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Abstract
Centrifuge Modeling and Numerical Analysis of GeosyntheticReinforced Soil Retaining Walls Having Different Facings
Lei Xu

Centrifuge modeling technique is widely used in geotechnical research. Due to the complexity of
geosynthetic-reinforced soil retaining walls (GRS-RWs), the centrifuge models of such walls are
typically constructed in one stage, where the model is prepared to full height under 1-g and then
spun in a centrifuge to the desired g-level or till failure. However, for a retaining wall built in the
field, the placement of new soil layer and compaction induces deformations on the previously
constructed soil layers, and the wall facing is aligned according to the design at each construction
stage. The different construction sequences will lead to differences in the wall performance,
including the stress mobilized in the geosynthetic layers.

In this study, a multi-stage constructed centrifuge modeling technique was proposed to simulate
the construction sequence in the field. The wall facing deformation, tensile force in the
geosynthetic layers, and lateral earth pressure behind the wall facing were measured and
compared with the traditional one-staged centrifuge model. The results were verified with actual
field measurements. The results obtained from multi-staged construction compared favorably to
the field measurements. In addition to the construction sequence, the backfill close to the wall
facing is usually not as well compacted in the field. The effects of such loose front backfill were
also studied by a series of centrifuge models of reinforced soil retaining walls.

In addition to the centrifuge modeling of the reinforced soil retaining walls, two series of finite
element models were conducted to further study the wall performance. The first series of
numerical models included a unified sand model, which was implemented into Abaqus to
simulate the backfill. The sand model was firstly calibrated based on the triaxial test results; then,
it was used to simulate the wall performance under gravity and dynamic loading. An additional
series of FE models were constructed in OptumG2, a 2D finite element geotechnical software to
numerically study the influence of loose front and construction sequence of the concrete block
reinforced soil retaining walls.

Based on the results of centrifuge modeling, simulation of the construction sequence is necessary
to obtain a satisfactory assessment of GRS-RWs performance. In this study, the models prepared
with multi-staged construction techniques showed better agreement with the field measurements
than the models prepared with one-staged construction. In addition, the models with
reinforcement simulating the stiffness of the prototype geogrid showed better agreement with
field measurements than the models with reinforcement simulating the strength of the prototype
geogrid. Besides, a loose front probably existed in the concrete block walls during the field
construction based on the comparison of the test results and field measurements.

Conclusions from the centrifuge modeling studies were verified by FEM analysis. The dynamic
simulation results showed that the studied gabion walls are stable when subjected to a horizontal
acceleration up to 0.4 at the bottom of the wall.
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Chapter 1: Introduction
In this chapter, the background of geosynthetic reinforced soil retaining wall (GRS-RW) is
presented, followed by an introduction of the centrifuge modeling method and a review of recent
research on GRS-RW using centrifuge models. In addition to experimental work, an introduction
to the numerical analysis involving finite element modeling and a unified sand model is also
outlined in this chapter.

1.1 Introduction of Geosynthetic Reinforced Soil Retaining Walls
Geosynthetic-reinforced soil retaining walls (GRS-RWs) have been widely used all over the
world because of the economical benefits when compared with conventional retaining structures
(Collin, 1997; Ling, 2000). There were 35,000 of geosynthetic reinforced soil segmental
retaining walls in existence in 2000 (Koerner and Soong, 2001), and this number has been
continuously increased since then, following its wide acceptance in the public and private sectors.

When designing a GRS-RW, there are typically four major components to be considered: the
types of wall facing, the properties of backfill, the properties of geosynthetics (such as stiffness
and strength), and the layout of geosynthetics (such as spacing and length of geosynthetic layers).
To better understand the performance of GRS-RWs, there are three major methods of research:
instrumented full-scale walls, geotechnical models, and numerical models. Even though most
desired, a very limited number of full scale instrumented walls were constructed due to its high
cost (e.g., Miyatake et al., 1995; Kazimierowicz-Frankowska, 2005; Ling et al., 2005; Tanyu et
al., 2016). The heights of most full-scale test walls are less than 10 meters. In the same time,
even though numerical models are cost-effective, it requires techniques to handle large
1

deformation and complicated behaviors of frictional materials, and its results still need to be
validated from either lab or field measurements. Conventional small-scale physical modeling can
be used to observe failure mechanisms. However, the accuracy could be limited because of the
scale effect where the stress level in a model is much smaller than a full-scale wall.

1.2 Introduction of Centrifuge Modeling
Centrifuge modeling has been an important technique used to study the behavior of full-scale soil
structures utilizing a reduced scale model. The technique involves spinning the model to a higher
gravitational field that simulates the same stress and strain conditions as in the full-scale
structure. When an acceleration of N-times earth's gravity is applied, the dimensions of the
model may be scaled down by a factor of 1/N. The centrifuge modeling scaling relationships are
summarized in Table 1.1.
Table 1.1. Scaling laws in centrifuge modeling
Scale factor
Gravity
Length
Area
Volume
Density
Unit Weight
Stress
Strain
Force
Displacement
Mass
Time (dynamics)
Time (diffusion)

Model
N
1
1
1
1
N
1
1
1
1
1
1
1

Prototype
1
N
N2
N3
1
1
1
1
N
N
1
N
N2

Centrifuge modeling technique has been used in various geotechnical problems since its
introduction by Bucky in 1931, such as tunneling, slope stability, pipe deformation, and so on
2

(e.g., Schofield 1980; Zornberg, 1997; Ling, 2003). However, not many centrifugal tests on
GRS-RWs had been conducted beyond initial studies.

1.3 Review of Previous Research with Centrifuge Models
Mitchell and Jaber conducted a series of tests on vertical retaining walls reinforced by aluminum
foil, plastic strips, nonwoven polyester fabrics, and plastic grids, respectively (Mitchell et al. ,
1988, Jaber et al., 1990, Jaber and Mitchell, 1990). The limit state was reached and observed by
increasing the acceleration level. Stresses within reinforcement were measured by strain gauges.
A simple design approach for internal stability based on the global factor of safety against the
rupture of the reinforcements was proposed. The computed failure accelerations showed good
agreement with the actual centrifuge accelerations.

Goodings and Santamarina (1989) conducted a series of centrifuge tests to study the effect of
foundation soil and retained fill on reinforced retaining wall behaviors. Sand and clay were used
to simulate the different types of foundations and backfills. Aluminum foil strips were used as
reinforcement, and model failures were achieved by increasing the centrifugal acceleration. They
concluded that the properties of retained fill have a relatively small effect on internal stability,
while soft foundations led to superior wall performance. Goodings (1990), Porbaha and
Goodings (1996) extended the study to geosynthetics/geotextiles reinforced retaining walls with
cohesive soil. Lateral supports were used during the model construction, then removed before the
centrifuge spinning. Centrifugal acceleration was slowly increased until failures were observed.
Profilometers were used to determine the failure surface, and LVDTs were used to measure the
horizontal and vertical displacements of walls. They concluded that models on firm foundations
3

showed better performance than identical models built on rigid foundations, and tension cracks
in the backfill may lead to stress concentrations in the geosynthetics.

Chen et al. (2007) conducted a series of centrifugal tests on a geotextile- reinforced wall with
wet clayey backfill close to its liquid limit. Vertical wood boards were used to provide lateral
supports during model preparation. Each model was spun to 20g with lateral support till the
settlement stabilization, followed by being completely stopped to remove the wood boards, and
then spun to 20g again for deformation measurements. Several models were loaded to failure by
increasing the acceleration. They concluded that the decreasing of reinforcement spacing is more
effective than the increasing of reinforcement length to reduce wall deformations in the studied
backfill conditions, and the benefits of longer reinforcement could be limited when extended
beyond the critical values.

Costa et al. (2014) studied the failure of geotextile-reinforced walls in centrifuge models tests by
using digital image analysis techniques. Models were loaded until failure by increasing
centrifugal acceleration, and sand markers were used to determine the strain distributions in the
reinforcement layers. They concluded that the effect of confinement on the tensile strength of
reinforcement and load redistribution between reinforcement layers when approaching failures
should be considered when predicting the stability of walls.

Costa et al. (2016) expanded their previous study by spinning the model at 25, 40, 60, and 80%
of the failure g-level, respectively, for 10 hours to evaluate the time-dependent behavior of walls.

4

Creep failure was observed in the models subjected to comparatively high levels of constant
acceleration.

Tricario et al. (2016) conducted seven centrifuge models of cantilevered and propped retaining
walls embedded in saturated sand. The dynamic response of the structures was studied by
changing the geometrical configurations and density of soil. Amplification of the acceleration in
the soil, pore pressure, wall displacement, and bending moments are measured.

Luo et al. (2018) studied the geotextile reinforced slope subject to drawdown using centrifuge
models. Different geotextile layouts were used to investigate the deformation and failure
behaviors of reinforced slopes. They concluded that geotextile reinforcement could significantly
increase the safety limit, reduce the displacement, and change the failure feature of slopes under
drawdown conditions.

Based on the review of previous studies, the centrifuge models of reinforced retaining walls are
typically constructed with a single-staged construction method, where the model was prepared to
full height under 1-g and then be spun to the desired g-level or till failure. For a retaining wall
built sequentially in the field, the placement and compaction of a new soil layer induce
deformations on the previously placed soil layers, and the wall facing alignment is always
adjusted according to the design at each construction stage. For a single-stage constructed
centrifuge model, the deformation of walls is induced entirely with the increasing of the
acceleration. The different construction techniques will lead to differences in the wall

5

deformation and the reinforcement force if the construction sequence is not considered in the
centrifuge modeling.

Due to the complexity of reinforced soil retaining walls that are composed of several dissimilar
materials, it is impossible to simulate the construction sequence and installation of different
components during centrifuge flight. In this study, a staged centrifuge modeling technique was
proposed to simulate the construction sequence in the field.

1.4 Numerical Models
Two-dimensional finite element models have been widely used for reinforced soil retaining walls.
(Segrestin and Bastick, 1988; Cai and Bathurst, 1995; Ling et al., 2010; Jiang et al., 2020). When
a structure is too complicated to be analyzed analytically, FEM can be used. In this study, finite
element software Abaqus and OptumG2 were used to simulate two types of GRS-RWs: the
gabion block facing walls and the concrete block facing walls, which were the same walls
studied by centrifuge modeling in this research.

