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a b s t r a c t

In addition to self-weight and vertical surcharge, geosynthetic-reinforced soil (GRS) structures have
recently been used as barriers to resist lateral forces from natural disasters, such as floods, tsunamis,
rockfalls, debris flows, and avalanches. The stability of such structures subject to lateral loading is often
evaluated using conventional external stability analyses with the assumption that the reinforced soil
mass is a rigid body. However, this assumption contradicts the flexible nature of reinforced soil. In this
study, finite element (FE) models of back-to-back GRS walls were developed to investigate the perfor-
mance of GRS barriers subject to lateral loading. The FE analysis results indicated that the failure mode
and lateral bearing capacity of GRS barriers depend largely on the aspect ratio (L/H: ratio of wall width to
wall height). When 0.5 < L/H < 1.0, the GRS barriers would fail internally because of internal sliding along
the soilereinforcement interface at the loading side and the active soil failure at the opposite side. When
1.0 < L/H < 3.0, bottom sliding failure would occur along the foundationereinforcement interface. When
L/H > 3.0, passive soil failure would occur within the GRS barriers at the side subject to the lateral force.
The ultimate lateral bearing capacity of GRS barriers increased with an increase in L/H: the ultimate
lateral capacity factor NL was 1.4e20.1 times Ka for L/H ¼ 0.5e3.0. In addition to the effect of L/H, the
numerical results indicated that the backfill friction angle f, unit weight g, and reinforcement vertical
spacing Sv considerably affected the lateral bearing capacity of GRS barriers. A hypothetical case study of
a GRS barrier against a tsunami force is provided, and a viable method using vertical preloaded soil
anchors for improving wall lateral capacity is analyzed and discussed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Geosynthetic-reinforced soil (GRS) retaining structures have
been widely used in various projects, including buildings, high-
ways, and bridge abutments, to provide improved load bearing
behavior. Many past studies focused on the performance and sta-
bility of GRS structures subject to vertical loadings (Anubhav and
Basudhar, 2011; Ehrlich and Mirmoradi, 2012; Ehrlich et al., 2013;
Santos et al., 2013, 2014; Damians et al., 2014; Mirmoradi and
Ehrlich, 2014; Cristelo et al., 2016; Nicks et al., 2016). In addition
to general applications to carry self-weight and vertical surcharge,
GRS structures have recently been used as barriers to resist lateral
ng), Jonathan.Wu@ucdenver.
en), ericchin21020@hotmail.
forces from natural disasters, such as floods, tsunamis, rock falls,
debris flows, and avalanches (Brandl, 2011; Fowze et al., 2012;
Kuwano et al., 2012; Lambert and Bourrier, 2013; Koseki and
Shibuya, 2014), and to protect shorelines (Recio-Molina and
Yasuhara, 2005; Yasuhara and Recio-Molina, 2007).

Kuwano et al. (2012) summarized seismic performance of
approximately 1600 walls subject to direct impact of the 2011
Tohoku earthquake and tsunami. They observed that more than
90% of the walls did not show any damage. Only less than 1% of the
walls were critically damaged because of soil erosion caused by the
tsunami. Therefore, multiple tsunami defense facilities using GRS
structures (Fig. 1) were proposed by the Japanese Geotechnical
Society (JGS, 2011) after the 2011 Tohoku earthquake. Yasuhara and
Recio-Molina (2007) conducted a series of model tests on geotextile
wrap-around revetments (GWRs) against wave action. The GWRs
were stable against the wave action, and their stability can be
further increased with a few simple modifications (i.e., GWRs with
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Fig. 1. Multiple tsunami defense facilities using GRS structures proposed by the Japanese Geotechnical Society after the 311 Great East Japan Earthquake in 2011 (replotted from JGS,
2011).
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a seaward face are injected with mortar, and the reinforcement
layers are sewn together). Moreover, their tests demonstrated that
GWRs performed favorably against differential settlement and
scour erosion.

Ronco et al. (2009) and Peila et al. (2007) performed several full-
scale tests and finite element (FE) dynamic modeling of reinforced
embankments for rockfall protection. Embankments made of
various geogrid types, soils, and construction layouts were tested at
various impact energy levels to evaluate the resistance impact of
these structures. They concluded that among various protection
methods, reinforced embankments can be considered an effective
technique. Walz (1982) conducted 20 dynamic 1 g model tests on
protective barriers against rockfalls (reported by Brandl, 2011). The
GRS barriers effectively absorbed the impact energy from rockfalls.
Lambert and Bourrier (2013) provided a comprehensive review of
rockfall protection by using GRS embankments. In Taiwan, many
GRS embankments have been constructed as debris and rockfall
barriers (Fig. 2). In addition to lateral loadings induced by nature,
impact of lateral loadings from blasts on reinforced soil (Tuan,
Fig. 2. Application of GRS structures against debris flow in mountain area in Taiwan: (a) de
front view; and (C) back view of a GRS embankment (wrapped around facings) as a debris
2013) and impact of traffic on reinforced structures (Soude et al.,
2013; Kim et al., 2010) have been investigated.

