (2) linear elastic beam theory may not be suitable to predict the
resistance of the diagonal ribs with comparatively large deformation. Consequently, a more
comprehensive structure analysis may be required to evaluate the overall structural stability
of the confined geogrid specimen with comparatively large deformation.
Since the combination of 𝐿𝑅 and 𝐷𝑅𝑓𝑒 gives the best prediction over other three
combinations, the predicted 𝐿𝑅 and 𝐷𝑅𝑓𝑒 , as well as the measured frontal unit tension
are shown in Figure 6-42 for increasing grip displacements.
Figure 6-43 shows the relative resistance contribution from the two rib components
expressed as percentages of the predicted total frontal unit tension against the predicted
total frontal unit tension expressed as a percentage of the predicted peak pullout resistance.
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Figure 6-42: Mobilization of the best predicted resistance components during the SGI test
conducted using intact Geogrid G3.

Figure 6-43: Comparison between the relative resistance contribution of the two rib
components during the SGI test conducted using intact Geogrid G3.
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It can be observed from Figure 6-43 that the relative resistance contribution from
all diagonal ribs was always higher than the relative resistance contribution from all
longitudinal ribs, particularly at the initial stages of the test, with over 90% of the total
frontal unit tension. Even though it decreased slightly with the increase in the frontal unit
tension, it was still over 60% at the time reaching pullout failure.
On the other hand, the relative resistance contribution from all longitudinal ribs was
below 10% at the beginning of SGI test; with increasing values of the frontal unit tension,
it increased to 40% when the instant frontal unit tension reached half of ultimate frontal
unit tension; with further increasing in the frontal unit tension, the relative resistance
contribution from all longitudinal ribs stayed in a constant range, which was still around
40%, until pullout failure. The possible explanation for the initial increase of the relative
contribution of resistance from all longitudinal ribs could be that, unlike the longitudinal
ribs and the junction nodes of the biaxial geogrids, which typically have comparatively
high width-to-depth ratios, the longitudinal ribs and the junction nodes of the triaxial
geogrids have comparatively high depth-to-width ratios; consequently, combining with the
hexagonal junction shape, the more relevant resistance component in the longitudinal ribs
of the triaxial geogrid may be the passive bearing resistance of the junction nodes, 𝐵𝑅𝐽 ,
rather than the interface shear resistance of the longitudinal ribs, 𝑆𝑅𝐿 . The mobilization of
𝐵𝑅𝐽 typically requires larger displacements than the mobilization of 𝑆𝑅𝐿 .
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6.4.2 Load Transfer Modeling for Geogrid G4
Longitudinal-Rib Modelling for Geogrid G4
SGI test conducted using Geogrid G4 discussed herein is the same test presented in
Section 4.2.4 . To calculate the resistance contribution from all the longitudinal ribs of
Geogrid G4, determination of the parameters of the longitudinal-rib model, 𝑀 and
values (or 𝑀′ and

′

values, if using 𝑢𝑠𝑔,𝑡 correlations) are required. These values can be

back calculated from the longitudinal-rib element test. In the longitudinal-rib element test,
all diagonal ribs of the Geogrid G4 specimen were removed. The confined portion of the
modified geogrid specimen is shown in Figure 6-44.
Except for the modified geogrid specimen, all other testing configuration was the
same as the SGI test using intact Geogrid G4 presented in Section 4.2.4 . Since the width
of the longitudinal ribs of Geogrid G4 is slightly larger than those of both Geogrids G2 and
G3, white markers were painted on the top surface of the entire ribs for acquiring good
quality results from DIC calculation. The relationship between the frontal load (or the unit
tension) and the relative time (or the grip displacement) in this test is presented in Figure
6-45. The width of this geogrid specimen is 214.1 mm. Ten images (each image captured
at the time indicated with a blue star in Figure 6-45) were selected for image processing.
The average time span between two successive images was about 120 seconds. The last
selected image corresponds to the time of pullout failure. The pullout resistance of this
modified specimen of Geogrid G3 in this test was found to be 5.29 kN/m.
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Figure 6-44: Frontal view of the longitudinal-rib element test conducted using Geogrid G4.

Figure 6-45: Relationship between the frontal load and the grip displacement in the
longitudinal-rib element test conducted using Geogrid G4.
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Figure 6-46 shows the junction displacement distribution of the geogrid specimen
along the loading direction for increasing values of frontal unit tension. In this plot, the
junction displacements along the central two longitudinal ribs were used. Equation (5-16)
was used to fit the geogrid displacement distribution for increasing frontal load levels. The
fitted profiles are displayed in Figure 6-46. The initial confined length of the modified G4
specimen 𝑙𝑔𝑔 was 225 mm. this value was decreasing during the test, since the very front
of the confined geogrid specimen moved out of the confined section and into the
unconfined section as the geogrid moved along the loading direction. Therefore, 𝑙𝑔𝑔 was
updated for each timeframe according to the corresponding frontal displacement of the
confined geogrid specimen. The projected lengths of the fitting curves along the x-axis in
Figure 6-46 are the updated values of 𝑙𝑔𝑔 at the corresponding timeframe.

Figure 6-46: Junction displacement distribution and corresponding fitting functions in the
longitudinal-rib element test conducted using Geogrid G4.
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Figure 6-47 shows the smoothened soil displacement distribution close to the
geogrid specimen measured in the laser-illuminated plane using DIC techniques.
Compared to the geogrid displacements shown in Figure 6-47, the soil displacements were
comparatively small. Also, the laser-illuminated plane passed through the areas between
two longitudinal ribs, therefore, the obtained soil displacements were not exactly along the
interface between longitudinal ribs and soil particles, which may slightly underestimate the
soil displacement at the soil-geogrid interface.
The relative displacement between geogrid specimen and soil particles can be
estimated by using Equation (5-19). The relative displacement profiles are shown in Figure
6-48 for increasing frontal load levels.

Figure 6-47: Soil displacement distribution close to the geogrid plane in the longitudinalrib element test conducted using Geogrid G4.
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Figure 6-48: Relative displacement profiles and corresponding fitting functions in the
longitudinal-rib element test conducted using Geogrid G4.