ABAQUS is a unified finite element package, which has been widely used in engineering
problems. It provides an interface whereby any user-defined constitutive model can be added to
the library. The Abaqus finite element system includes the following programs (ABAQUS,
2014):


Abaqus/standard, a general-purpose finite element program;



Abaqus/Explicit, an explicit dynamics finite element program;



Abaqus/CFD, a general-purpose computational fluid dynamics program;
6



Abaqus/CAE, an interactive environment used to create finite element models,
submit Abaqus analysis, monitor and diagnose jobs, and evaluate results;



Abaqus/Viewer, a subset of Abaqus/CAE that contains only the post-processing
capabilities of the Visualization module.

In this study, Abaqus CAE and Viewer were used to create the FE models and process the
obtained data.

OptumG2 is a finite element software specialized for geotechnical problems. Common soil
constitutive models, standard geotechnical features, and the ability to define construction
sequences are included for modeling (OptumCE, 2016).

In this study, in order to validate the numerical analysis, results from static analysis of all models
were compared with the measurements of centrifuge models and full-scale walls. Then, dynamic
analysis and parametric analysis were conducted.

1.5 Research Objectives and Scope of Work
The main objective of this study is to study the behaviors of the geosynthetics reinforced soil
retaining walls by using centrifuge models, especially to study the influence of construction
sequence. The scope of this study is as follows:

1. To construct centrifuge models in simulating a fully instrumented gabion facing geosynthetics
reinforced soil retaining walls. Based on the literature review, one-stage constructed models with
7

reinforcement simulating ultimate tensile strength were used to compare with the field
measurement. In order to achieve better agreement with field measurement, centrifuge models
with reinforcement simulating stiffness and with multi-staged construction techniques were
studied.

2. To further validate the staged centrifuge modeling technique, a concrete block facing
geosynthetics reinforced soil retaining wall was simulated. Tensile strain in geogrid and
displacements of concrete blocks were measured in the centrifuge and compared with the fullscale wall.

4. To study the influence of the facts that backfill right behind the wall facing is usually less
compacted in the field, centrifuge models with such loose front were studied.

5. To further study the reinforced soil retaining walls under dynamic loading, finite element
models with a unified sand model (Ling and Yang, 2006) was used to analyze the walls. Wall
facing displacement and tensile force of reinforcement layers are compared under static and
dynamic loadings. Additional Finite element models were constructed to verify the influence of
the staged construction of centrifuge models and loose front.

1.6 Organization of Thesis
This thesis has seven chapters that outline different phases of this work.


Chapter One introduces the research objectives and scope of work.
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Chapter Two describes the centrifuge model testing of the GRS-RWs with gabion block
facing. The multi-staged centrifuge modeling technique was proposed. The results obtained
from the one-staged model and multi-staged model were compared with the field
measurements.



In Chapter Three, the staged modeling technique was further verified by a series of
centrifuge models of the GRS-RWs with concrete block facing. The influence of the loose
front was also evaluated through the centrifuge tests.



Chapter Four describes the implementation of the unified generalized plasticity sand model
in Abaqus. Triaxial tests of the gabion wall backfill were outlined and used to calibrate the
sand model.



Chapter Five consists of numerical modeling of gabion walls under gravity and dynamic
load. The calibrated sand model from Chapter Four was used in the FE models in this
chapter.



Chapter Six shows the FE models of the GRS-RWs with concrete block facing. Results from
numerical models were compared with the results obtained from centrifuge models
described in Chapter Two.



Finally, Chapter Seven consists of conclusions and proposed topics for future research.
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Chapter 2: Centrifuge Modeling of Reinforced Soil Retaining
Gabion Walls Involving Staged Construction Technique
2.1 Introduction
A 16 m tall reinforced soil retaining wall with gabion facing was constructed in Izmir, Turkey.
Two sections of the wall were instrumented to evaluate the performance. One of the sections was
constructed with 1 meter vertical spacing between the reinforcements; the other section was
constructed with 2 m vertical spacing. Displacements of gabion facing and tensile force in
geogrid reinforcement were measured (Tanyu et al. 2016). In order to simulate the behavior of
the full-scale wall, the 1/50 scaled models were analyzed in the centrifuge under an acceleration
field of 50-g. In addition to the conventionally used single-stage constructed models, 4-stage
constructed models were conducted to simulate the construction sequence in the field.

2.2 Materials
In this section, the material properties for the models of gabions, reinforcement, and soil are
reported. The materials are used to replicate the two full-scale walls constructed in the field.
Note that the sand and reinforcement have been used in previous centrifugal modeling of slopes
and reinforced soil retaining walls at Columbia University (e.g., Ling et al., 2009; Iacorossi et al.,
2013; Xu et al., 2016).

Wall Facing - The gabions used for the scaled centrifuge model were made of a galvanized steel
mesh filled with river stone (Fig 2.1). The steel mesh has an opening of 0.274 cm and was made
of wires with a diameter equal to 0.043 cm. The diameter of stones used in the prototype gabions
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ranges from 100 to 200 mm. Thus, using a scale factor of 50, it was determined that the diameter
of the river stones to be used for the model had to be about 2- 4 mm. The #4 and #8 sieves were
used to separate and filter out the correctly sized river stones, which were of 4.75 and 2.4 mm
size openings, respectively. A photo of the river stones with grain size distribution is shown in
Fig 2.2. The mean diameter, D50, was 3.3 mm. The gabions had an average density of 2 g/cm 3
with the steel mesh included and 1.7 g/cm3 without the mesh. The sides and the back of the
gabions were covered with a smooth plastic tape in order to prevent sand loss (flowing into the
gabions) and to decrease friction along the sidewalls of the model box.

FIG. 2.1. Gabion block models
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FIG. 2.2. Grain size distribution of river stone

Backfill - Nevada sand was used as the backfill and foundation in the model. It is a light colored
fine sand with grain size distribution curve shown in Fig 2.3. The D50 was 0.15 mm. A series of
tests, including sieve analysis, standard proctor tests, and direct shear tests, were conducted to
determine the basic properties of Nevada sand. Some of the properties have been reported in
Iacorossi et al. (2013). From the compaction curve in Fig 2.4, the maximum dry unit weight,
γd,max, was found to be 16.6 kN/m3. The backfill soil used in the model had a low water content
of 5%. The resulting total unit weight γt was 16.04 kN/m3. From the direct shear test results, the
angle of internal friction, ϕ, at the compacted density was determined as 35.4o ( Fig 2.5).
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FIG. 2.3. Grain size distribution of Nevada Sand

FIG. 2.4. Compaction curve of Nevada Sand
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FIG. 2.5. Direct shear test results of Nevada Sand

Reinforcement - A fiberglass mesh coated with polymeric film (Fig 2.6) was used in the model
to simulate the actual reinforcement. The dimensions of the reinforcement for the model were
20×35 cm (W x L). This length of 35 cm was determined by applying the scale factor of 1/N,
where N= 50, to the 17.5 m prototype reinforcement length. Tensile tests were conducted on
specimens of dimensions 20×6 cm (L×W) to determine the tensile strength and initial modulus,
which were 10.4 kN/m and 475 kN/m, respectively (Fig 2.7). Under a centrifugal force of 50g,
this model reinforcement has a strength of 520 kN/m and a modulus of 23750 kN/m, respectively.
The strength was close to the actual strength of reinforcement used in the field, but not the
stiffness. Thus, another set of meshes was prepared by cutting away part of the original mesh so
as to reduce the total coverage area to 25 %, such that the stiffness was 125 kN/m (about 1/4 of
the original mesh stiffness, which is equal to 6264 kN/m under 50g) in order to match the initial
stiffness of actual geogrid used in construction. Direct shear tests were conducted to determine
the interaction (friction angle) between the reinforcement and sand. It was found to be 28.2o.
14

FIG. 2.6. Tensile test of model reinforcement specimen after failure

FIG. 2.7. Load strain curves of model reinforcement and real geogrid
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2.3 Testing Program and Model Construction
Six centrifuge model tests were constructed in this study (see Table 2.1). Tests A1, A2, and A3
were simulating the wall with 2 m reinforcement spacing, whereas Tests B1, B2, and B3 were
simulating the wall with 1 m spacing. The configurations of the two sets of models are shown in
Figs 2.8 and 2.9.

Table 2.1. Reinforcement layouts, properties, and construction method
Test
#
A1
A2
A3
B1
B2
B3

Length
Vertical Spacing
Stiffness
Strength
(cm)
(cm)
(kN/m)
(kN/m)
Model Prototype Model Prototype Model Prototype Model Prototype
475
23750
10.4
520
4
200
475
23750
10.4
520
125
6264
2.7
135
35
1750
475
23750
10.4
520
2
100
475
23750
10.4
520
125
6264
2.7
135

# of
stage
1
4
4
1
4
4

The reinforced soil retaining wall model was prepared in a rigid box (Fig 2.10). The dimensions
of the rigid box were 48L x 20W x 50H cm (length×width×height). In preparing the model,
silicon grease was applied on the sides of gabions in minimizing friction with the box walls.
Before constructing the wall, the soil was placed firstly and compacted to create a foundation
layer of thickness 5 cm. When constructing the wall, two different construction techniques had
been used, described as follows.

For Model A1 and B1, the models were prepared at 1-g. Each gabion block was positioned and
followed by the placement and compaction of the backfill. Construction was repeated layer by
layer. Reinforcement layers were placed at specific heights based on the prototype design. After
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reaching the desired height of 32 cm (16 m in prototype), models were spun to 50g to simulate
the prototype wall performance. These are referred to as single-stage constructed models.

For Model A2, A3, B2, and B3, the models were prepared at 1-g similar to Model A1 and B1,
instead of being constructed to full height, they were spun to 50-g after each 8 cm height
incremental (i.e., equal to 1/4 of the total height), and then decelerated to 1g for the next
construction increment. Thus, a total of 4 stages was involved in simulating the field staged
construction to full height. These are referred to as 4 stage constructed models. A detailed model
construction procedure is described in the next section.

The top of view of the model, at the end of construction, is shown in Fig 2.11. The side views of
the model are shown in the subsequent section.