Earthquake-induced seismic loading is another type of lateral
loading on GRS structures. The performance of GRS structures un-
der seismic loadings has been extensively investigated, and these
studies have reported satisfactory performance of GRS structures
against seismic loadings (e.g., Tatsuoka et al., 1995; Bathrust and
Hatami, 1998; Matsuo et al., 1998; El-Emam and Bathurst, 2004,
2005, 2007; Ling et al., 2005; Nova-Roessig and Sitar, 2006; Krishna
and Latha, 2007; Latha and Krishna, 2008; Liu et al., 2010; Huang
et al., 2010, 2011; Murali and Madhavi, 2012; Vahedifard et al.,
2013; Ren et al., 2016). The seismic design methods in design
guidelines (Berg et al., 2009; Elias et al., 2001) typically assume
seismic loading to be an inertial force that acts laterally on the
centroid of the failure mass of reinforced soil to assess seismic in-
ternal stability, and use the pseudostatic MononobeeOkabe
method to calculate the dynamic earth pressure to evaluate seismic
external stability. Notably, GRS structures directly subject to lateral
impacts from natural disasters may respond differently to those
bris deposited on the local road (Tai 140 Line) before construction of a GRS barrier; (b)
barrier.
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under seismic loadings. However, in contrast to seismic studies,
studies on performance and stability of GRS structures subject to
lateral loadings are relatively limited.

Design of GRS walls against various external modes of failure
(i.e., sliding and overturning failures) has been addressed in GRS
structure design guidelines (e.g., Berg et al., 2009; Elias et al., 2001)
by considering active earth pressure from retained soils that acts
laterally on the GRS walls. Some studies (Choudhury and Ahmad,
2007; Yasuhara and Recio-Molina, 2007) have adopted a similar
force and moment equilibrium approach to assess the stability of
GRS retaining structures subject to lateral loadings. In these ap-
proaches, the reinforced soil mass is treated as a rigid body, which
is independent of soil and reinforcement strength properties.
However, this assumption contradicts the flexible nature of rein-
forced soil and likely cannot accurately describe the behavior and
failure mode of GSR structures subject to lateral loadings. In addi-
tion, sophisticated methods have been proposed to investigate the
kinematic energy and dynamic impacts of rockfalls (Brandl, 2011;
Ronco et al., 2009; Peila et al., 2007).

This study aimed to (1) develop a FE model for GRS walls with
back-to-back configuration and (2) investigate the failuremode and
lateral bearing capacity of GRS barriers subject to lateral loadings.
First, a back-to-back GRS wall model was developed and verified
using experimental results of a large-scale test on a GRS wall.
Previous studies have analyzed GRS walls with a typical configu-
ration (i.e., with retained soil behind awall) by using numerical and
physical measures. However, GRS walls with back-to-back config-
urations have not been thoroughly studied, especially for applica-
tions as barriers. Han and Leshchinsky (2010) analyzed the
behavior of back-to-back reinforced walls by using FLAC (finite
difference) and ReSSA (limit equilibrium) software. They investi-
gated the effect of aspect ratio L/H (ratio of wall width to wall
height) on internal and external stabilities of reinforcedwalls under
self-weight conditions. However, vertical surcharge and lateral
loads were not considered. In this study, the reinforced soil was
treated as a deformable continuum instead of a rigid body; there-
fore, the true failure mode was described. Second, numerical sim-
ulations of GRS barriers subject to lateral loadings with various L/H
values were performed. The failure mode and calculated ultimate
lateral capacity are discussed. Third, a parametric study was con-
ducted to identify the factors (i.e., soil and reinforcement proper-
ties, and wall geometry) with the most significant influences on the
ultimate lateral capacity of GRS barriers. Finally, a hypothetical case
study of a GRS barrier against tsunami force is illustrated, and an
improved method for resisting lateral forces of GRS barriers is
discussed. The results of this study should provide insightful in-
formation on the behavior and design of GRS structures subject to
lateral loadings.

2. Numerical model and verification

An FE model of a back-to-back GRS wall was developed and
verified using a large-scale soil-geosynthetic composite (SGC) test
(Wu et al., 2014, 2011; Wu and Pham, 2013). The SGC Test 4 was
selected. The wall was 2 m high, 1.4 m wide (L/H ¼ 0.7), and had
reinforcement spacing Sv ¼ 0.4 m (Fig. 3). The backfill was diabase-
crushed gravel with amaximumparticle size of 33mm, classified as
well-graded gravel (GW) according to the Unified Soil Classification
System. Large-size triaxial test (specimen diameter ¼ 150 mm;
height ¼ 300 mm) results indicated that the backfill had a peak
friction angle f0 ¼ 50� and cohesion c0 ¼ 76.6 in the stress range of
interest. The reinforcement was a polypropylene (PP) woven geo-
textilewith an ultimate tensile strength Tult¼ 70 kN/m and stiffness
J ¼ 700 kN/m obtained from a wide width tensile test (ASTM
D4595). The backfill was placed and compacted to 98% of
maximum dry density in 0.2-m. Hollow concrete blocks
(397 mm � 194 mm � 194 mm) were used as formworks for
construction during specimen preparation. However, they were
removed before loading. The entire surface area of the test spec-
imen was sealed with a 0.5-mm-thick latex membrane, and a
confining pressure of 34 kPa was applied to the GRS wall by vac-
uuming. A hydraulic jackwas rested on a 30-cm-thick concrete pad,
which was placed on top of the specimen, and the GRS wall was
then loaded gradually until failure occurred. The maximum applied
vertical pressure was approximately 1300 kPa. Wall vertical and
lateral movements were measured using several linear variable
differential transformers (LVDTs) and digital dial indicators, which
were uniformly distributed on wall top and two sides.