Inserting the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)) into Equation (5-12), the best
combination of 𝑀 and

(or 𝑀′ and

′

, if using 𝑢𝑠𝑔,𝑡 correlations) was found by

matching the predicted 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ , if using 𝑢𝑠𝑔,𝑡 correlations) with the measured
𝐹𝐹𝑟𝑜𝑛𝑡𝑎𝑙,𝑡 at any time 𝑡 during the test. The comparison between the predicted total
resistance from all the longitudinal ribs and the measured frontal unit tension is illustrated
in Figure 6-49. Again, good agreement was observed between the measurements and the
predictions. Specifically, 𝑀 equals 29 (mm2·m)/kN, and
𝑀′ equals 28 (mm2·m)/kN, and

′

equals 36 (mm·m)/kN.

261

equals 36 (mm·m)/kN, while

Figure 6-49: Comparison between measured frontal unit tension and the total resistance
predicted by using geogrid displacement measurements and relative displacement
measurements in the longitudinal-rib element test conducted using Geogrid G4.
Using Equation (5-18), the relationship between the normalized interface
resistance, 𝑆 (or 𝑆 ′ , if using 𝑢𝑠𝑔 correlations), and the displacement, 𝑢(𝑥) (or
𝑢𝑠𝑔 (𝑥)), at a given location, 𝑥, along the soil-geogrid interface, can be plotted as shown
in Figure 6-50. Compared to the model function developed from the geogrid displacement
distribution, the initial stiffness of the interface resistance (the reciprocal of 𝑀′), which
was developed from the relative displacement distribution, was increased. On the other
hand, the normalized ultimate resistance (the reciprocal of

or

′) is essentially the

same. These trends were similar to those observed in the tests conducted using Geogrids
G1, G2 and G3.
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Figure 6-50: Comparison between the model functions to predict the resistance in the
longitudinal ribs of Geogrid G4 under the proposed testing configuration.
The 𝑀 and

values (or 𝑀′ and

′

values if using 𝑢𝑠𝑔,𝑡 correlations) were

obtained using the results of the test only involving longitudinal-rib elements.
Consequently, the resistance contribution from the longitudinal ribs can also be predicted
in the SGI test conducted using intact Geogrid G4. Details of this test were discussed in
Section 4.2.4 . The confined geogrid displacement distribution along the loading direction
is shown in Figure 4-14 for increasing values of frontal unit tension. Equation (5-16) was
used to fit the geogrid displacement measurements as shown in Figure 6-51.
If the relative displacements along the soil-geogrid interface, 𝑢𝑠𝑔 , were considered
to predict the longitudinal rib contribution, the soil displacement distribution should also
be considered. In this case, 𝑢𝑠 obtained close to the geogrid plane in the laser illuminated
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plane is shown in Figure 6-52. Only the soil displacement measurements close to the initial
locations of the selected junction nodes are shown in this figure. Also, these soil
displacement profiles were smoothened using Equation (5-16) to minimize fluctuations in
the measured data. Figure 6-52 shows that the soil moved uniformly along the loading
direction, especially at the time approaching pullout failure. Possible explanations could
be that the laser-illuminated plane passed between longitudinal ribs (i.e. through the
diagonal ribs); and G4 is a stiff geogrid, therefore, when testing progress approached
pullout failure, the entire geogrids still had comparatively uniform displacements, which
may also make diagonal ribs generate comparatively uniform soil disturbance along the
loading direction.

Figure 6-51: Fitted geogrid displacement distribution for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G4.
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Figure 6-52: Soil displacement distribution close to the geogrid plane in the laser
illuminated plane during the SGI test conducted using intact Geogrid G4.
Using the displacement measurements shown in Figure 6-51 and Figure 6-52, the
relative displacement profiles along the soil-geogrid interface can be estimated by using
Equation (5-19). The relative displacement profiles along the soil-geogrid interface are
shown in Figure 6-53. Equation (5-16) was used to generate the displacement functions,
𝑢𝑠𝑔,𝑡 (𝑥), along the loading direction, as shown in Figure 6-53.
With the fitting functions, 𝑢𝑡 (𝑥) (or 𝑢𝑠𝑔,𝑡 (𝑥)), the back-calculated parameters in
the model function obtained from the longitudinal-rib element test, 𝑀 and
′

(or 𝑀′ and

, if using 𝑢𝑠𝑔,𝑡 correlations), were used in Equation (5-12) to predict the resistance from

all the longitudinal-rib elements, 𝐿𝑅𝑡 (or 𝐿𝑅′𝑡 ). The predicted 𝐿𝑅𝑡 , 𝐿𝑅𝑡′ , as well as the
measured frontal unit tension are shown in Figure 6-54.
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Figure 6-53: Relative displacement profiles along the soil-geogrid interface during the SGI
test conducted using intact Geogrid G4.

Figure 6-54: Comparison between the resistance of all longitudinal ribs predicted using
geogrid displacements and that predicted using relative displacements along the soilgeogrid interface during the SGI test conducted using intact Geogrid G4.
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It can be observed from Figure 6-54 that the predictions of total resistance
contribution from the longitudinal-rib elements using geogrid displacements, 𝑢𝑔,𝑡 , are
slightly higher than the predictions using relative displacements, 𝑢𝑠𝑔,𝑡 . However, overall,
the differences between these two predicted data sets were not significant.
Diagonal-Rib Modelling for Geogrid G4
The same procedure described in Section 6.3.1

was conducted to predict the

resistance from the diagonal-rib elements in a SGI test conducted using intact Geogrid G4.
Details of this test were discussed in Section 4.2.4 . The process for predicting the
resistance from the longitudinal ribs were previously discussed in Section 6.4.2.1.
Since the beam theory was used to predict the resistance acting on the diagonal-rib
elements, the bending stiffness, 𝐸𝐼, of the rib element of Geogrid G4 was determined from
the small-scale beam test. The testing procedure for the diagonal ribs of Geogrid G4 was
essentially the same as that for the diagonal ribs of Geogrid G2 (discussed in Section 6.3.2
). Three repeated tests were conducted. The relationship between the point load and the
central deflection of the diagonal rib of Geogrid G4 is shown in Figure 6-55. A linear
function was used to fit this relationship. Since neither off-plane rotations nor in-plane
rotations was observed in these beam tests, the fixity condition was considered fixed ends
with no rotations. The bending stiffness, 𝐸𝐼, of the diagonal-rib element of Geogrid G4
can be determined using Equation (6-5). The bending stiffness, 𝐸𝐼, of the diagonal-rib
element of Geogrid G4 is 2.98 ×10-6 kN·m2, which is slightly higher than G3 due to the
larger rib dimensions.
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With the determined bending stiffness, the resistance, 𝐷𝑅𝑉 , of each diagonal-rib
element mobilized during the SGI test can be back-calculated by matching the measured
deflection profile with the fitted deflection profile. The relationship between the deflection
distribution and the acting load of a diagonal rib is shown in Equation (6-6) for assuming
a simply supported beam. The same relationship, but assuming the diagonal rib as beam
with fixed ends, is shown in Equation (6-7).