The instrumentation included measurements of reinforcement strain and lateral earth pressure
behind the gabion. A total of 20 strain gages were attached to the reinforcement layers, as well as
5 earth pressure transducers were installed at different heights behind the gabions (see Figs 2.8
and 2.9). A camera was installed to take photos from the side of the wall as the acceleration was
increased during testing. Deformations were analyzed using the digital imaging technique.
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FIG. 2.8. Configuration and instrumentation of centrifuge Models A

FIG. 2.9. Configuration and instrumentation of centrifuge Models B
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FIG. 2.10. Rigid box for centrifuge model

FIG. 2.11. Top front view of the completed model
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2.4 Model Construction and Test Procedure
Each centrifugal model was constructed and tested as follows:

1. When preparing the soil for foundation and backfill, 5% water was added to oven-dried sand.
Sand and water were well mixed; then, the sand-water mixture was kept in a sealed container to
maintain the moisture content.

2. The soil foundation was constructed in 3 layers. The weight of each layer was calculated based
on the desired height and soil density. Soil was evenly distributed then compacted by hand using
the tool shown in Fig 2.12.

3. After completing the foundation (5 cm in this study), the first reinforcement layer and gabion
blocks were placed at the designed location (block facing was 40 cm away from the back of the
container wall).

4. The wires of strain gage were carefully aligned to the back container wall and attached to the
container's wall using adhesive tape (as shown in Fig 2.13).

5. The weight of each backfill layer was determined based on the desired backfill density, the
height of the gabion block used for this layer, and the location of the wall facing. For example,
the weight of the first backfill layer is equal to 0.39 ×0.2 ×0.005 m3 (L×W ×H) ×16.6
kN/m3 = 6.474 N.
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6. When compacting the backfill, attention was paid to prevent movement of the newly placed
facing blocks. At the same time, the movement of previously placed facing blocks was allowed.

7. Steps 5 to 6 were repeated for the subsequent reinforced layers. The gabion block and
reinforcement layers were placed based on the design drawing. The weight of each backfill layer
was calculated as described earlier.

8. Based on the drawing, earth pressure transducers were installed at desired locations (for
example, the first earth pressure transducer was installed behind the fifth gabion blocks). The
earth pressure transducers were placed vertically to measure the lateral earth pressure. The wires
of transducers were attached to the wall of the container.

9. For Tests A1 and B1 (one staged models), the model was constructed to its full height at 1g.
For Tests A2, A3, B2, and B3 (four staged models), the model was constructed to 1/4 of full
height (8 cm in this study).

10. Centrifugal acceleration was applied to the model at 10g intervals. After each acceleration
increment, the model was spun for 2 minutes to allow stabilization. The readings of strain gages
and earth pressure transducers were recorded wirelessly at 1-second intervals. Photos were taken
from the side of the container for the wall facing displacement analysis.
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11. After the model has reached 50g, the model was spun for 5 minutes or till the readings of
strain gages were stabilized. Photos were taken in the beginning and at the end of the 5-minute
spinning.

12. The centrifuge was slowly decelerated until it was fully stopped. Photos were then taken.

13. For Tests A2, A3, B2, and B3, Steps 9 to 12 were repeated for three more stages. Readings of
strain gages, earth pressure transducers, and wall facing displacements were cumulated through
all stages.

FIG. 2.12. Compacting tool for sand and gravel
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FIG. 2.13. Reinforcement layer with reduced stiffness and strain gages

2.5 Test Results
All six models were spun up to 50g without failure at full height. A photo of model A3 (most
critical case) after reaching 50g at full height is shown in Fig 2.15, which can be compared to its
configuration before testing (Fig 2.14). Local cracks were observed on the back surface, as seen
in Fig 2.16. The cracks were surficial and shallow (resembling tension cracks), indicating that
they were caused by the apparent cohesion in the soil as deformation occurred.
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FIG. 2.14. Photo of Model A3 before testing

FIG. 2.15. Photo of Model A3 at 50g
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FIG. 2.16. Surface minor cracks after test of Model A3

The overall accumulated deformations of the wall facing were determined for each model,
assuming that the last stage did not induce deformation after construction. That is, the newly
constructed backfill layer imposed surcharge to the underlying soil layers leading to the
deformations of previously constructed layers. The field measurements during the construction
of actual walls were used as a comparison.

The wall facing lateral deformation and field measurements for models A and B are shown in
Figs 2.17 and 2.18, respectively. Field measurements were provided by Officine Maccaferri SpA.
As observed, the measured displacement were scatterings in both field and centrifuge test results.
In general, staged models (A2, A3, B2, and B3) showed better agreement than the one staged
models (A1 and B1). The comparison of 1-m spacing walls seemed to yield better agreement
than the 2-m spacing walls for staged models. Among staged models, Models A3 and B3 showed
larger displacements compared with Model A2 and B2, respectively, because of the relatively
lower stiffness of the reinforcement in these two models. Fig 2.19 shows that Model B3 has a
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better overall performance than Model A3, even though the top gabions showed a slightly larger
lateral displacement. The backfill settlement was less when the spacing was 1 m compared to
that of 2 m. There was little to no settlement in the foundation of all six models. There was,
however, considerable flattening of the gabions near the toe of the wall due to vertical
compression under high stress.

FIG. 2.17. Wall facing lateral displacement, Model A
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FIG. 2.18. Wall facing lateral displacement, Model B

FIG. 2.19. Comparison of the wall facing displacement between Model A3 and B3
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The measured lateral earth pressure at 50g (full height) for both 6 models is shown in Fig 2.20.
The readings of the bottom transducer were eliminated due to a measurement problem. It is seen
that the one-time constructed models showed smaller lateral earth pressure due to its larger wall
facing displacement and lack of confinement. In addition, for the staged models, the measured
pressures of models with reduced stiffness were slightly less than those with the original mesh.
The earth pressure distributions did not follow any obvious pattern but were closer to those of
uniform distribution instead of active earth pressure. The restraint by the reinforcement became
smaller as the stiffness was reduced. Note that the pressure distributions behind the gabions were
subject to the effects of construction, such as compaction.

FIG. 2.20. Lateral earth pressure distribution (at 50g, full height)
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The forces in the reinforcement layers during 50g at full height are shown in Figs 2.21 and 2.22
for all the tests. By comparing Model A1 vs. A2 and Model B1 vs. B2, respectively, the models
constructed with 4 stages gave better agreement with the filed measurements than the singlestage constructed models. The models reinforced by a mesh of same stiffness as prototype
reinforcement (A3 and B3) gave better agreement than by a mesh of same strength, i.e., higher
stiffness, as prototype reinforcement (A2 and B2). There were discrepancies in results at the
front end of bottom reinforcement layers that may have been affected by the presence of the wire
mesh layer in A3 and B3, but the results in the middle and upper parts of the walls agreed very
well. The reduced stiffness resulted in lower tensile force in each layer of reinforcement.
Generally, the tensile forced measured close to the facing are greater than those at the rear end of
reinforcement layers.
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FIG. 2.21. Tensile force in reinforcement layers of Models A
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FIG. 2.22. Tensile force in reinforcement layers of Model B

2.6 Conclusions
The six walls tested in the centrifuge did not fail when reaching full height. By comparing the
wall facing displacement, tensile force in the geogrid reinforcement, and lateral earth pressure
behind the gabions, the centrifuge models showed satisfactory agreement with the field
measurements. The following conclusions can be drawn from the study:
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1. Models prepared with staged construction technique showed better agreement with the filed
measurements than the models prepared with single-stage construction. Simulation of the
construction sequence is necessary to obtain a satisfactory assessment of GRS-RWs performance
using centrifugal models.

2. A3 and B3 showed better agreement with the field measurements because the stiffness of the
reinforcement was similar to that used in the field, and the construction stages were considered.
When comparing the displacements of Models A2 and A3, and Models B2 and B3, we could see
that the difference was small. Thus, the effects of reinforcement stiffness on deformation may
not be as significant if it is beyond certain values.

3. By comparing Models A3 and B3, the doubled usage of reinforcement only resulted in about a
10% reduction of the maximum lateral wall facing displacement. However, the location of
maximum displacement was different (Model A3 at h= 6 m and Model B3 at h= 12 m,
respectively), which may indicate a change of the potential failure mechanism.

4. The centrifuge model testing of the gabion facing reinforced soil retaining wall provided
important information on the behavior of the walls. Additional models may be conducted to
study the influence of the reinforcement length, as well as the failure mechanism of the wall by
reducing the length of reinforcement layers.
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Chapter 3: Centrifuge Modeling of Reinforced Soil Retaining Walls
with Concrete-Block Facing
3.1 Introduction
To further study the staged construction technique in centrifuge modeling, a 6 m tall
geosynthetic-reinforced soil retaining wall was selected. This wall was constructed at the Public
Works Research Institute, Ministry of Construction, in Japan. Its behaviors during construction
were fully instrumented. A total of 52 strain gages, 11 Linear variable displacement transducers
(LVDTs), and 11 load cells were used to measure the strain of geogrid, the horizontal
displacement of wall face, and the lateral earth pressure behind the wall blocks, respectively
(Ling et al., 2000).

A total of six 1/25 scaled centrifuge models were conducted. The wall facing displacements and
tensile force within geogrids were measured at 25g. The influence of staged construction was
evaluated by comparing the results of the test with the measurements from the full-scale wall. In
addition, the effect of a loose front was considered by additional tests because the backfill close
to the wall facing is usually less compacted during field construction.

3.2 Materials
In this section, the material properties for the models of the wall facing blocks, reinforcement,
and soil are reported.
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Wall Facing - Aluminum blocks were used to simulate the wall facing. The dimensions of the
block for the model were 20 × 40 × 13 mm ( height × width × depth), except the top and bottom
blocks, which were 18 mm and 22 mm high, respectively. The dimensions were determined
based on the 1/25 scaling factor applied to the 500 × 1000 × 350 mm prototype block. Due to the
difference in densities between aluminum and concrete, the depth of model blocks was slightly
reduced from (35 to 32.5 cm) to make the weight of blocks to be the same as the prototype.

Backfill - Nevada Sand, as represented in Chapter 2, was used. The unit weight was adjusted to
be 16 kN/m3 based on the backfill of the full-scale wall.

Reinforcement - As discussed in Chapter 2, a reinforcement simulating the stiffness is preferred,
especially for the stable walls. The geogrid, Tensar SR55, was used in the full-scale test, whose
secant modulus is 600 kN/m at 5 % strain, as reported by Ling et al. (2000). A 3D printer was
used to produce reinforcement layers with similar stiffness as the prototype (shown in Fig 3.2).
The secant modulus of the 3D printed geogrid was 25 kN/m at the 5% strain, which is equal to
625 kN/m in the prototype.