The FE program PLAXIS v8.2 (PLAXIS, 2005) was selected for the
analysis. The soil was simulated using a hardening soil (hyperbol-
ically elastoplastic) model. The input soil parameter values were
calibrated using the stressestrainevolumetric data obtained from
the aforementioned large-size triaxial tests. The reinforcement was
simulated using a linearly elastic perfectly plastic model. Because
tensile strength properties of the geotextile are influenced by the
applied strain rate (10%/min in the wide-width tensile test is
considerably higher than that developed in the test wall), reduction
factors of 0.77 and 0.67, deduced from Boyle et al. (1996), were
applied to the ultimate tensile strength and stiffness of reinforce-
ment, respectively. Consequently, Tult ¼ 54 kN/m and J ¼ 470 kN/m
were input in the reinforcement model in the FE simulation. The
soilereinforcement interaction was modeled, and a reduction (or
efficiency) factor of Rinter ¼ 0.8 was applied to the soil material. The
facing blocks were modeled as a concrete material. Blockeblock
and blockesoil interfaces were not considered in the model
because the facing block was a temporary structure required for
construction during specimen preparation and was deactivated
before surcharging. Table 1 presents the material and geometric
parameters of the validation.

The FE analysis was conducted by following the construction
procedure (i.e., staged construction and compaction) for prepara-
tion of the SGC specimen. Compaction of each soil lift was simu-
lated by applying a uniform equivalent compaction pressure of
44 kPa on top of the newly placed soil layer before the model ac-
quired equilibrium, and removed the applied compaction pressure
before placing the next soil lift. The compaction pressure of 44 kPa
was obtained from the actual plate compactor used in the SGC tests.
A similar numerical procedure was adopted by Hatami and
Bathurst (2005) and Guler et al. (2007) using compaction pres-
sure of 8 kPa to modeling compaction. An additional sensitivity
study was conducted to evaluate the effect of compaction pressure.
Although the applied compaction pressure value differs from the
one (i.e., 8 kPa) used in Hatami and Bathurst (2005) and Guler et al.
(2007), the results of the sensitivity study revealed that the
magnitude of compaction pressure has little effect on the wall
behavior (e.g., wall deformation and reinforcement strain) because
the compaction-induced wall facing deformation was constrained
by the rigid concrete facing blocks in the wall model. At the end of
construction, the facing blocks were deactivated, and a uniform
surcharge was subsequently applied on top of the FE model with a
load increment of 200 kPa until wall failure occurred. Fixed
boundary conditions in both the horizontal and vertical directions
were employed at the wall bottom. The applied fixed boundary
conditions can be justified by nearly no lateral displacement
observed at the wall bottom because of the high friction resistance
from the concrete floor slab.

Failure patterns, lateral displacement, and global stressestrain
relationships, obtained using the FE analyses, and test results are
shown in Figs. 4 and 5. The global vertical strain in Fig. 5b was
calculated using the average vertical deformation, which was



Fig. 3. The large-scale GRS wall: (a) physical model; (b) FE mesh and dimensions.
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measured by LVDT and digital dial indicators, divided by the orig-
inal wall height (¼2 m). Fig. 4 shows similar crossing shear planes
obtained using numerical simulation and physical test. Fig. 5 shows
a satisfactory agreement between the measured and calculated
values of lateral displacement and global stressestrain relation-
ships in all loading stages. Numerical illness occurred at a surcharge
level close to the peak applied surcharge of the physical test. In
summary, FE results were consistent with the measured data,
demonstrating validity of the FE model for simulation of back-to
back GRS structures.
Table 1
Material and geometric parameters in the FE simulation.

Property Value

FE va

Backfill (Hardening Soil)
g, unit weight (kN/m3) 24

Eref50 , secant modulus (kPa) 80,00

Erefoed , tangent oedometer loading modulus (kPa) 60,00

Erefur , unloading-reloading modulus (kPa) 160,0

nur, unloading-reloading Poisson's ratio 0.2
m, modulus exponent 0.5
Rf, failure ratio 0.9
f0 , friction angle (degree) 50
c', cohesion (kPa) 76.6
j, angel of dilatancy (degree) 15
Rinter, interface factor 0.8
Reinforcement (Linear elastic-perfectly plastic)
J, stiffness (kN/m) 470
Tult, ultimate tensile strength (kN/m) 54
Facing Block (Linear elastic)a

g, unit weight (kN/m3) 12.5
E, Young's modulus (kPa) 3,000
n, Poisson's ratio 0.15
Geometric configuration
H, wall height (m) 2
L/H, wall aspect ratio 0.7
Sv, reinforcement vertical spacing (m) 0.4
Applied load type Unifo