Figure 6-55: Relationship between the center point load and the central deflection of the
diagonal rib of Geogrid G4 in the beam tests.
As previously discussed, the entire deflection profile of the diagonal-rib element
can be quantified and rotated using TSD techniques as previously described in Section
3.4.1 . In this case, each “rotated” diagonal rib can be considered a transverse rib with
distributed load perpendicular to the rib orientation as shown in Figure 6-14(d). Figure
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6-56(a) shows the “rotated” measured deflections of a diagonal rib for increasing values of
frontal unit tension during the SGI test conducted using intact Geogrid G4.
Using Equation (6-6), as well as the bending stiffness obtained from beam tests, the
best-fitted deflection profiles of this rib were obtained for increasing values of frontal unit
tension. The results are shown in Figure 6-56(b) considering the simply supported beam
assumption. It can be observed from this figure that the fitted rib deflection profiles do not
match very well with the measured deflection profiles. Specifically, the fitted data
overpredicted deflections near the two ends, while underpredicted deflections at the central
section of the rib.
Figure 6-56(c) shows the best-fitted rib deflection profiles assuming a beam with
fixed ends. The predictions show in this figure match better with the measurements. This
indicates that the assumption considering beam with fixed ends is more reasonable to
predict the deflection profiles of the diagonal ribs of Geogrid G4 during the SGI test.
Moreover, to consider the potential eccentricity of the distributed load acting on the
𝑒𝑙
diagonal ribs, Equations (6-8) to (6-10) were used to predict the total load 𝐷𝑅𝑉,𝑓𝑒
, by

fitting the rib deflection measurements.
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(a)

(b)

(c)

Figure 6-56: Deflections of a diagonal-rib element for increasing values of frontal unit
tension during the SGI test conducted using intact Geogrid G4: (a) Measured rib
deflections; (b) comparison between the measured deflections and the best-fitted
deflections assuming a simply supported beam; (c) comparison between the measured
deflections and the best-fitted deflections assuming a beam with fixed ends.
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The comparison between the predicted load mobilization acting on this diagonal rib
using two different fixity conditions is shown in Figure 6-57. In this figure, the general
trends of the relationship between the predicted load and the frontal grip displacement are
similar for these two cases. The loads predicted by assuming a simply supported beam are
well below those predicted by assuming a beam with fixed ends. Since data fluctuation
were obtained in load predictions, parabola fitting functions were used to smoothen these
two data sets. The smoothened fitting curves are also displayed in Figure 6-57.
Using the assumption of the simply supported beam, the normalized loads
mobilized by each of the diagonal rib elements of Geogrid G4 during the SGI test were
predicted as shown in Figure 6-58 for increasing frontal load levels. Using the assumption
of the beam with the fixed ends, the normalized loads mobilized by each of the diagonal
rib elements of Geogrid G3 during the SGI test were predicted as shown in Figure 6-59.
Parabola fitting functions were used to smoothen the relationship between the predicted
load and the frontal grip displacement for all diagonal rib element.
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Figure 6-57: Comparison between predicted load mobilization acting on a diagonal rib of
Geogrid G4 using two different fixity conditions.

Figure 6-58: Predicted loads mobilized by each of the diagonal-rib elements of Geogrid
G4 assuming a simply supported beam.
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Figure 6-59: Predicted loads mobilized by each of diagonal-rib elements of Geogrid G4
assuming a beam with fixed ends.
The resistance contribution from all diagonal-rib elements, 𝐷𝑅𝑡 , at any time 𝑡, can
be predicted using Equation (6-3) for each of the fixity conditions as shown in Figure 6-60.
The measured frontal unit tension is also shown in this figure. As can be observed from
Figure 6-60, the results obtained assuming a beam with fixed ends provide much higher
predictions than those predicted assuming a simply supported beam. At the time reaching
pullout failure, the predicted resistance contribution from all diagonal ribs using the simply
supported beam assumption is 1.16 kN/m, while the corresponding value obtained
assuming a beam with fixed ends is 6.68 kN/m.
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Figure 6-60: Comparison between the predicted resistance contribution from all diagonalrib elements of Geogrid G4 using two assumptions of the fixity conditions.
Since the resistance contribution from all longitudinal ribs were evaluated in
Section 6.4.2.1, Equation (6-1) can be applied to any time 𝑡 during the test to predict the
frontal unit tension by adding the predicted resistance component 𝐿𝑅𝑡 (or 𝐿𝑅𝑡′ ) to the
predicted resistance component 𝐷𝑅𝑓𝑒,𝑡 (or 𝐷𝑅𝑠𝑠,𝑡 ). Consequently, four different
combinations of the model predictions can be evaluated based on the different assumptions
considered to predict the total frontal unit tension in the SGI test. The comparison between
the predicted total frontal unit tension and the measured frontal unit tension with increasing
grip displacement is shown in Figure 6-61.
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Figure 6-61: Comparison between the measurements frontal unit tension and model
predictions during the SGI test conducted using intact Geogrid G4.
As shown in Figure 6-61, the use of the assumption considering beam with fixed
ends provides more realistic results, regardless whether using geogrid displacements or
relative displacements to predict the total resistance from all longitudinal ribs. Also, the
longitudinal-rib model using geogrid displacements predicted slightly better results than
using relative displacements along the soil-geogrid interface, except for the last few points
approaching pullout failure. When the test approaching pullout failure, both data sets
assuming a beam with fixed ends overestimate the total frontal unit tension. The possible
reasons for the overpredictions could be that: (1) the beam with fixed ends’ assumption
may not be best assumption to simulate the fixity condition of the diagonal ribs with
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comparatively large deformation; (2) linear elastic beam theory may not be suitable to
predict the resistance of the diagonal ribs with comparatively large deformation.
Consequently, a more comprehensive structure analysis may be required to evaluate the
overall structural stability of the confined geogrid specimen with comparatively large
deformation.
Since the combination of 𝐿𝑅 and 𝐷𝑅𝑓𝑒 gives the best prediction over other three
combinations, the predicted 𝐿𝑅 and 𝐷𝑅𝑓𝑒 , as well as the measured frontal unit tension
are shown in Figure 6-62 for increasing grip displacements.