The centrifuge models consisted of six primary and five secondary geogrid layers, 140 mm and
40 mm long (3500 mm and 1000 mm in prototype), respectively. The centrifuge model
configuration is shown in Fig 3.3.

34

FIG. 3.1. The vertical wall facing before spinning

FIG. 3.2. 3D printed reinforcement with strain gages
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FIG. 3.3. Configuration and instrumentation of the concrete block facing centrifuge
models

3.3 Testing Program and Model Construction
Six centrifuge model tests were constructed. Tests 1, 2, 3, and 4 were constructed with the same
layout and material properties, but with different construction stages ranging from 1 to 6. Tests 5
and 6 were constructed with a 40 mm (1 meter in prototype) loose front, whose density was 80%
of the original backfill, but with 1 and 6 construction stages, respectively. Table 3.1 summarized
the testing program.
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Table 3.1. Backfill properties and model construction method
Test Unit weight of backfill Unit weight of soil front
# of stages
(kN/m3)
(kN/m3)
#
1
16
1
2
16
2
3
16
4
16
4
16
6
5
12.8
1
6
12.8
6
The centrifuge models were prepared in the same box, as described in Chapter 2. In order to
evaluate the multi-staged construction technique in centrifuge modeling, models were
constructed with 1, 2, 4, and 6 stages, respectively. The side view of a fully constructed model is
shown in Fig 3.4.

FIG. 3.4. Side view of Test 4 after spinning
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A total of 20 strain gages were attached to the reinforcement layers (see Fig 3.3). A camera was
installed to take photos from the side of the wall as the acceleration was increased during testing.
Deformations were analyzed using the digital imaging technique. Each block was marked with
red dots to track the displacement of the wall facing easily. Six fixed markers on the box were
used to correct the perspective and coordinate of each image.

3.4 Model Construction and Test Procedure
The model construction method is similar to the models of gabion block walls, as reported in
Chapter 2. A few modifications are made as follows:

1. Six red markers were attached to the transparent wall of the container, used as reference points
for image analysis. In addition, because of the vibration during the centrifuge spinning, datum
and perspective of all images were also corrected based on the reference points.

2. A red dot was marked on the side of each wall facing block, for easier tracking of their
movements.

3. In order to prevent breakage. thicker wires were used for attaching the strain gages.

4. Due to the low stiffness of the model reinforcement, the attachment of strain gage affects the
local stiffness. In order to minimize the effect, a correction was made by comparing the stressstrain curves of the specimen with and without strain gages. For specimen without strain gages
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attached, the strain was calculated from the deformation measured by the non-contact laser tool.
The comparison of the two stress-strain curves is shown in Fig. 3.5.

FIG. 3.5. Comparison of the stress-strain curves of the specimens with and without strain
gage

5. For models with loose front, in order to control the density, the backfill was prepared and
compacted in four zones (shown in Fig 3.6).
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FIG. 3.6. Backfill preparation for the models with loose front
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FIG. 3.7. Strain gages with thicker wires

FIG. 3.8. Reading of Strain Gage 1 for 6 staged model
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3.4 Test Results
3.4.1 Strain of Geosynthetic Layers
The strain distributions in the six primary geogrid layers were compared from Tests 1, 2, 3, and 4,
to evaluate the influence of the staged construction technique, shown in Fig 3.9. As observed,
measurements from all centrifuge tests showed good agreement with the full-scale wall. The
model constructed with 6 stages showed the best agreement, especially for Layers 2, 3, and 4,
where the maximum strain occurred.

FIG. 3.9. Effect of staged construction on the geogrid strain
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3.4.2 Lateral Displacement of Wall Facing
The lateral displacement of Tests 1, 2, 3, and 4 are shown in Fig 3.10. Due to the small
deformation of this wall, there is no significant difference between centrifuge models constructed
with different numbers of stages. The reason could be due to the limitation of image analysis
because the maximum displacement is only about 1 mm in the model, which requires a camera
with high resolution. However, only 4 and 6 staged models can capture the trend of movement of
the facing blocks of the full-scale test, where the larger deformation occurred at the lower half of
the wall.

FIG. 3.10. Effect of staged construction on the wall facing displacement

3.4.3 Influence of the Loose Front
Figs 3.11 and 3.12 showed the influence of the loose front on the geogrid strain and wall facing
displacement, respectively.
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Generally, a loose front increased the strains of geogrid layers and the deformation of the wall
facing. Because of the larger deformation, the advantage of staged models can be more easily
observed. As shown in Fig 3.12, the model constructed in stages correctly predicted the elevation
of the maximum wall facing displacement, which is at the middle height of the wall. The
measured strain of the geogrid is also larger at the elevation where the larger wall facing
displacement is observed. By comparing the test results of models without loose front and with 1
m loose front, a loose front probably existed behind the wall facing in the field test. However, a
1 m loose front might be an overestimation.

FIG. 3.11. Effect of loose-front and staged construction on the geogrid strain
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FIG. 3.12. Effect of loose-front and staged construction on the wall facing displacement

3.5 Conclusions
By comparing the wall facing displacements and strains of the geogrid reinforcement, all
centrifuge models in this study showed satisfactory agreement with the full-scale wall test, but a
better agreement was achieved with the staged models. The following conclusions can be drawn
from the study:

1. 3D printed reinforcement layers simulating the stiffness of the reinforcement used in the fullscale wall. The measured strain showed good agreement with the full-scale wall test.

2. Centrifuge models with the staged construction technique showed better agreement in the
strain of geogrid layers and wall facing deformation for all tests.
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3. For the models without loose front, there was no significant difference in the wall facing
displacement by using the staged construction technique. The reason could be the camera used in
this test did not have a high resolution to detect the small difference. The maximum displacement
was only 1 mm, which requires high-resolution images for analysis.

4. For the models with 1 m loose front, there was an improvement in predicting wall facing
displacement by using the staged construction technique. As observed, only staged models can
correctly predict the elevation of maximum lateral displacement. However, when looking at the
strains of reinforcements and wall displacement, the results of the full-scale wall fell between
those of the centrifuge modeling without loose front and 1 m loose front, which indicated that a
loose front probably existed during the field construction but 1 m width was likely an
overestimation.

5. A loose front could significantly influence the wall performance, In this study, a 1 meter loose
front (with 80% density of original backfill) increased the overall strain of reinforcement layers
by about 70%. The maximum wall facing displacement changed from 2.5 cm to 5.2 cm in the
prototype.
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Chapter 4: Testing of Sand and Calibration of Unified Generalized
Plasticity Sand Model
4.1 Introduction
A unified generalized plasticity model based on the critical state concept was used to simulate
the behaviors of the backfill soils in the geosynthetic-reinforced gabion wall (Turkish Wall). The
selected soil model was proposed by Ling and Yang in 2006, which considers the effect of
density as well as the pressure-dependent behavior of sand. This model has been successfully
used for simulation of retaining walls under earthquake loading (Ling et al., 2010). Model details
are given in Appendix A.

There are 17 parameters to simulate the sand behaviors under different void ratios and pressure
conditions. In order to calibration the model, a series of monotonic and cyclic triaxial tests were
conducted under the drained condition. A comparison between simulated and experimental
results was made.

4.2 Index Properties of the Backfill
Three sieve analyses were conducted with the grain size distribution curves shown in Fig 4.1.
Due to the size limitation of the triaxial specimen, particles with a diameter larger than 20 mm
were sieved out. The distribution curve #1 was selected to prepare for the triaxial specimen; the
comparison from the specimen and the Turkish wall soil sample is shown in Fig 4.2. The index
properties are summarized in Table 4.1.
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Table 4.1. Index Properties of the backfill soils in the geosynthetic-reinforced gabion wall
Properties
Natural moisture content
Specific gravity
Gravel (%)
Sand (%)
Fines (%)
D50 (mm)
emin
emax

Value
8%
2.74
50
44
6
9
0.23
0.54

FIG. 4.1. Grain size distribution curve of the gabion wall backfill
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FIG. 4.2. Comparison of the triaxial specimen and the gabion wall backfill

4.3 Consolidated Drained Triaxial Test
The following apparatus are used during the test.


Axial loading jack



Axial load cell



Axial displacement measuring device (LVDT)



Axial piston



Triaxial compression chamber



The counter-balance device with weights



Pressure and vacuum gauges



Volume change measuring device (HC-DPT) for drained test



Effective stress measuring device (LC-DPT) for undrained test



Water reservoir



Rubber membrane and band
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3D printed mold for specimen preparation (drawings are shown in Fig. 4.3)



Freezer



Data acquisition system with loading control



gap sensors

FIG. 4.3. 3D drawings of the triaxial specimen mold

Five monotonic and three cyclic tests were conducted on cylindrical specimens of loose and
dense conditions. The size of each specimen is 15 cm high and 7.5 cm in diameter. The
specimens were prepared at desired relative density, submerged in water, then frozen in order to
be mounted to the triaxial device (Fig 4.4). The testing program is summarized in Table 4.2. For
the dense specimen, a test with higher confining pressure was not available because the deviator
stress at failure was greater than the load cell capacity. Fig 4.6 shows the specimen at the end of
the test.
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FIG. 4.4. Frozen triaxial specimen mounted frozen sample before testing

FIG. 4.5. Gravel specimen in triaxial device
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FIG. 4.6. Triaxial specimen after testing

Table 4.2. Summary of the triaxial test program
No. Relative Density Confining Pressure Loading Method Cyclic Deviator Stress
(%)
(kPa)
(kPa)
1
38
50
Monotonic
NA
2
38
75
Monotonic
NA
3
38
100
Monotonic
NA
4
38
50
Cyclic
5 to 100
5
38
50
Cyclic
5 to 140
6
80
30
Monotonic
NA
7
80
50
Monotonic
NA
8
80
50
Cyclic
5 to 100
An LVDT and a load cell were used to measure the axial displacement and load, respectively, for
the monotonic tests. Because of the small displacement in cyclic tests, a gap sensor was used to
measure the axial displacement for better accuracy. LC-DPT was used to measure the volume
change during shear for all tests. However, because of the small volume change during cyclic
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loading (e.g., the axial strain level was less than 0.2% for the dense specimen under 100 kPa
cyclic loading), the accuracy of the system was not enough to obtain a smooth volume change
curve.