Note:
a Facing blocks were deactivated at the end of construction.
3. Failure mode study

3.1. FE model

The validated FE model was used to study the failure mode and
lateral bearing capacity of GRS barriers subject to lateral loadings.
Table 1 presents the material parameters in the failure mode study.
Different from the validation study, the input soil unit weight, soil
shear strength properties, and wall height were modified to
represent general GRS wall cases. A wrap-around facing was
lidation Failure mode study (baseline case)
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Fig. 4. Failure pattern: (a) GRS specimen after test; (b) FE result of incremental shear strain.
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modeled by connecting the geogrid elements in PLAXIS around the
facing and was extended into the reinforced soil zone with an
overlap length of 0.2 L. The soilereinforcement interface, a crucial
factor that captures interlayer sliding within GRS barriers, was
modeled. The effect of the foundation stiffness was not considered;
Fig. 5. Comparison of predicted and measured results: (a) lateral displacement under
each 200 kPa surcharge increment; (b) applied vertical stress vs. global vertical strain.
a firm foundation was modeled. The foundationereinforcement
interface was considered by placing a 1-cm thin soil layer between
the bottommost reinforcement layer and foundation. Consistent
with the reduction factor Rinter ¼ 0.8 used for the soilereinforce-
ment interfaces in this mode, 80% of the backfill shear strength and
stiffness properties were used for the thin soil layer. This approach
allowed the GRS barrier model to fail along the founda-
tionereinforcement interface (i.e., bottom sliding failure) when the
resisting strength was reached. However, bearing capacity failure
was not permitted. After wall construction was completed, a linear
lateral pressure was applied to the GRS barrier model and was
gradually increased until the wall failed. Mesh updating was used
to model large deformations.

3.2. Failure mode of GRS barrier with L/H ¼ 0.7

Fig. 6 shows the predicted lateral loadedisplacement curve of a
GRS barrier with L/H ¼ 0.7, regarded as the baseline case. The FE
results indicated that the maximum lateral displacement occurred
Fig. 6. Predicted loadedisplacement curve for the GRS barrier (L/H ¼ 0.7 baseline
case).
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at top of the wall and decreased linearly with the depth. The lateral
displacement increased with increasing lateral load. When the
applied lateral pressure at the bottom reached 43 kPa, the wall
failed at a normalized lateral displacement, D/H, of approximately
3%e4%. The ultimate lateral capacity of GRS barrier was determined
at the failure state (Fig. 6). The corresponding total lateral resis-
tance is Pu¼ 64.5 kN/m. The dimensionless ultimate lateral capacity
factor is NL ¼ 0.71, which is defined as

NL ¼
Pu

1
�
2gH2 ¼ sh@bottom

gH
(1)

where Pu is the total lateral resistance per unit length, g is the unit
weight of backfill, H is the wall height, and sh@bottom is the applied
ultimate lateral pressure at the bottom. The NL is the ratio of the
maximum lateral pressure at the bottom to the corresponding soil
overburden pressure. One can regard NL an equivalent lateral
pressure coefficient required for a failure of GRS barrier.

Fig. 7 shows the development of MohreCoulomb failure points
within the GRS barrier. The failure mode is internal sliding along
the soilereinforcement interfaces at the lower half part of the GRS
barrier on the side where loading is applied (referred to as the
loading side) and is an active failure of the reinforced soil on the
other side where no external loads were applied (referred to as
free-end side). Stress distribution along the horizontal direction
was examined; the numerical results revealed that as lateral
loadings increased, the vertical stress decreased in the left part of
the GRS barrier, and the vertical stress increased in the right part of
the GRS barrier.

Fig. 8a shows the distribution of vertical stress increment (with
respect to the vertical stress at the end of construction) caused by
an applied lateral pressure of 30 kPa at the bottom along the hor-
izontal direction. A negative vertical stress increment (Dsv < 0) was
observed in the left part of the GRS barrier (toward the loading
side), and a positive vertical stress increment (Dsv > 0) was
observed in the right part of the GRS barrier. This stress distribution
is similar to a cantilever-type bending (or flexural) stress (Fig. 8b).
For comparison, the bending stress calculated using theoretical
elastic flexure formulas is plotted (Fig. 8a) and is expressed as

Dsv ¼ Mx1
I

(2)

where M is the lateral loading-induced bending moment, x1 is the
horizontal distance from the neutral plane (positive when toward
Fig. 7. Failure mode and development of Mohr-Coulomb failure points in the GRS
barrier (L/H ¼ 0.7 baseline case).
the right), and I (¼L3 � 1/12) is the moment of inertia of the cross-
section of the GRS barrier. The bending stress calculated using Eq.
(2) matched reasonably with the Dsv obtained from FE simulation.
The discrepancy was attributable to the change of the cross-section
dimension of the GRS barrier by mesh updating function.