Figure 6-62: Mobilization of the best predicted resistance components during the SGI test
conducted using intact Geogrid G4.
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In Figure 6-63, the predicted resistance from the two rib elements are shown as
percentages of the predicted total frontal unit tension against the predicted total frontal unit
tension expressed as a percentage of the predicted peak pullout resistance. It can be
observed that the relative resistance contribution from the diagonal ribs was always larger
than the relative resistance contribution from the longitudinal ribs, especially at the initial
time of SGI test, it was almost 90% of the total frontal unit tension. Even though it
decreased slightly with the increase in the frontal unit tension, it was still around 50% at
the time reaching pullout failure.

Figure 6-63: Comparison between the relative resistance contribution of the two rib
components during the SGI test conducted using intact Geogrid G4.
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It can be observed from Figure 6-63 that the relative resistance contribution from
all diagonal ribs was always higher than the relative resistance contribution from all
longitudinal ribs, particularly at the initial stages of the test, with almost 90% of the total
frontal unit tension. Even though it decreased slightly with the increase in the frontal unit
tension, it was still around 60% at the time reaching pullout failure.
On the other hand, the relative resistance contribution from all longitudinal ribs was
slightly over 10% at the beginning of SGI test; with increasing values of the frontal unit
tension, it increased to 50% when the instant frontal unit tension reached 75% of ultimate
frontal unit tension; with further increasing in the frontal unit tension, the relative resistance
contribution from all longitudinal ribs stayed in a constant range, which was slightly below
40%, until pullout failure. The possible explanation for the initial increase of the relative
contribution of resistance from all longitudinal ribs could be that, unlike the longitudinal
ribs and the junction nodes of the biaxial geogrids, which typically have comparatively
high width-to-depth ratios, the longitudinal ribs and the junction nodes of Geogrid G4 have
very high depth-to-width ratios; consequently, combining with the hexagonal junction
shape, the more relevant resistance component in the longitudinal ribs of the triaxial
geogrid may be the passive bearing resistance of the junction nodes, 𝐵𝑅𝐽 , rather than the
interface shear resistance of the longitudinal ribs, 𝑆𝑅𝐿 . The mobilization of 𝐵𝑅𝐽 typically
requires larger displacements than the mobilization of 𝑆𝑅𝐿 .
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6.5

COMPARISON OF LOAD TRANSFER MECHANISMS BETWEEN

BIAXIAL AND TRIAXIAL GEOGRIDS
The load transfer modeling for both biaxial (Geogrid G1) and triaxial (Geogrids
G2, G3 and G4) geogrids was presented in Sections 6.2 to 6.4. Comparison of the load
transfer mechanisms between these geogrids is evaluated in this section.
The model functions, which were used to predict resistance contribution from
longitudinal ribs of those four geogrids, are compared in Figure 6-64.

Figure 6-64: Comparison between the model functions to predict resistance from
longitudinal ribs of the geogrids used in this study.
Negligible differences were observed between the model functions developed using
geogrid displacement profiles and those developed using relative displacement profiles, so
only the model functions developed using geogrid displacement profiles are shown in
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Figure 6-64. Inspections of the results shown in Figure 6-64 lead to the following
observations:
(1) The biaxial Geogrid G1, has the second highest initial stiffness of the model
function, even though it has the lowest the ultimate resistance. The possible
explanation could be that: the more relevant component of the resistance
contribution from the longitudinal ribs of the biaxial geogrid may be the interface
shear resistance from the longitudinal ribs, 𝑆𝑅𝐿 . However, the mobilization of 𝑆𝑅𝐿
typically only requires comparatively small displacements. On the other hand, the
other resistance component, the passive bearing resistance contribution from all
junction nodes, 𝐵𝑅𝐽 , may only have small relative contribution in the total
resistance from longitudinal ribs, 𝐿𝑅 . Consequently, the normalized ultimate
resistance in the model function is not very high.
(2) The model function for predicting the longitudinal-rib resistance of Geogrid G1
shows that reaching 80% of the ultimate resistance requires comparatively small
displacement (about 1.73 mm), while the model functions for predicting the
longitudinal-rib resistance of the three triaxial geogrids show that reaching 80% of
the ultimate resistance at comparatively large displacements (5.25 mm for G2, 5.47
mm for G3, and 3.22 mm for G4). The possible explanations could be that the more
relevant component of the resistance contribution from the longitudinal ribs of the
triaxial geogrids may be the passive bearing resistance contribution from junction
nodes, 𝐵𝑅𝐽 , rather than the interface shear resistance from the longitudinal
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ribs, 𝑆𝑅𝐿 . The mobilization of 𝐵𝑅𝐽 may require larger displacements than the
mobilization of 𝑆𝑅𝐿 .
(3) The model function for Geogrid G4 shows higher stiffness than the model function
for Geogrid G3. Also, the model function for Geogrid G4 shows higher ultimate
resistance than the model function for Geogrid G3. The possible explanations could
be that the larger rib dimensions in Geogrid G4 can provide higher contributions
from both of resistance components, 𝑆𝑅𝐿 and

𝐵𝑅𝐽 , higher 𝑆𝑅𝐿 may result in

the higher initial stiffness, and higher 𝐵𝑅𝐽 may result in the higher ultimate
resistance.
(4) The model function for Geogrid G2 shows the lowest stiffness, but also shows a
higher ultimate resistance than the model function for Geogrid G1. The possible
explanations could be that Geogrid G2 has the smallest rib dimensions, but because
of its comparatively high depth-to width ratio, the passive bearing resistance
contribution from all junction nodes, 𝐵𝑅𝐽 , may be the more relevant component
compared to the interface shear resistance from the longitudinal ribs, 𝑆𝑅𝐿 .
Consequently, small 𝑆𝑅𝐿 may result in the small initial stiffness, and
comparatively high 𝐵𝑅𝐽 may result in the higher ultimate resistance, when
compared to Geogrid G1.
Using these model functions with the measured geogrid displacement profiles in
the SGI tests conducted using those four geogrids, the resistance contribution from all
longitudinal ribs in each of the tests can be predicted as previously discussed. Figure 6-65
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shows the comparison between the resistance contribution from longitudinal ribs shown as
percentages of the predicted total frontal unit tension in these tests, against the measured
frontal unit tension expressed as a percentage of the measured peak pullout resistances.