4.4 Results of Triaxial Tests
Fig 4.7 shows the stress-strain and volume change curves for all monotonic tests. As shown, the
ultimate deviator stress increases with confining pressure and relative density. At the same
confining pressure, the critical stress of specimen with different relative density is roughly the
same (as shown in Fig. 4.8), which agreed with the critical state theory.

Generally, the failure strength increases with confining pressure and relative density. Dilation
behavior is more significant with small confining pressure and high relative density.
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FIG. 4.7. Stress vs. strain curve of backfill under monotonic loading
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FIG. 4.8. Influence of relative density on stress-strain behaviors of sand

The angle of internal friction obtained for the loose (Dr = 38%) and dense (Dr=80%) specimen
are 46.4° and 53.5°, respectively. The Mohr-Coulomb failure envelopes are shown in Figs 4.9
and 4.10, respectively.
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FIG. 4.9. Mohr-Coulomb failure envelope of the loose specimen (Dr = 38%)

FIG. 4.10. Mohr-Coulomb failure envelope of the dense specimen (Dr = 80%)

Fig 4.11 shows the results of the cyclic triaxial tests. All cyclic tests were conducted at the same
confining pressure of 50 kPa for comparison. Volumetric strain during cyclic loading was very
small (because the axial strain was less than 0.2% for the dense specimen under 100 kPa); the
small volumetric change was beyond the accuracy of the device. Thus, only stress-strain curves
are shown in this study.
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FIG. 4.11. Stress-strain behavior of backfill under cyclic loading with 50 kPa confining
pressure

4.5 Calibration of Unified Sand Model
Through user-defined material subroutines, the unified sand model developed by Ling and Yang
(2006) was implemented into Abaqus to simulate the stress-strain behaviors of the backfill soil.
An axisymmetric element was used to simulate the triaxial stress space. In order to simulate the
triaxial test, the vertical displacements and the rotation were retrained at the bottom, and the
horizontal displacement was restrained on the center axis. The confining pressure was applied on
the top and right side of the element, and deviator stress was applied to the top of the element.
The model is shown in Fig 4.12.

57

FIG. 4.12. Finite element modeling of the triaxial tests

In order to implement the model into Abaqus, 17 mechanical constants and 7 solution dependent
state variables were used. 17 mechanical constants are the same as the proposed model, include
elastic moduli G0 and K0, critical state line eГ and λC, phase transformation line Mg and mg,
plastic flow Mf and mf, constants related to loading modulus HL0, mb, and m0, constant related to
dilatancy α, constant related to unloading modulus HU0 and mU, and constants related to
reloading modulus β, κ, and γden. A large unloading modulus means the slope of the unloading
curve is similar to the slope of the elastic curve. Seven solution dependent state variables (noted
as STATEV in Abaqus) were used based on the original subroutine, including accumulated
58

plastic deviatoric strain ξ, accumulated plastic volumetric strain ε v, unloading flag, loading
direction change flag, the maximum stress ratio in history ηmax, updated unloading modulus, and
void ratio. All solution dependent state variables are updated and stored in each incrementation.
The determined values for the sand parameters are shown in Table 4.3.

Table 4.3. Parameters and calibration of the gabion wall backfill
Parameters
Elastic moduli
Critical state line
Phase transformation line
Plastic flow
Constants related to loading modulus
Constant related to dilatancy, flow
direction, and loading modulus
Constant related to unloading modulus
Constants related to reloading modulus

G0/pa
K0/pa
eГ
λC
Mg
mg
Mf
mf
HL0/pa
mb
m0
α

Values
230
300
0.506
0.109
1.88
2.5
0.36
1.5
120
5.4
4.1
0.42

HU0/pa
mU
β
κ
γden

80000
3.6
50
-1.5
280

Figs 4.13 and 4.14 show the comparison of the simulated stress-strain curves the experimental
results. In this study, the simulation was focusing on the dense soil behaviors based on the
relative density of the real backfill of the studied wall. As observed, the simulated curves agreed
with the experimental results obtained from the triaxial tests. The unified sand model based on
generalized plasticity is able to simulate the dilation behavior of dense gravel.
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FIG. 4.13. Stress-strain and volumetric strain behaviors of dense sand and Abaqus
simulation under monotonic loading
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FIG. 4.14. Stress-strain behaviors of dense sand and Abaqus simulation under cyclic
loading under 30 kPa confining pressure

After successfully calibrated the model, the same subroutine and parameters were used to
simulate the backfill of the reinforced soil retaining walls with gabion facing models, which will
be described in Chapter 5.

4.6 Conclusions
The following conclusions can be drawn based on the performed triaxial tests and simulated
results from Abaqus:

1. Five monotonic and three cyclic consolidated drained triaxial tests were conducted on 7.5 cm
diameter specimens prepared from the backfill soil of gabion walls. Stress-strain curves were
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obtained for specimens with different relative densities and confining pressures. The volumetric
strain vs. stress curves indicated dilatancy of the soil specimen with 80% relative density.

2. The unified generalized plasticity sand model has been successfully implemented into Abaqus
through the user-defined material function. A total of 17 mechanical constants and 7 solution
dependent state variables are included. The modified subroutine can be used for finite element
analysis in axisymmetric and plane strain conditions.

3. By creating an axisymmetric element in Abaqus, the triaxial tests can be simulated and used to
calibrate the parameters of the unified model. The 17 mechanical constants were determined
based on the test results of the backfill soil. The simulated stress-strain curves showed
satisfactory agreement with the curves obtained from monotonic and cyclic tests.

4. The same parameters and subroutine were used in the FE models of the reinforced soil gabion
retaining walls in the plane-strain condition. Details of the FE models are described in the
following chapter.
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Chapter 5: Finite Element Analysis of Reinforced Soil Retaining
Walls with Gabion Facing
5.1 Introduction
In this chapter, the reinforced soil retaining walls, as studied in Chapter 2, were analyzed using
Abaqus. The backfill soil was simulated by the unified sand model, as reported in Chapter 4. 2D
plane strain elements were used in the analysis, using the same subroutine was validated against
the triaxial test tests.

5.2 Numerical Modeling
Two-dimensional finite element models were analyzed using Abaqus to study the reinforced soil
gabions walls with different reinforcement spacings. Figs 5.1 and 5.2 show the numerical model
for the simulation of the walls with 2 m and 1 m vertical spacing, respectively. The height of the
model is 18.5 m, which included the 16 m tall wall and a 2.5 m soil foundation.

The boundary conditions are considered as follows. The bottom of the model was fixed in both
horizontal and vertical directions. The two sides of the model were fixed in the horizontal
direction, where only vertical displacement was allowed.

In Abaqus, the mesh is usually created locally for each part (e.g., each reinforcement layer and
each gabion block); thus, structured 4-node quadratic plane strain elements were selected for soil
body and gabion blocks to make sure the number of nodes is consistent on all interfaces of two
parts. The linear line beam element was used for both primary and secondary reinforcements. A
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total of 1898 nodes and 1677 elements were used in the model with 1 m vertical spacing
reinforcement.

FIG. 5.1. The numerical model with 2 m reinforcement spacing
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FIG. 5.2. The numerical model with 1 m reinforcement spacing

The colors for different materials are summarized in Table 5.1. As shown, there were a total of 4
different materials in the models.

Table 5.1. Summary of materials and colors
Material
Gabion Blocks
Soil
Primary reinforcement
Secondary reinforcement

Color
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5.3 Material properties
The material properties used in the analysis were based on the results of triaxial tests and wellestablished literature.

The gabion blocks were modeled as linear elastic material with the Mohr-Coulomb failure
criteria. The cohesion was 560 kPa, and the angle of internal friction was 44.8 degrees. Because
gabions are much stiffer than backfill soils, a linear elastic perfect plastic model is considered
sufficient to describe the stress-strain behavior of gabions. The Young's modulus, Poisson ratio,
cohesion, and internal friction angle were selected based on Jiang and Wang (2011) and Gu et al.
(2017). The values are summarized in Table 5.2.

The backfill and foundation were modeled using the unified sand model based on the critical
state concept and generalized plasticity, as proposed by Ling and Yang (2006). The triaxial test
results and calibration are reported in Chapter 4. The stress-strain behaviors under monotonic
and cyclic loading are shown in Figs 4.13 and 4.14, respectively. The used parameters are
summarized in Table 4.3.

The primary reinforcement (geogrid) and secondary reinforcement (gabion tail) are modeled as
linear line beam elements in Abaqus, which has stiffness and strength associated with the
deformation of the beam's axis. The cross-section of geogrid was 1 × 0.0024 m (width ×
thickness); the cross-section of gabion tail was 1 × 0.0027 m (width × thickness). The width of
reinforcement is the same as the wall to satisfy the plane strain condition. Table 5.3 summarizes
the properties of reinforcements.
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Table 5.2. Material properties of gabions
Density
2000 kg/m3
Elastic
E = 20000 kPa, Poison's Ratio = 0.3
Mohr Coulomb Plasticity Friction angle = 45°, cohesion = 560 kPa

Table 5.3. Properties of primary and secondary reinforcement
Parameters
Geogrid Gabion Tail
Length (m)
17.5
2
Thickness (cm)
0.24
0.27
Young's modulus (MPa)
2600
3700
Poisson's Ratio
0.1
0.1
Equivalent stiffness (kN/m)
6240
9990
Tensile strength (kN/m)
412
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5.4 Interfaces
In this study, the soil-block interface and block-block interface are simulated using the surface
based contact method in Abaqus. The properties of a contact pair include normal and tangential
behaviors. For normal behaviors, hard contact was selected for pressure-overclosure. For
tangential behavior, the penalty based friction formulation was used with friction coefficient
μ=tanδ, where δ is the friction angle of the interface. The friction angle between gabion blocks
was 35 degrees.

Primary reinforcement layers were simulated as embedded regions within backfill soil and
gabions. The embedded element technique in Abaqus is used to simulate a group of elements
(reinforcement) embedded in "host" elements (soil). This simulation method is widely used for
simulating beam elements embedded in a set of solid elements, which is similar to geogrid-soil
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interaction at small displacement. The secondary reinforcement layers were also simulated as
embedded regions within the backfill but tied to the gabions.

5.5 Dynamic Analysis
Following static (gravity) simulation, the dynamic analysis was conducted on the gabion wall
model. A few modifications were made based on gravity analysis.