In the loading side of the GRS barrier, the negative Dsv caused a
reduction in normal stress along the soilereinforcement interface,
resulting in interface slippage between soil and reinforcement. This
has been demonstrated by the development of MohreCoulomb
failure points along the second to fourth reinforcement layers
(Fig. 7). Interface slippage can be readily observed in the interface
shear stress information. Fig. 9 shows completely mobilized
soilereinforcement interface shear strength along the wall width
from the loading side. The definition of interface shear stress
mobilization ratio in Fig. 9 is given as

trel ¼
tmobilized
tmax

(3)

where tmobilized is mobilized shear stress along the soilereinforce-
ment interface, tmax is maximum interface shear strength. This
failure mechanism is consistent with previously reported numeri-
cal simulations (Carotti et al., 2000; Ronco et al., 2009). They
observed several shear planes along the reinforcement layers
within GRS embankments subject to impact force from rockfalls.
They indicated that although reinforcement layers could enhance
the performance of embankments to withstand the rock impact,
horizontal planar reinforcement layers may offer a preferential
plane for interface shear failure.

Several active failure planes were evident in the free-end side of
the GRS barrier (Fig. 7). These active failures were induced by an
increase in the vertical stress (Dsv > 0) that resulted from an in-
crease in the applied lateral pressure. Because of the effect of the
applied lateral pressure, the active failure induced by the vertical
stress increment is similar to that of GRS walls subject to vertical
surcharge in conventional applications.

Fig. 10 shows the mobilized reinforcement tension force along
each reinforcement layer at different loading stages. Little rein-
forcement tensile force was mobilized at the end of construction
because of the effect of compaction and soil self-weight. The
maximum tensile force of reinforcement was approximately
located at the middle of each reinforcement layer because of the
symmetric loading conditions during construction. In the failure
state, themobilized reinforcement tensile force markedly increased
on the loading side of the GRS barrier, particularly in reinforcement
layers 1e4. The increase in the mobilized reinforcement tensile
force can be attributed to the active soil failure caused by an in-
crease in the vertical stress at this side. The mobilized reinforce-
ment tensile force had a negligible difference in the opposite side
because of the interface slippage on the free-end side of the GRS
barrier. In summary, the numerical results suggest that the failure
modes of a GRS barrier with L/H ¼ 0.7 are internal. Reinforcement
can contribute to the internal stability by soilereinforcement
interaction and mobilized reinforcement tensile loads at loading
and free-end sides of the GRS barrier, respectively. The internal
failure mode obtained using numerical simulation differed from
that of a rigid body assumed for reinforced soil mass in design
guidelines.
3.3. Failure mode with different L/H ratios

The FE results indicated that the failure mode changed with a
change in L/H. The Dsv induced by the applied lateral loads
decreased with an increase in the wall width because the moment
of inertia of GRS barriers increased with increasing wall width (see



Fig. 8. Development of bending stress inside the GRS barrier: (a) distribution of vertical stress increment along horizontal direction due to the applied lateral pressure of 30 kPa at
bottom; (b) schematic illustration of cantilever-type bending stress.
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Eq. (2)). Consequently, a GRS barrier with a high L/H ratio did not
fail because of the same failure mechanism as discussed previously
for the GRS barrier with L.H ¼ 0.7. Fig. 11 shows the development of
MohreCoulomb failure points with different L/H ratios. When L/
H¼ 2.2 (Fig. 11a), the prevailing failuremodewas sliding at thewall
Fig. 9. Distribution of the mobilized interface shear stress along the second and third
soil-reinforcement interfaces.
bottom because of failure along the foundationereinforcement
interface. When L/H¼ 4.2 (Fig. 11b), the bottom frictional resistance
increased so that bottom sliding did not occur. Instead, a passive
soil failure governed the failure mode of the GRS barrier with a high
L/H ratio. A clear passive failure surface was observed from the
MohreCoulomb failure points (Fig. 11b).
4. Ultimate lateral bearing capacity

Fig. 12 shows the variation of the ultimate lateral capacity factor
NL with a change of L/H. The NL is a dimensionless factor as defined
in Eq. (1). The values calculated using normalized theoretical
overturning and sliding equations were plotted for comparisons.
The normalized theoretical overturning and sliding equations are
presented in Eqs. (4-2) and (5-2), respectively, and are derived as
follows:

For overturning failure based on moment equilibrium,

Pu � H
3
¼ W � L

2
(4)



Fig. 10. Mobilized reinforcement tensile force within the GRS barrier (L/H ¼ 0.7 baseline case) at the end of construction and at failure state.
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�
sh@bottom � H

2

�
� H

3
¼ ðgHLÞ � L

2
(4-1)

NL ¼
sh@bottom

gH
¼ 3�

�
L
H

�2
(4-2)
Fig. 11. Development of Mohr-Coulomb failure points (red color): (a) interface sliding
failure at bottom for L/H ¼ 2.2. (b) soil passive failure for L/H ¼ 4.2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
For sliding failure based on horizontal force equilibrium,

Pu ¼ W � tan dþ L� ca (5)

sh@bottom � H
2
¼ gHL�

�
tan dþ ca

gH

�
(5-1)

NL ¼
sh@bottom

gH
¼ 2L

H
�
�
tan dþ ca

gH

�
(5-2)
Fig. 12. Ultimate lateral capacity factor versus wall aspect ratio.