Figure 6-65: Comparison between the resistance contribution from longitudinal ribs
between the SGI tests conducted using biaxial and triaxial geogrids evaluated as parts of
this study.
Using linear elastic beam theory with the assumption considering beam with fixed
ends to fit the measured deflections of the transverse or diagonal ribs in the SGI tests
conducted using those four geogrids, the resistance from each of the transverse or diagonal
ribs can be predicted as previously discussed. The load transfer efficiency during a SGI
test, can be defined as the ratio between the resistance from the transverse- or diagonal-rib
element which mobilized the smallest resistance and the resistance from the transverse- or
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diagonal-rib element which mobilized the largest resistance. Using the results shown in
Figure 5-28, Figure 6-19, Figure 6-39, and Figure 6-59, load transfer efficiencies in the
tests conducted using all the geogrids evaluated as parts of this study are shown in Figure
6-66 for increasing frontal load levels . This figure shows that the biaxial Geogrid G1, had
the lowest load transfer efficiency, compared to all the triaxial geogrids. Geogrid G4 had
the highest load transfer efficiency over all other geogrids used in this study.
Figure 6-67 shows the comparison between the resistance contribution from
transverse or diagonal ribs shown as percentages of the predicted total frontal unit tension
in the tests conducted using biaxial and triaxial geogrids evaluated as parts of this study,
against the measured frontal unit tension expressed as a percentage of the measured peak
pullout resistances.

Figure 6-66: Comparison between the load transfer efficiencies during the SGI tests
conducted using biaxial and triaxial geogrids evaluated as parts of this study.
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Figure 6-67: Comparison between the resistance contribution from transverse or diagonal
ribs between the SGI tests conducted using biaxial and triaxial geogrids evaluated as parts
of this study.
Observations from Figure 6-65 and Figure 6-67 can be summarized as follows:
(1) The relative resistance contribution from all longitudinal ribs in the test conducted
using the biaxial Geogrid G1, was over 50% at the beginning of the test; it decreased
with increasing values of the frontal unit tension, and reached to approximately
30% at the time reaching pullout failure. On the other hand, the relative resistance
contribution from all transverse ribs in this test was slightly over 40% at the
beginning of the test; it increased with increasing values of the frontal unit tension,
and reached approximately 70% at the time reaching pullout failure. This trend is
generally consistent the conclusions made by Wilson-Fahmy and Koerner (1993).
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They reported that the displacements required to mobilize bearing resistance are
larger than those required to mobilize interface shear resistance. Also, as previously
discussed, the main resource of the resistance from the longitudinal ribs may be the
interface shear, 𝑆𝑅𝐿 , rather than the bearing resistance of the junction nodes, 𝐵𝑅𝐽 .
(2) Unlike the general trend in the biaxial geogrid, relative resistance contributions
from all longitudinal ribs in the tests conducted using those three triaxial geogrids
were around 10% at the beginning of the test; they increased continuously with
increasing values of the frontal unit tension, but were still less than 50% at the time
reaching pullout failure. On the other hand, the relative resistance contributions
from all diagonal ribs in these tests were around 90% at the beginning of the test;
they decreased continuously with increasing values of the frontal unit tension until
the frontal unit tension reached 50% of the ultimate pullout resistance; with further
increasing in frontal unit tension, they stayed comparatively constant, and still
above 50%, until reaching pullout failure. The possible explanation for the
comparatively high contributions from the diagonal ribs at the initial stages of the
tests could be the comparatively high values of the load transfer efficiency in these
tests. The comparatively high values of the load transfer efficiency may imply the
resistance from all the diagonal ribs along the loading direction were mobilized at
comparatively low displacement levels. Also, as previously discussed, the main
resource of the resistance from the longitudinal ribs may be the bearing resistance
of the junction nodes, 𝐵𝑅𝐽 . rather than the interface shear, 𝑆𝑅𝐿 ; and the
mobilization of 𝐵𝑅𝐽 may require larger displacements than the mobilization of
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𝑆𝑅𝐿 . Consequently, at comparatively large displacement (or load) levels, the
increase in the bearing resistance from the junction nodes, 𝐵𝑅𝐽 , may result in the
increase in the resistance contribution from the longitudinal ribs, 𝐿𝑅.
(3) The relative resistance contribution from all transverse ribs in the test conducted
using Geogrid G2 has the largest percentage values over those in the tests conducted
using other triaxial geogrids evaluated as parts of this study. This is probably
because G2 has the smallest aperture sizes, which result in more quantity of the
diagonal ribs in a given size of geogrid specimen. Even though the diagonal ribs of
Geogrid G2 are thinner than those of Geogrids G3 and G4, the relative resistance
contribution from all diagonal ribs of Geogrid G2 may still be higher than those of
Geogrids G3 and G4. Specifically, the specimen of Geogrid G2 used in the SGI test
had a total of sixty-six diagonal ribs, while the specimens of Geogrid G3 an G4
only had forty-five diagonal ribs, which is about 32% less. Also, since the overall
dimensions of longitudinal ribs of Geogrid G2 are the smallest, compared to the
other two triaxial geogrids, the relative resistance contributions from all
longitudinal ribs of Geogrid G2 should also be comparatively small.
(4) The relative resistance contribution from all longitudinal ribs in the test conducted
using Geogrid G4 was larger than that in the test conducted using Geogrid G3. This
is probably because the comparatively large rib dimensions in Geogrid G4 may
result in significant increase of the relative contribution from the junction nodes,
𝐵𝑅𝐽 . Consequently, the relative resistance contribution from all longitudinal ribs
𝐿𝑅 also increases.
286