A rigid box was added to simulate the shaking table test (as shown in Fig 5.3). The walls of the
box were set to be frictionless, where soil can move freely in the vertical direction. Compared
with previous boundary conditions of gravity analysis, a frictionless box is the same as a
boundary, which only allows vertical movement. The nodes at the bottom of the soil foundation
were tie to the box, to make the motion at the bottom of the foundation to be the same as the
input.

A 14-second horizontal acceleration was added to the box to simulate the horizontal shaking of
the wall, which consisted of 7000 steps with the step time intervals of 0.002 s. In this study, the
motions recorded by the Japan Meteorological Agency during the 1995 Kobe earthquake were
scaled and used for simulation. Fig. 5.4 shows the input motion used in this study; the maximum
acceleration was 0.4 g.
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FIG. 5.3. 2 m spacing model with a rigid box

FIG. 5.4. Motion input at the bottom of the model
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In addition to the material damping captured by the unified sand model, the Rayleigh damping ξ
was used to consider the system damping. The Rayleigh damping ξ can be expressed in terms of
the mass proportional coefficient α and stiffness proportional coefficient β as follows:

ξ=
Here,

α

β

is the fundamental frequency of the wall. Based on previous studies, such as Ling et al.

(2010), ξ equals 5% to 15% showed satisfactory agreement with the shaking table tests. Thus,
15% damping was adopted in this study.

In Abaqus, in order to use the user-defined material, stiffness proportional coefficient β need to
be set to zero; the input value for α in all of the simulations was set to 13.66.

The two parameters used as convergence criterion for displacement were set as R n = 0.005 and
Cn = 0.01, which are for the residual control and the solution correction control, respectively.
The same parameters were used for both static and dynamic analysis in this study.

5.6 Simulated Results from Static Analysis and Comparison
Figs 5.5 and 5.6 shows the deformed walls with 1 m and 2 m vertical reinforcement spacing,
respectively. As observed, the maximum lateral deformation occurred at around 5 m above the
ground. The unit of lateral displacement showed in the legend is in meters.
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FIG. 5.5. Deformed 2 m spacing model with lateral displacement contour under gravity

FIG. 5.6. Deformed 1 m spacing model with lateral displacement contour under gravity
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In order to verify the simulated results, comparisons between static analysis, centrifuge model
measurements (models with staged construction and simulating reinforcement stiffness), and
field measurements were conducted. The lateral wall facing displacement and the tensile force in
reinforcement layers for the wall with 2 m reinforcement spacing are compared in Figs 5.7 and
5.8.

FIG. 5.7. The simulated and measured wall facing displacement of the 2 m spacing wall

As observed, the numerically simulated results showed satisfactory agreement with the
measurements from the centrifuge model and full-scale wall. The output from Abaqus for
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reinforcement layers is stress in the horizontal direction; the tensile force was determined by
multiplying the stress with the cross-sectional area (0.0024×1 m2, thickness × width).

FIG. 5.8. Comparison of predicted and measured tensile force of the reinforcement of the
2 m spacing wall
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In addition, a similar analysis was conducted for the design with 1 m vertical spacing of the
reinforcement layer. The results of the wall facing displacement and tensile force of
reinforcement are shown in Figs 5.9 and 5.10. The comparison was conducted with the field
measurement data provided by Officine Maccaferri SpA and measurements of the centrifuge
model.

By changing the vertical spacing from 2 m to 1 m, the total number of primary reinforcement
layers was increased from 8 to 15. The lateral displacement of the wall facing and the tensile
force of reinforcement were all reduced due to the increased number of reinforcement layers.

FIG. 5.9. The simulated and measured wall facing displacement of the 1 m spacing wall
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FIG. 5.10. Comparison of predicted and measured tensile force of the reinforcement of
the 1 m spacing wall

As observed in Figs 5.7 and 5.9, finite element models cannot predict the scatterings of the wall
facing displacements, which were observed from centrifuge modeling and field measurements.
The numerically predicted displacements are around the average of field measurements. The
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numerically predicted tensile force of reinforcement mostly fell between field measurements and
centrifuge measurements.

Fig 5.11 compares the wall facing displacements between the two designs. As observed, the
maximum displacement reduced from 3.5 cm to 3.1 cm by reducing the vertical spacing from 2
m to 1 m based on the numerical analysis. In other words, the doubled usage of reinforcement
only resulted in about a 10% reduction of the maximum wall facing deformation. This is in
agreement with the conclusion obtained from the centrifuge model study. However, the field
measurements did not show much difference between the two designs.

FIG. 5.11. Comparison of the wall facing displacement between 2 m and 1 m vertical
spacing
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A comparison of the tensile force is shown in Fig. 5.12. Overall, the tensile force in the
reinforcement layers reduced by about 15% because of the reduced vertical spacing between the
reinforcement layers. However, for both designs, the measured maximum tensile force was much
lower than the ultimate tensile strength of the geogrid used in the field.

FIG. 5.12. Comparison of tensile force of reinforcement of the two designs
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5.7 Simulated Results from Dynamic Analysis and Comparison
After the simulation of 14 seconds shaking in 7000 steps (increment = 0.002 s), Abaqus provided
outputs including acceleration, velocity, displacement, strain, and stress.

Figs 5.13 and 5.14 show the lateral displacement vector diagram of the two models at the end of
shaking.

FIG. 5.13. 2 m spacing model: horizontal displacement vector diagram at the end of the
shaking
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FIG. 5.14. 1 m spacing model: horizontal displacement vector diagram at the end of the
shaking

The residual wall facing displacements are determined by calculating the relative displacement
between the wall facing displacement from the rigid box, the comparisons between displacement
from static analysis and shaking residual are shown in Figs 5.15 and 5.16. Based on the plots,
for the model with 2 m vertical spacing, the maximum displacement increased from 3.5 cm to
4.3 cm, and the elevation where the maximum displacement occurred changed from 5 m to 8 m.
For the model with 1 m vertical spacing, the maximum displacement increased from 3.1 cm to
3.7 cm, and the elevation where the maximum displacement occurred changed from 5 m to 7 m.
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FIG. 5.15. 2 m spacing model: comparison of the lateral wall facing displacement from
gravity and after dynamic load

FIG. 5.16. 1 m spacing model: comparison of the lateral wall facing displacement from
gravity and after dynamic load
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The settlement of the backfill behind the wall facing block during shaking for the two models is
shown in Fig 5.17. As observed, the settlement increased from 5.18 cm to 5.85 cm for the model
2 m vertical spacing; the settlement increased from 5.07 cm to 5.68 cm. Fig 5.18 shows the
comparison of the residual backfill settlement for the two models. For both models, the largest
settlement was observed close to the wall facing. The differential settlement was determined as
1.33 and 1.14 cm for the two models, respectively.

FIG. 5.17. Backfill settlement during shaking
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FIG. 5.18. Comparison of residual backfill settlement

The tensile force distribution when the maximum tensile force occurs during shaking is shown in
Figs 5.19 and 5.20. By comparing the distribution after gravity analysis and during the 14
seconds shaking, the location where the maximum tensile force occurred remained the same. For
the model with 2 m vertical spacing, the maximum tensile force was observed from the layer at
H = 6 m and located about 5 m from the wall facing. For the model with 1 m vertical spacing, the
maximum tensile force was observed from the layer at H = 5 m and located about 5 m from the
wall facing.

The curves of maximum tensile force vs. time during the dynamic analysis are shown in Fig 5.
21 for the two models, along with the motion applied at the bottom of the model.
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FIG. 5.19. 2 m spacing model: tensile force distribution of reinforcements when
maximum tensile force occurs

FIG. 5.20. 1 m spacing model: tensile force distribution of reinforcements when
maximum tensile force occurs
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FIG. 5.21. The maximum tensile force of reinforcement vs. time with applied
acceleration input

As observed in Fig 5.21, the maximum tensile force of reinforcement was 23.3 and 19.5 kN/m
for the models with 2 m vertical spacing and 1 m vertical spacing, respectively. By comparing
the tensile force change and the input motion, it was observed that the tensile force increased
when the acceleration became negative ( towards the left in the models). The reason is when the
rigid box moved towards the back of the wall (to the left), the wall facing still had the tendency
to remain at its position due to inertia; the overall soil body was under stretching, which caused
the increased tension within reinforcement layers.

Figs 5.22 and 5.23 showed the tensile force of reinforcement layers under gravity and at the end
of the dynamic analysis. By comparing the two figures, the tendency of tensile force increment is
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about the same for the two models: the tensile force increased more at the upper layers; the
tensile force increased more when closer to the wall facing.

By calculating the difference, the increment of tensile force ranged from 8% to 36% for the
model with 2 m spacing, ranged from 8% to 32% for the model with 1 m spacing.

FIG. 5.22. 2 m spacing model: tensile force in reinforcement layers
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FIG. 5.23. 1 m spacing model: tensile force in reinforcement layers

In addition to the wall facing displacement and tensile of reinforcement, the acceleration
response of backfill was determined at different elevations and at 1 m behind the wall block. Figs.
5.24 and 5.25 show the results for the two models. As observed, there is no significant difference
between the two models.
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FIG. 5.24. 2 m spacing model: acceleration response of backfill soil
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FIG. 5.25. 1 m spacing model: acceleration response of backfill soil
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From Figs 5. 24 and 5.25, the amplifications at different elevations for the two models were
determined by calculating the ratio between the maximum acceleration response and the
maximum acceleration of input. Fig 5.26 shows the amplification vs. elevation curves.

FIG. 5.26. Amplification vs. elevation

The model with larger vertical spacing (2 m) of reinforcement showed rather similar
amplification than the model with smaller vertical spacing (1 m). The largest amplification was
observed from the top of the wall for both models. Overall, the amplification ranged from 1.1 to
1.33.
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5.8 Conclusions
Based on the results obtained from finite element models under gravity and a 14-second dynamic
load with 0.4 g maximum acceleration, the following conclusions can be drawn:

1. By comparing the lateral wall facing displacements and tensile force of reinforcement layers,
both models (1 m and 2 m spacings) showed satisfactory agreement with the field measurements
under gravity.

2. Based on the predicted results under gravity, by reducing the vertical spacing of reinforcement
from 2 m to 1 m, the maximum lateral displacement of the wall facing reduced from 3.5 cm to
3.1 cm, and the tensile force reduced by about 15%.