Table 3
Summary of input parameters in the parametric study.

Property Value

Decreased Baseline Increased

Backfill
g, unit weight (kN/m3) 15 20 25
Eref50 , secant modulus (kPa)a 40,000 80,000 120,000
f0 , friction angle (degree) 35 40 45
Rinter, interface factor 0.6 0.8 1
Reinforcement
J, stiffness (kN/m) 200 470 800
Tult, ultimate tensile strength (kN/m) 30 54 80
Geometric configuration
L/H, wall aspect ratiob 0.5 0.7 0.9
Sv, reinforcement vertical spacing (m) 0.2 0.4 0.6

Note:
a The Eref50 and Erefoed relationship is in accordance with a fixed ratio of 1.33.
b
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whereW is self-weight of the GRS barrier per unit length and d and
ca are reinforcementefoundation interface friction angle and
adhesion, respectively. Corresponding to the input values in the FE
analyses, 80% of the backfill shear strength was assigned to d and ca.
The other parameters were as defined previously.

Fig. 12 shows NL increased with an increase in L/H, indicating
that the ultimate lateral bearing capacity of the GRS barrier
increased with an increase in the wall width. Table 2 summarizes
the ultimate lateral capacity factors and the corresponding failure
modes with various L/H ratios. When 0.5 < L/H < 1.0, NL was greater
than Rankine's theoretical active earth pressure coefficient Ka.
However, it was lower than the values calculated using normalized
theoretical overturning and sliding equations. The result of NL > Ka

indicated that a GRS wall with L/H in this range can withstand an
active lateral earth pressure, which is a common example of a GRS
wall resisting active lateral earth pressure from retained fill or
natural slopes. In this L/H range, the NL was 1.4e5.5 times the Ka

(Table 2), suggesting that the GRS barrier with 0.5 < L/H < 1.0 can
laterally bear 1.4e5.5 times the active lateral earth pressure. The
result of NL lower than the values calculated using theoretical
overturning and sliding equations suggests that a GRS wall in this L/
H range will fail internally before the external failure occurs, which
can explain why overturning failure of GRS walls has not been
observed in the field. The internal soil failure obtained using FE
method differed from that in conventional external stability ana-
lyses in which the reinforced soil mass is assumed to be a rigid
body. This assumption contradicts the flexible nature of reinforced
soil; consequently, the conventional analyses cannot accurately
predict the ultimate lateral bearing capacity of GRS barriers.

When 1.0 < L/H < 3.0, NL followed the theoretical sliding equa-
tion, suggesting that the dominant failure mode was a sliding
failure along the wall base. The numerical agreement between the
FE and theoretical results supported the observed founda-
tionereinforcement interface failure of the GRS barrier with L/
H¼ 2.2 (Fig.11a). In this L/H range, theNLwas 5.5e20.1 times the Ka.
When L/H > 3.0, the NL reached the Rankine's passive lateral earth
pressure coefficient Kp. A clear passive failure surface was observed
for the GRS barrier with L/H ¼ 4.2 (Fig. 11b). Fig. 12 shows that the
NL value is slightly higher than the theoretical Kp value at L/H ¼ 4.2.
This is because a small amount of cohesion input in the soil model
in the FE analyses was not included in the Rankine's equation for
calculating Kp. Because the passive failure is a function of the soil
shear strength, a further increase in L/H did not improve the ulti-
mate lateral bearing capacity of a GRS barrier. Notably, the L/H
values for different failure modes discussed in this section and
listed in Table 2 are only applicable for the GRS walls with the
similar backfill used in this paper (i.e., f0 ¼ 45�). The L/H valuesmay
be subject to change depending on the friction angle of the backfill.

5. Parametric study

Parametric analyses were conducted to examine quantitative
influence of wall configurations, and soil and reinforcement prop-
erties on lateral bearing capacity of GRS barriers. The parameters
investigated were wall aspect ratio L/H, soil unit weight g, soil
Table 2
Summary of failure modes and ultimate lateral capacity factors with various L/H.

Wall aspect ratio 0.5 < L/H < 1.0

Failure type Internal
Failure mode Description Interlayer sliding at loading side and soil activ
Ultimate lateral capacity factor, NL

a 0.32e1.2 (¼1.4e5.52Ka)

Note:
a Ultimate lateral capacity factor is calculated by Eq. (1). The values in parenthesis ind
friction angle f, soil modulus Eref50 , interface reduction factor Rinter,
reinforcement stiffness J, ultimate tensile strength Tult, and vertical
spacing Sv. Table 3 provides a summary of input parameter values in
the parametric study. Only one target parameter was varied each
time and others were remained unchanged in the parametric study.