6.6 CONCLUSIONS
A load transfer model for triaxial geogrids was developed in this chapter. Similar
to the model developed for biaxial geogrids, the model includes two components: (1) a load
transfer component for the longitudinal ribs, and (2) a load transfer component for the
diagonal ribs. Key parameters of the first component were developed from the longitudinalrib element tests. The second component was developed considering linear elastic beam
theory with assumptions regarding the load configurations and fixity conditions. Applying
these two model components, the relative contributions of longitudinal and diagonal ribs
were calculated using the results from the SGI tests conducted using three different triaxial
geogrids. The predicted total frontal unit tension was compared against the measured
frontal unit tension for increasing grip displacements in all these tests. In combination with
the modeling results for the biaxial geogrid described in the Chapter 5, the difference
between the load transfer mechanisms developed in the biaxial geogrid and those
developed in the triaxial geogrids was evaluated and quantified. The main findings that
result from the investigations presented in this chapter are summarized as follows:

(1) The model functions involving displacement profiles, which were developed from
the longitudinal-rib element tests, were found to be adequate to predict the
resistance contribution from all longitudinal ribs in SGI tests conducted using the
triaxial geogrids evaluated as parts of this study. However, the model functions
involving relative displacement profiles slightly underestimated the resistance from
longitudinal ribs, due to some experimental limitations.
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(2) Overall, image processing techniques including TSD techniques introduced in
Chapter 3 were found to be adequate to capture the deflection profiles of the
diagonal ribs. With some initial steps of rotating and shifting the diagonal ribs, the
predicted deflection profiles involving the use of linear elastic beam theory,
matched well with the image measurements. The best fixity condition for the
diagonal ribs of the triaxial geogrids in the SGI tests was found to be fixed ends
(with no rotation allowed).
(3) Overall, good agreement was observed between the experimental measurements
and predictions from the load transfer model developed for the triaxial geogrids.
However, the model predictions tended to overestimate the frontal unit tension at
the time approaching pullout failure, and this probably because linear elastic beam
theory with the adopted fixity condition may not be suitable to simulate the
behaviors of the diagonal ribs with comparatively large deformations.
(4) The shapes of the model functions for predicting the resistance contribution from
longitudinal ribs of the geogrids used in this study, were found to be correlated with
the rib dimensions and junction shapes, which may result in different resistance
contributions of the interface shear from the longitudinal ribs, and of the passive
bearing from the junction nodes.
(5) The biaxial geogrids used in this study was found to have comparatively low load
transfer efficiency, which is about 10%. On the other hand, the triaxial geogrids
evaluated as parts of this study were found to have comparatively high load transfer
efficiency, which varied from 30% to 50%, depending on geogrid types. This was
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probably attributed to the comparatively uniform unit tension distribution exhibited
by the triaxial geogrids in relation to that of the biaxial geogrid used in this study.
(6) The governing component of the resistance mobilized at low displacement levels
in the test conducted using the selected biaxial geogrid was found to be the
resistance developed by the longitudinal ribs. Instead, at high displacement levels
and until pullout failure, the relative contributions of the transverse ribs were larger
than those of the longitudinal ribs. The most relevant component of the resistance
mobilized throughout the entire tests conducted using the triaxial geogrids as a part
of this study, both under low and large displacements, was found to be the
resistance developed by the diagonal ribs, with their relative contributions
particularly high during the early stages of the tests. In the tests conducted using
different triaxial geogrids, the relative contributions of the resistance from different
rib components were found to depend on the geometric characteristics of the
geogrids.
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Chapter 7: Conclusions and Recommendations
7.1

SUMMARY AND CONCLUSIONS FROM THIS STUDY
The increasing use of different types of geogrids in the design of reinforced soil