3. Finite element models cannot predict the scatterings of the wall facing displacement, which
was observed from centrifuge models and field measurements. The numerically predicted
deformation was similar to the average value of field measurements.

4. By comparing the lateral displacement of the wall facing under gravity and after shaking, the
maximum displacement increased about 23% (from 3.5 cm to 4.3 cm) for 2 m spacing model and
about 19% (from 3.1 cm to 3.7 cm) for the 1 m spacing model. In addition, the location of the
maximum lateral wall facing displacement changed from 5 m to 8 m for the 2 m spacing model,
and 5 m to 7 m for the 1 m spacing model, which indicated a possible change in the failure
mechanism.
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5. By comparing the backfill settlement right behind the wall facing block before and after
shaking, the settlement increased 13% (from 5.18 cm to 5.85 cm) for the 2 m spacing model and
12% (from 5.07 cm to 5.68 cm) for the 1 m spacing model. The differential settlement of the
backfill after shaking was 1.33 and 1.14 cm for the two models, respectively.

6. By comparing the tensile force of reinforcement under gravity and after shaking, the
maximum tensile force increased by about 19% ( from 19.6 kN/m to 23.3 kN/m) for the 2 m
spacing model; increased about 16% (from 16.8 kN/m to 19.5 kN/m) for the 1 m spacing model.
The location of the maximum tensile force remained the same under gravity and dynamic load.
However, the observed maximum tensile force was still less than 10% of the ultimate tensile
strength of the geogrid (about 400 kN/m) used in the wall.

7. Amplification was determined from the backfill soil response at 1 m away from the wall
facing block and at different elevations. There was no significant difference between the two
models; the maximum amplification was 1.33 for the two models and occurred at the top of the
wall for both models.
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Chapter 6: Finite Element Analysis of Reinforced Soil Retaining
Walls with Concrete Block Facing
6.1 Introduction
In this chapter, the reinforced soil retaining wall as studied in Chapter 3 was analyzed using
OptumG2 (OptumCE, 2016), a 2D finite element software for plane strain analysis. Different
from Abaqus, OptumG2 is a software specialized in geotechnical problems, where geotechnical
features, such as reinforcement, are included. It is relevant for limit analysis. It, however, lacked
the capability for conducting dynamic analysis. This study focused on the influence of staged
modeling and loose front on the wall facing deformation using the numerical method, thus
OptumG2 was an appropriate tool.

6.2 Numerical Model Setup
The FE model of the concrete block reinforced soil retaining wall is shown in Fig 6.1. The height
of the wall was 6 m, and the length of the backfill was 7 m, which is double of the geogrid
length to eliminate the boundary effect. The size of the foundation was 5 × 12 m (height ×length).
In order to simulate the concrete foundation used in the full-scale wall test, elastic material with
a large young's modulus (2000 MPa) was used for the foundation in this study.

In order to study the influence of the construction sequence, the geometry of the retaining wall
was constructed in 13 stages. The first stage only included the initial ground (foundation), then
one block and soil layer were added in each following stage. Thus, the 13th stage included the
foundation and 12 blocks with soil layers to present the completed wall. A total of five models
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were conducted with different simulation sequence. Firstly, all models were started with initial
stress analysis of the concrete foundation, then the 6 m tall wall was simulated with 1, 2, 4, 6,
and 12 stages, respectively. The simulation stages are summarized in Table 6.1.

In addition, three models with 1 meter loose front behind the facing blocks were constructed to
study its influence on the wall facing displacement, shown in Fig 6.2. The properties of the loose
front were reduced to 90%, 80%, and 70% of the original backfill, respectively. For example, the
density and Young's modulus of the loose front in Model 5b were reduced to 12.8 kN/m 3 and
16.6 MPa, respectively.

Table 6.1. The summary of numerical model construction stages
Model #

# of stage

1
2
3
4
5
5a
5b
5c

1
2
4
6
12
12
12
12

height of each
increment (m)
6
3
1.5
1
0.5
0.5
0.5
0.5

loose front
reduction
NA
NA
NA
NA
NA
0.9
0.8
0.7

For boundary conditions, the bottom of the model was fixed in both horizontal and vertical
directions. The two sides of the model were fixed in the horizontal direction, where only vertical
displacement was allowed.
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Six node Gauss triangle element was used in this study. Mesh adaptive was used based on shear
dissipation. A total of 1269 elements and 3807 nodes were used in the analysis. The mesh of the
completed wall is shown in Fig. 6.3.

FIG. 6.1. Numerical Model Drawing of the Concrete Blocks Wall in OptumG2
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FIG. 6.2. Numerical Model Drawing of the Concrete Blocks Wall with 1 m loose front

FIG. 6.3. Finite Element Mesh of Completed Wall
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6.3 Material Properties
The material properties used in this analysis were based on the results of testing reported by Ling
et al. (2000); some of the tests were conducted at Columbia University.

The concrete blocks and foundation were simulated using a linear elastic model. The elastic
properties are summarized in Table 6.2.

Table 6.2. Material properties of concrete (blocks and foundation)
Unit weight (kN/m3)
23
E (MPa)
2000
υ
0.17
Material Type
Linear Elastic
The backfill was modeled using the linear elastic-perfectly plastic model with the MohrCoulomb Failure criteria. The angle of internal friction and dilation angle were determined from
the triaxial compression tests reported by Ling et al. (2000), as shown in Figs 6.4 and 6.5. The
angle of internal friction at the peak (ϕp) and the critical state (ϕc) were determined as 41.2 and
39 degrees, respectively. The dilation angle (ψ) was estimated as 4 degrees based on the
following equation:
ϕ p - ϕc = r ψ
where r = 0.8 for plane strain condition (Bolton, 1986)
0.5 for triaxial condition (Salgado, 2008)
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Table 6.3 summarizes the properties of the backfill. For the loose front of Model 5a, 5b, and 5c,
the unit weight was reduced to 14.4 kN/m3, 12.8 kN/m3, and 11.2 kN/m3, respectively. The
Young's modulus was reduced to 18.6 MPa, 16.6 MPa, and 14.5 MPa, respectively.

Table 6.3. Material properties of backfill soil
Unit weight (kN/m3)
16.0
E (MPa)
20.7
υ
0.42
ϕ (°)
41.2
ψ(°)
4
Material type
Mohr-Coulomb

FIG. 6.4. The triaxial test result of backfill (Ling et al. 2000)
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(a)

(b)

FIG. 6.5. (a) Failure envelope at ultimate strength (b) Failure envelope at the critical state

Geosynthetic reinforcement was simulated using the geogrid feature of the software, which is a
one-dimensional element. The stiffness and tensile strength were 704 kN/m and 55 kN/m,
respectively, determined from the tensile test results, as reported by Ling et al. (2000).
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6.4 Interactions
In OptumG2, geogrid - soil interface prop is described as a part of the geogrid properties. The
interface was modeled as the backfill properties with a strength reduction. The reduction ratio
was determined as follows:
Strength reduction = tanδ / tanϕ = 0.46
where soil-geogrid interface friction angle δ= 22.0°
backfill friction angle ϕ = 41.2°
The concrete-concrete interface friction angle was 45°, and the concrete-soil interface friction
angle was 16.5 °. Both values were determined from the direct shear test performed by Ling et al.
(2000). Both concrete-concrete and concrete-soil interactions are modeled as shear joints with
Mohr-Coulomb failure criteria.

6.5 Comparison of Results
The measured wall facing displacements are compared with the numerical analysis results and
discussed in the following section.

Fig 6.6 shows the simulated horizontal wall facing displacements from Models 1, 2, 3, 4, and 5.
As observed, there is a significant difference when predicting the horizontal displacements of the
upper part of the wall.

Fig 6.7 shows the comparison of the simulated curves and the measured horizontal displacement
of the wall facing. Both analyses underestimated the overall displacement when compared with
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the full-scale wall; however, the 12 staged model shows better agreement with the physical
measurement.

FIG. 6.6. Influence of model stages on wall facing displacement

FIG. 6.7. Simulated and measured horizontal wall facing displacement
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Fig 6.8 shows the simulated strain of reinforcement layers from Model 1, 2, 3, 4, and 5. As
observed, there are significant differences in the upper part of the wall ( H= 4.55 m and H = 5.55
m). In addition, there is a noticeable difference at H =1.55m, which is close to the bottom of the
wall.

FIG. 6.8. Influence of model stages on reinforcement strain

Fig 6.9 shows the comparison of the simulated curves and the measured strain of reinforcement
layers. Similar to the observation from the predicted wall facing deformation, both analyses
underestimated the overall reinforcement strain at the lower part of the wall; however, the 12
staged model shows better agreement with the physical measurement.
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FIG. 6.9. Simulated and measured strain of reinforcement layers

Figs 6.10 and 6.11 shows the comparison of the simulation results of Model 5 and the results of
the Model 5b, 5c, and 5d, where the material properties of the backfill close to the wall facing
were reduced to 90%, 80%, and 70% of original backfill. As observed, the horizontal wall facing
displacements and the strain of reinforcement increased with the reduction of soil front
properties.
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FIG. 6.10. Influence of loose front properties on the wall facing displacement

The largest displacement at the end of construction is about 3 cm, which was observed from the
model with 1 m loose front with 70% of backfill properties. All numerical models
underestimated the displacement of the bottom block because the actual wall was constructed
with a load cell placed at the base of the wall facing column, while the numerical models assume
the blocks are directed placed on the foundation.

103

FIG. 6.11. Influence of loose front properties on the strain of reinforcement layers

Similar to the predicted horizontal displacement of wall facings, the predicted strain of
reinforcement layers at the bottom part of the wall was underestimated.

6.6 Conclusions
By comparing the wall facing displacement between FE models and field measurements, the
following conclusions can be drawn from the study:

1. Numerical models with staged simulation showed better agreement with the measured wall
facing displacement of full-scale wall tests.
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2. The predicted wall facing displacement can be significantly influenced by the number of
stages of the simulation. Both maximum displacement and location of the maximum
displacement are affected.

3. For numerical modeling of reinforced soil retaining walls, the number of simulation stages
equals to the number of the actual wall construction stages (e.g., the number of facing blocks and
the number of reinforcement layers) is preferred.