Fig. 13a and d present the loadedisplacement curves for GRS
barriers with various values of f, Eref50 , L/H, and Sv, respectively. The
internal soil failure predicted by the FE analyses suggested that the
soil shear strength played a crucial role in lateral bearing capacity of
the GRS barriers. As demonstrated in Fig. 13a, the lateral bearing
capacity increased with an increase in f. The numerical results
demonstrated again that the shear strength-dependent internal
soil failure differed from that obtained using the conventional
external stability analyses in which the reinforced soil mass is
assumed to be a rigid body. Fig. 13b shows that the
loadedisplacement curve became stiffer with an increase in Eref50 .
However, Eref50 appeared to have a minor effect on ultimate lateral
bearing capacity of the GRS barrier. Fig. 13c shows that the lateral
bearing capacity significantly increased with an increase in L/H. As
discussed previously, both negative and positive values of vertical
stress increment Dsv become smaller with increasing wall width,
leading to a higher normal pressure (stronger soilereinforcement
interaction) on the loading side and a lower vertical stress (a stable
state of soil) on the free-end side. Fig. 13d shows that the lateral
bearing capacity increased with a reduction in Sv. By examining the
stress information, a higher lateral stress was found to develop at
smaller Sv. The reinforcement-induced lateral stress served as an
additional confining pressure to increase the soil shear strength
and therefore enhance the lateral bearing capacity of the GRS
barrier. The increase in the lateral stress with the reduction in Sv
was also observed by Hong and Wu (2013) for reinforced sand
columns.

Fig. 14 shows an overall result of the parametric study, which is
presented as change in ultimate lateral resistance (%) versus change
in the input parameter (%). The results indicated that the aspect
ratio L/H, backfill friction angle f, unit weight g, and reinforcement
vertical spacing Sv had considerable influences on lateral bearing
1.0 < L/H < 3.0 L/H > 0.3

External Internal
e failure at free-end side Bottom sliding failure Soil passive failure

1.2e4.38 (¼5.52e20.16Ka) >4.38 (>20.16Ka)

icate the times larger than Ka.

The aspect ratios were increased to L/H ¼ 4.2 to investigate the failure mode of
GRS barriers in the previous section.



Fig. 13. Load-displacement curves for GRS barriers with various: (a) friction angles; (b) soil moduli; (c) aspect ratios; (d) reinforcement vertical spacing.
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capacity of GRS barriers. Among these parameters, L/H had the
greatest effect; when L/H was varied by ±30%, the ultimate lateral
capacity changed by ±50%. Fig. 14 shows that the soil modulus Eref50
and reinforcement ultimate tensile strength Tult hardly have any
influence on the ultimate lateral capacity of the GRS barrier. Finally,
the parametric study results were applied only to the baseline case.
Unlike the internal failure mode in the baseline case, failure mode
changed to bottom sliding when 1.0 < L/H < 3.0 and passive soil
failure when L/H > 3.0. Consequently, the factors that influence the
ultimate lateral capacity of the GRS barrier changed with different
failure modes at different L/H ratios.

6. Hypothetical case study

A hypothetical case study of a GRS barrier against tsunamis is
described in this section. Fig. 15 illustrates a 3-mGRS barrier with L/
H ¼ 0.7 located at 7 m (z) above sea level, and the designed
Fig. 14. Results of parametric study: Percent of change in ultimate lateral resistance vs.
percent of change in input parameter.
maximum tsunami inundation (runup) point (R) is 10 m above the
sea level. In this case study, an initial tsunami wave impact was
considered. The instability caused by potential scouring at the toe
of the walls and the seepage force caused by drag down in the
drained phase was not examined. Miyata et al. (2015a, 2015b)
studied these effects by using full-scale reinforced wall tests due
to loss of foundation support and transient flooding conditions.
Encouraging results were obtained from their tests. They demon-
strated that the test walls performed satisfactorily under the
aforementioned adverse conditions. The reserved load carrying
capacity of the walls can explain favorable performance of a few
GRS walls under similar conditions.

The methods for estimating the tsunami force proposed by Yeh
(2007) and adopted by FEMA (2006) were used. The tsunami force
comprises hydrostatic pressure and impulsive (surge) force. The
impact force by water-born debris was not considered. The hy-
drostatic pressure was assumed to be linearly distributed and
calculated as

sh;static ¼ gwh (6)

where sh,static is the hydrostatic pressure, gw (¼ 11.7 kN/m3) is the
unit weight of the mixture of seawater and sediments, and h is the
water depth from the maximum tsunami inundation point. In this
case, h ¼ H ¼ 3 m. Equation (6) accounts for an imbalance of hy-
drostatic pressure caused by a differential water depth on opposite
sides of a wall.

The impulsive force is uniformly distributed and caused by the
leading edge of running-up water impinging on a structure, which
can be estimated as 1.5 times the hydrodynamic force, as follows:

Fs ¼ 1:5Fd (7)

where Fs is the impulsive force and Fd is the hydrodynamic force,
often called the drag force. Fd can be computed as follows:



Fig. 15. Schematic illustration of the case scenario assumed in this study: (a) dimensions and location of the GRS barrier; (b) calculated total lateral force acting on the GRS barrier.