retaining structures and of stiffened roadways require proper evaluation of the mobilization
of load-transfer mechanisms between soil particles and geogrid specimens. The resistance
mobilized by the different rib elements ultimately determine the mechanical responses for
both: (1) the ultimate pullout resistance; and (2) the confined geogrid stiffness. Geogrids
with different aperture shapes involve rib elements with different orientations. Different
rib orientations, as well as different rib dimensions, may lead to differences in the
contributions by different load transfer mechanisms. The overall objective of this study is
to use transparent soil, as well as related technologies, to quantify and evaluate the loadtransfer mechanisms between soil and geogrids with different geometric characteristics.
More than fifty experimental tests were conducted as part of a comprehensive testing
program. This dissertation focuses on a subset of the most representative tests, with
emphasis on the implementation of digital image processing techniques, development of
load transfer models, and assessment of the effect of geometric characteristics of geogrids
on the load transfer mechanisms. Main findings of this study and related conclusions are
summarized below.
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7.1.1 Development of Experimental Testing and Measuring Protocols
The new experimental approach developed in this study, involving the use of
transparent soil with laser aided imaging, was found to be adequate to non-intrusively
capture the deformations of both geogrid specimens and soil particles. Specifically, the use
of transparent soil allowed visualizing the deformation of confined geogrid specimens.
Laser beams with up to 350 mW output power and with a wavelength of 638 nm were
adopted to allow tracking the transparent soil particles at a plane perpendicular to the soilgeogrid interface. The collimated beam resulted in well-defined individual particles in the
selected plane of the soil model. Digital cameras were used to track the displacement fields
of both the confined geogrid specimen and the soil particles within the laser-illuminated
plane.
Digital image correlation (DIC), topological skeletonization and discretization
(TSD), and other related image processing techniques, allowed quantifying both the
deformation of the confined geogrids and the displacements of soil particles from collected
images. Specifically, both DIC (involving painted patterns) and TSD techniques were
found to be adequate to quantify the deflection profiles of transverse and diagonal ribs,
with a comparatively high resolution, for the first time, in this study. Also, DIC techniques
was found to be adequate to define displacement fields of soil particles in the laserilluminated plane. Consequently, soil displacement profiles along the loading direction
could be quantified for increasing frontal load levels. In addition, the development of shear
bands in soil can also be quantified using DIC techniques.
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7.1.2 Experimental Evaluation of Soil-Geogrid Interaction Using Geogrids with
Different Geometric Characteristics
The experimental testing and measuring protocols developed in this study allowed
evaluation and comparison of the confined performance of geogrids with different
geometric characteristics. Four different geogrids were selected by considering different
geometric characteristics of (a) aperture shape, (b) aperture size, and (c) rib dimensions,
including rib width and rib depth. Since all these geogrids were manufactured using the
same material with similar manufacturing process, the mass per unit area of each of the
testing specimens was also measured and compared. The experimental evaluation
illustrated the impact of these geometric characteristics on the mobilization of load transfer
between soil particles and geogrid specimens. Specifically, the following information
obtained from the experimental tests was were evaluated and compared: (a) geogrid
displacement profiles, (b) load-displacement curves of geogrid specimens, (c) soil
stiffening along the loading direction, and (d) development of shear bands. Using the
proposed testing approach involving the geogrid types evaluated in this study, the main
findings for the impact of the geometric characteristics on the overall soil-geogrid
interaction behavior are summarized as follows:
(1) Impact of aperture shape: The comparison of the experimental results involving
both biaxial and triaxial geogrids showed a comparatively better load transfer in
triaxial geogrids than in the biaxial geogrid. Specifically, tests involving triaxial
geogrids showed comparatively smaller, and more linear geogrid (or soil)
displacement profiles along the loading direction than the profiles in test involving
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the biaxial geogrid. Since the derivative of the displacement profile corresponds to
the strain profile, the shapes of geogrid (or soil) displacement profiles also provide
insight on the general shapes of strain profiles in geogrids (or soil). In addition, the
shapes of the strain profiles in geogrids (or soil) also indicate the general shapes of
resistance profiles in geogrids (or soil). Therefore, the shapes of geogrid (or soil)
displacement profiles obtained in the tests involving triaxial geogrids indicated
more uniform resistance distribution in geogrids (or soil) than the profiles obtained
in the test involving the biaxial geogrid. A more uniform stress distribution
corresponds to a more efficient higher load transfer along the loading direction. The
comparison between the load-displacement curves of the geogrid specimens
showed that triaxial geogrids tended to provide slightly higher confined stiffness
than the biaxial geogrid used in this study. Moreover, the comparison between the
shear band profiles (i.e. soil displacement profiles along the normal direction)
showed that the triaxial geogrids developed more uniform shear band profiles than
the biaxial geogrid used in this study. More uniform shear band profiles developed
by triaxial geogrids indicated that the triaxial geogrids developed more uniform
stress transfer along the normal direction in soil than the biaxial geogrid used in
this study. In addition, it was found that the triaxial geogrids developed wider
influence zones along the normal direction in soil than the biaxial geogrid used in
this study. However, comparisons between the biaxial and triaxial geogrids
conducted in this study are not only affected by different aperture shapes, but also
by different rib dimensions. Specifically, the biaxial geogrids typically have larger
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rib widths, but smaller rib depths than the triaxial geogrids. Consequently, the
conclusions made herein account for several differences between the specific
biaxial and triaxial geogrids used in the testing program.
(2) Impact of aperture size: The comparison between the test results involving triaxial
geogrids with different aperture sizes indicated that, for the particle size distribution
of the soil used in this study ( 𝐷50 ≈ 4 𝑚𝑚 ), larger aperture sizes in triaxial
geogrids contribute to more uniform shapes of shear band profiles. On the other
hand, smaller aperture sizes in triaxial geogrids contribute to wider influence zone
along the normal direction in soil. This is probably because smaller aperture size
corresponds a larger quantity of diagonal ribs; and diagonal ribs may provide more
significant contribution to restrain the soil particles than longitudinal ribs.
(3) Impact of rib dimension: The comparison between the test results involving
triaxial geogrids with different rib dimensions indicated that larger rib dimensions,
particularly larger rib depth, contributed to smaller, and more linear geogrid (or
soil) displacement profiles along the loading direction, and a wider influence zone
along the normal direction in soil. Also, smaller, and more linear geogrid (or soil)
displacement profiles may resulted in more uniform resistance distribution, and
higher load transfer efficiency, along the loading direction. However, larger rib
dimensions also imply a larger mass per unit area.
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7.1.3 Development of Load Transfer Models for Biaxial and Triaxial Geogrids
The load transfer models for biaxial and triaxial geogrids developed in this study
generally provided adequate predictions of the total frontal unit tension for increasing
frontal load levels. The models include two components: (1) a load transfer component for
the longitudinal ribs, and (2) a load transfer component for the transverse or diagonal ribs.
Key parameters of the first component were developed from longitudinal-rib element tests.
The second component was developed considering linear elastic beam theory and
assumptions regarding the load configuration and fixity conditions.
Specifically, the model functions involving the use of geogrid displacement profiles
were found to be adequate to predict the resistance contribution from longitudinal ribs.
Even though the model functions involving the use of relative displacement profiles along
the soil-geogrid interface should be more realistic, they tended to slightly underestimate
the resistance contribution from longitudinal ribs. Possible reasons for the underpredictions
may be because of the underestimated stiffness of the model functions, as well as the
underestimated relative displacements due to the experimental.
The use of linear elastic beam theory, as well as the assumption of the beam with
fixed ends, provided good predictions of the resistance contribution from transverse and
diagonal ribs. The resistance predictions were obtained by fitting the deflection profiles of
the ribs using the beam theory and the assumed fixity condition. Predictions of the
resistance contribution from the diagonal ribs of the triaxial geogrids required additional
image processing procedures for rib rotations, as well as additional assumptions for loading
conditions. Overall, the model predictions tended to overestimate the frontal unit tension
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at the time approaching pullout failure. This probably because linear elastic beam theory
with the adopted fixity condition may not be suitable to simulate the behaviors of the
transverse or diagonal ribs with comparatively large rib deformations.
The load transfer model developed in this study allowed predicting the confined
unit tension distribution of the biaxial geogrid along the loading direction, for increasing
frontal load levels. The results from the model predictions showed that, under the proposed
testing configuration involving the biaxial geogrid evaluated in this study, the resistance
from the first three transverse-rib elements of the geogrid, contributed the most to the total
resistance. Consequently, the resistance from the subsequent transverse-rib elements was
not mobilized significantly during the testing progress. This finding is generally consistent
with the highly nonlinear shapes of the geogrid (soil) displacement profiles along the
loading direction, observed in this test.
The load transfer model developed in this study allowed evaluating the impact of
the spacing between successive transverse ribs along the loading direction on the load
transfer mechanisms between soil and geogrid. Specifically, a SGI test was conducted
using the biaxial geogrid with double-spaced transverse ribs. The confined unit tension
distribution of the biaxial geogrid along the loading direction in the intact specimen test,
was compared to that in the test conducted using geogrid with double-spaced transverse
ribs, for increasing frontal load levels. This comparison indicated that the test conducted
using the geogrid with double-spaced transverse ribs tended to show more uniform trends
of the confined unit tension distribution than the test conducted using the intact specimen.
This finding indicated that, for the biaxial geogrid evaluated in this study, larger spacing
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between successive transverse ribs tended to provide higher load transfer efficiency. The
possible reason could be that interference between successive transverse ribs could be less
significant in the biaxial geogrid with larger spacings between transverse ribs.
The load transfer model developed in this study also allowed comparing the
difference of load transfer mechanisms between biaxial and triaxial geogrids. The results
of this comparison indicated that the triaxial geogrids evaluated as parts of this study
showed higher load transfer efficiency than the biaxial geogrid evaluated in this study. This
can be attributed to the comparatively uniform confined unit tension distribution in the
triaxial geogrids in relation to that in the biaxial geogrid. This was also partially evidenced
in the comparison of the shapes of the geogrid (or soil) displacement profiles along the
loading direction in tests conducted using biaxial and triaxial geogrids. In addition, the
comparison of the load transfer mechanisms involving the geogrids evaluated in this study,
also indicated that the governing component of the resistance mobilized at low
displacement levels in the test conducted using the biaxial geogrid was found to be the
resistance developed by the longitudinal ribs. Instead, at high displacement levels and until
pullout failure, the relative contributions of the transverse ribs were larger than those of the
longitudinal ribs. On the other hand, the most relevant resistance component mobilized
throughout the tests conducted using the triaxial geogrids, both under low and large
displacements, was found to be the resistance developed by the diagonal ribs, with their
relative contributions being particularly high during the early stages of the tests. In the tests
conducted using different triaxial geogrids, the relative contributions of the resistance from
different rib components were found to depend on the geometric characteristics of the
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geogrids. The difference in the relative contribution of the two rib components may also
lead to different performance regarding soil stiffening, which was partially evidenced in
the comparison of the soil displacement profiles along the loading direction, as well as the
comparison of shear band profiles.
7.2