4. A 1 m loose front behind the wall facing was included in several models to evaluate its
influence on the wall facing displacement and the strain of reinforcement layers. By comparing
the simulated results and the full-scale wall measurements, a loose front behind the wall facing
probably existed. The properties of the loose front may notably affect wall performance.

5. The boundary condition of the wall facing toe could notably affect the predicted wall
deformation. During the full-scale wall test, the load cell installed at the bottom of the wall
facing column might reduce the resistance and increased the wall facing displacement at the toe.
However, FE models in this study did not consider the installed load cell underneath the wall
facing column.
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Chapter 7: Conclusions
7.1 Conclusions and Recommendations
In this study, centrifuge models and FE models were conducted on two different types of
geosynthetic-reinforced soil retaining walls to study the wall performance, including the tensile
force of reinforcement layers, the lateral earth pressure behind the wall facing, and the wall
facing deformation.

For centrifuge models, a multi-staged construction technique was proposed to simulate the
construction sequence in the field. The measurements of one-staged models and multi-staged
models were compared with the field measurements. Centrifuge models with reinforcement
layers simulating strength and stiffness of the prototype geogrid were constructed, respectively,
and compared. In addition, to minimize the effect of compaction to wall facing, backfill close to
the wall facing is usually not as well compacted in the field. In order to study its influence, a
series of centrifuge models of concrete block reinforced soil retaining walls with a 1 m loose
front was constructed.

For FE models, a unified sand model based on the critical state concept was used to simulate the
backfill of gabion walls. Consolidated drained triaxial tests were conducted to study the backfill
soils. Parameters of the unified model were calibrated based on the test results of the triaxial tests
and used in the models of gabion walls. Predicted lateral displacement of wall facing and tensile
force of reinforcement under gravity were compared with the field measurement of the full-scale
gabion wall. Satisfactory agreement between numerical models and the field measurements were
achieved before further dynamic analysis in Abaqus. Beside Abaqus, two-dimensional FE
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models of the concrete block walls were conducted using OptumG2. These models were used to
further study the influence of simulation stages and loose front on the wall deformation under
gravity. Predicted lateral displacement was compared with the measurement of the full-scale wall.

Experimentally, this study implied the importance of the multi-stage constructed centrifuge
modeling technique and with reinforcement simulating stiffness vs. strength of the prototype
reinforcement. Numerically, this study showed the use of finite element models to evaluate the
reinforced soil retaining walls with different types of facing. Unified sand models were used
within FEM to evaluate the wall performance under gravity and dynamic load. These phases of
the study led to the drawing of the following conclusions:



Centrifuge models prepared with multi-staged construction techniques showed better
agreement with the field measurements than the models prepared with single-stage
construction. Simulation of the construction sequence is necessary to obtain a
satisfactory assessment of GRS-RWs performance by using centrifuge models. This
conclusion was verified by centrifuge modeling of gabion walls and concrete block
walls.



When deformation of the prototype wall is small, high-resolution images are required
to determine the wall facing displacements from each model construction accurately.
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When selecting materials to simulate the reinforcement in a centrifuge model of
reinforced soil retaining wall, it is usually very difficult to satisfy both stiffness and
strength of prototype reinforcement after considering the scale factors. In this study,
models with reinforcement simulating the stiffness of the prototype geogrid showed
better agreement with the field measurements than the models with reinforcement
simulating the strength of the prototype geogrid.



When comparing centrifuge models constructed with different stiffnesses of
reinforcement, the difference of displacements was small. Thus, the effects of
reinforcement stiffness on deformation may not be as significant if it is beyond
certain values. In other words, the advantage of using extremely stiff reinforcement
(usually the one with high strength) could be limited when focusing on the wall
facing deformation.



For the gabions walls reinforced with reinforcement of different vertical spacings,
both the centrifuge models and FE models showed the doubled usage of
reinforcement only resulted in about 10% reduction of the maximum lateral wall
facing displacements. However, based on the results of centrifuge models, the
location of maximum displacement was different, which may indicate a change in the
potential failure mechanism.



Based on the centrifuge models and FE models of the reinforced soil retaining wall
with concrete block facing, the influence of loose front was studied. A 1 m wide
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loose front increased the overall strain of reinforcement layers by about 70%. In
addition, as observed from the centrifuge models, the maximum wall facing
displacement increased from 2.5 cm to 5.2 cm in the prototype of the 6-m tall wall.
Based on the comparison of FE models and field measurements of the concrete block
wall, a loose front has probably existed during the field construction.



The unified sand model based on critical state concept and generalized plasticity was
successfully implemented into Abaqus and used to simulate axisymmetrical
problems (triaxial condition) and plane strain problems (retaining wall). By properly
calibrate the sand model, it simulated the soil behaviors satisfactorily under
monotonic and dynamic loadings.



The dynamic analysis of the gabion walls showed both designs (2 m vertical spacing
and 1 m vertical spacing) are stable when subjected to horizontal acceleration up to
0.4 g at the bottom of the wall. Under the same dynamic load, the wall with a larger
vertical spacing of reinforcement will experience a larger increase of wall facing
deformation and the tensile force in reinforcement layers.



3D printing could be used in geotechnical related experiments. Printed reinforcement
layers simulating the prototype stiffness was successfully used in the centrifuge
models. The measured strain of the printed reinforcement layers showed good
agreement with the full-scale wall test. 3D printed triaxial specimen mold was an
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economical alternative. It showed sufficient mechanical properties when preparing
the gravel specimen using the frozen method.

7.2 Recommendations for Future Studies
The following aspects have been recommended for further studies of the GRS-RWs
experimentally and numerically.



In this study, all centrifuge models were analyzed only under self weight centrifugal
acceleration. Additional surface load and dynamic load can be used to further study
the wall performance through centrifuge modeling technique.



Parametric study of the gabion facing reinforced soil retaining walls can be
conducted, such as the length of reinforcement layers, the relative density of the
backfill, and the moisture content of the backfill.



It could be interesting to observe the behaviors of the centrifuge models of the GRSRWs under rainfall. Similar experiments could be conducted as in Ling and Ling
(2012) for the slope stability under rainfall in a centrifuge.



In this study, finite element models were conducted without considering the
compaction of each soil layer. Further study can be conducted to evaluate the
influence of compaction during wall construction. Insight of the induced strain and
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stress from compaction and their influence on the wall performance could be an
extended topic for future studies.



The used soil model only considers the plastic behaviors of backfill soil and
assuming isotropic conditions. Viscous behaviors of soil and reinforcement could
play an important role when conducting a dynamic analysis. In addition, backfill
material could be anisotropic because it was compacted in layers.



3D numerical analysis can be conducted on the studied walls. Motions, along with
different directions and with intensity, can be used to study the wall performance
under dynamic loading.
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Appendix A
Unified Sand Model Based on the Critical State and Generalized Plasticity, Ling and Yang
(2006)

1. Elastic Behavior
The elastic matrix comprised of two elastic constants: shear modulus and bulk modulus (G and
K). Hardin and Richard (1963) equations are used in current model, which considers the effects
of pressure level p' and void ratio e:
Gmax = G0
Kmax = K0

2. Dilatancy
The expression for dilatancy is as follows；
dg=(1+α)(Md-η)
Md = Mg exp(mgψ)
state parameter ψ= e - ec
where Mg= slope of the critical state line in the p'-q plane, α =parameter, η = q/p', and
ec=critical state void ratio, which can be determined as follows:
ec = eГ - λC

0.7

3. Plastic Flow
The plastic flow direction vector ngL and the loading direction vector n are expressed as follows:
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)T

ngL =

)T

n=

df is a loading direction vector which can be determined as follows:
df=(1+α)(Mh-η)
Mh = Mf exp(mf (1-e))
where Mf and mf = constants.

4. Loading Plastic Modulus
The expression of the loading plastic modulus HL is expressed as:
HL = H0

Hf(Mb -η)/ η

where H0 is a function of void ratio, Hf = plastic coefficient, and Mb is a function of the state
parameter.
Hf = (1-

)4

= (1 +1/α)Mf
H0= HL0exp(m0(1-e))
Mb=Mg exp(-mbψ)
5. Reloading Plastic Modulus
The reloading modulus is expressed as:
HL = βrHdenH0

Hf(Mb -η)/ η

where Hden = densification factor and βr = modulus degradation factor, γden and κ = constants.
Hden=exp(-γdenεv)
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βr =(1+1/α +η/Mg)-κ
The expression of Mb is modified when reloading:
Mb=Mg exp(-mcψ)
mc=mg-(mg+mb)exp(-βξ)
where β = positive parameter and ξ = accumulated plastic deviatoric strain

6. Unloading Modulus
The unloading modulus is defined as:
HU = HdenHU0

Hf(Mg /ηu)mU for

HU = HdenHU0 for

η

η

The plastic strain develops during unloading, thus the flow direction vector under unloading is
expressed as
)T

ngU =
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Appendix B
Subroutine for User Defined Material in Abaqus
The following sequence was used in the subroutine when implementing the unified sand model
into Abaqus:

Table B.1. Model parameters and corresponding locations in the subroutine
G0
K0
eГ
λC
Mg
mg
Mf
mf
HU0/pa
mb
m0
α
HU0
mU
β
κ
γden

props(1)
props(2)
props(3)
props(4)
props(5)
props(6)
props(7)
props(8)
props(9)
props(10)
props(11)
props(12)
props(13)
props(14)
props(15)
props(16)
props(17)
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Appendix C
Mohr-Coulomb Plasticity Constitutive Model in OptumG2
The constitutive model was chosen to simulate the plasticity behavior of soils in the FE software
OptumG2 was the Mohr-Coulomb elastic-perfectly plastic material law. The yield function of
Mohr-Coulomb material is defined by two parameters, cohesion (c) and angle of internal friction
( ). The flow rule is generally nonassociated and defined by a dilation angle. Mohr-Coulomb is
a widely used model when solving geotechnical engineering problems.

1. Yield Criteria
The basic Mohr-Coulomb yield function is given by:
F=
where

and

are the major and minor principal stresses. Fig C.1 showed the possible

depictions of the Mohr-Coulomb yield surface.

2. Flow Rule
The Mohr-Coulomb flow potential is given by:
For associated flow,
G=F
For nonassociated flow,
G=
where

is the dilation angle.
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FIG. C.1. Possible depictions of Mohr-Coulomb yield surface in principal stress space.
(OptumG2, 2019)
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