RECOMMENDATIONS FOR FURTHER RESEARCH
To advance the current understanding of the load transfer mechanisms between soil

and geogrids in the applications of reinforced soil retaining structures and stiffened roadway

systems, future studies are recommended in the following aspects:
(1) Experimental setup: Boundary effects were observed in the deformation of the
confined geogrids. Therefore, geogrid specimens with larger dimensions are
recommended to minimize this issue. Consequently, a larger transparent box may be
required for testing. In addition, to simulate situations of geogrids installed in field
applications, different boundary conditions can be considered for the far end of the
geogrid specimen. For instance, the far end of the geogrid specimen can be fixed inside
of the testing box to assume the geogrid with comparatively long length. In this case,
both the geogrid specimen and the testing box could still keep comparatively short
lengths.
(2) Transparent soil: The impact of the particle sizes of the soil on the load transfer
mechanisms between soil and geogrids can be evaluated using different particle size
distributions for transparent soil. Also, if a larger testing box is used, the overall
transparency of the transparent of soil may be lower than that observed in this study.
Consequently, the reduced transparency may adversely affect the results from the
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image processing techniques adopted in this study, to track individual rib deflections,
particularly for geogrids with comparatively small rib dimensions. Also, soil particles
may not be visualized as clearly as those observed in this study. In this case, a new
transparent soil mixture with a better transparency may be needed.
(3) Laser system: The laser system used in this study was positioned at a single specific
location during testing, consequently, only one plane inside of the transparent soil
model was illuminated. The use of multiple lasers, or a moving system for the laser, as
well as the corresponding distance calibration method is recommended to capture
additional information on soil displacements in different planes. Also, the current laser
system shot from the frontal view of the transparent soil model, in this case, moving
shadows from the transverse or diagonal ribs made it difficult to track soil
displacements behind the geogrid plane. Since the side behind the geogrid plane is the
side where the confining pressure is applied using a flexible boundary (an air bladder),
the moving shadows also made it difficult to track the potential soil dilation during the
test. Therefore, the best direction to shoot laser is probably from the top or the bottom
of the transparent soil model. However, this may also require significant modifications
of the current loading system, as well as the design of the transparent soil model.
Moreover, if a larger testing box is used, a more powerful laser system may also be
required to illuminate the soil particles. More powerful laser system for larger
penetration depth may generate more significant laser light diffusion, which may also
reduce the contrast of the solid particles visualized in the laser-illuminated plane.
Additional methodologies may be needed to minimize this issue.
(4) Testing configuration: The confining pressure was applied from one side of the testing
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box using flexible bladder, while the other side of the testing box was rigid using a
transparent polycarbonate wall. This testing configuration may induce unbalanced
boundary conditions. Consequently, refinements to apply a balanced confining
pressure could be considered. Also, the impact of the confining pressure on the load
transfer mechanisms between soil and geogrids can also be evaluated by applying
different confining pressures in tests using different geogrids. In addition, even though
the displacement rate of the loading grip was constant, and the length of the unconfined
section of the geogrid specimen was also minimized in each of the tests, the different
unconfined behavior of the geogrids may slightly impact the actual loading speed of
the confined section of the geogrid specimens. A different way of applying the constant
confined loading displacement rate could be considered.
(5) Image processing techniques and programming: The rib deflection profiles
measured at comparatively large distance from the frontal confined boundary, included
a certain amount of data fluctuation by using the image processing techniques adopted
in this study, particularly at comparatively low load levels. Consequently, improved
image processing techniques with higher precision may be beneficial. Also, optimized
algorithms are recommended to further improve the efficiency for retrieving high
volume of displacement information from the high-resolution images collected in this
study.
(6) Load transfer modeling: The model functions using the relative displacement tended
to underestimate the resistance from the longitudinal ribs in the tests evaluated in this
study. This is partially because of some limitations of the experimental measurements.
A method to capture the displacement component in soil particles only mobilized by
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longitudinal ribs is recommended. At the time approaching pullout failure, linear
elastic beam theory with the assumed fixity condition tended to overpredict the
resistance from the resistance from transverse or diagonal ribs. Consequently, the
nonlinear beam theory, or a more comprehensive analysis involving the overall
structural stability of the geogrid specimen, is recommended to predict the resistance
from transverse or diagonal ribs at comparatively high load levels. Also, numerical
modeling (e.g. Discrete Element Method) is also recommended to provide additional
insight on the load transfer models developed in this study.
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