Fig. 16. Load-displacement curves for original and improved GRS barriers.
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Fd ¼ 1
2
gw
g
CdB

�
hu2

�
max

(8)

where g is the gravity, Cd is the drag coefficient (2.0 for square or
rectangular objects), B is the width of the structure (1.0 for unit
width), and (hu2)max is the maximum momentum flux. Next,
(hu2)max can be determined using the following equation by Yeh
(2006), which is based on the exact analytical solution of the
nonlinear shallow water wave theory:

�
hu2

�
max

¼ 0:125� 0:235
z
R
þ 0:11

�z
R

�2
(9)

where R is the ground elevation at the maximum tsunami inun-
dation points and z is the ground elevation of the location of in-
terest. In this case, R ¼ 10 m and z ¼ 7 m (Fig. 15). By using Eqs.
(6)e(9), a tsunami wave impact pressure, trapezoidally distributed
with 8.5 kPa at the top and 43.6 kPa at the bottom, was applied to
the GRS barrier, and stability was evaluated numerically (Fig. 15b).
Note that the wall geometry, material properties, and construction
procedure used in the hypothetical case study were identical to
those in the baseline case (Section 3.1).

The numerical results (Fig. 16) suggested that the GRS barrier
with L/H ¼ 0.7 can only sustain approximately 70% of the tsunami
force. The original design would fail in this hypothetical case. One
viable solution is to increase L/H. As discussed previously, the ul-
timate lateral bearing capacity of GRS barriers can be improved by
increasing L/H. The numerical results revealed that when L/H was
increased to 0.9, the GRS barrier successfully sustained 100% of
tsunami force. However, if the construction space is constrained
because of the high cost of additional right-of-way or limited space
available on the job sites, a feasible solution is to install vertical soil
anchors. This approach was first proposed by Uchimura et al.
(2005) for evaluating the performance of a preloaded and pre-
stressed geogrid-reinforced soil wall as a bridge pier under vertical
and horizontal loading tests. Fig. 17 shows an FE model of a GRS
barrier improved with two rows of vertical soil anchors. The anchor
heads are placed on a load plate on top of the wall to distribute
more uniformly the vertical load on thewall. In the FEmodel, node-
to-node spring elements with an axial stiffness of 3� 107 kN/m and
out-of-plane spacing of 2.5 m were selected to model the anchor
rods, and geogrid elements with an axial stiffness of 6.5� 105 kN/m
were used tomodel the ground body. A 50-kN pretension force was
applied to the anchors. As shown in Fig. 16, the ultimate lateral
bearing capacity of the GRS barrier was significantly improved
using two rows of vertical soil anchors, and 100% tsunami forcewas
sustained by the improved design. The numerical results revealed
that placing preloaded soil anchors can improve soilereinforce-
ment interaction and therefore effectively increase the lateral
bearing capacity.
7. Conclusions

This paper presents a series of FE analyses to investigate the
failure mode and lateral bearing capacity of GRS barriers subject to



Fig. 17. FE model of the GRS barrier improved by vertical soil anchors with 50 kN
preload.
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lateral loadings. The FE model was verified by experimental results
obtained using a large-scale test on a back-to-back GRS wall.
Parametric studies and a hypothetical case study were performed
and discussed. Specific conclusions and discussions are summa-
rized as follows:

1. The FE results indicated that the failure mode and lateral
bearing capacity of GRS barriers subject to lateral loadings
depended largely on the aspect ratio L/H.

2. At 0.5 < L/H < 1.0, GRS barriers would fail internally because of
internal sliding along the soilereinforcement interface at the
loading side and active soil failure at the opposite side (the side
without external loads). The mobilized reinforcement tensile
force concentrated on the side subject to external loads,
particularly in reinforcement layers 1e4 located from bottom to
mid-height of the wall, was attributed to the active soil failure
caused by an increase in the vertical stress on this side.

3. For a GRS barrier with 0.5 < L/H < 0.7, the internal soil failure
obtained using FE method differed from that of a rigid body
assumed for reinforced soil mass in design guidelines.

4. At 1.0 < L/H < 3.0, failure would occur along the founda-
tionereinforcement interface, and the ultimate lateral bearing
capacity agreed well with that obtained by theoretical sliding
equation.

5. At L/H > 3.0, soil behind wall face would fail in a passive con-
dition, and the ultimate lateral bearing capacity can be
described using the Rankine's passive lateral earth pressure
theory.

6. The ultimate lateral bearing capacity of GRS barriers increased
with an increase in L/H. The ultimate lateral capacity factor NL

was 1.4e20.1 times Ka for L/H ¼ 0.5e3.0.
7. The parametric study reveals that the aspect ratio L/H, backfill

friction angle f, unit weight g, and reinforcement vertical
spacing Sv all have considerable influence on lateral bearing
capacity of GRS barriers at baseline case.

8. For the hypothetical GRS barrier examined in this study, the
lateral bearing capacity was significantly improved by using two
rows of vertical preloaded soil anchors.

The results of plane strain two-dimensional (2D) FE analyses
presented in this paper represent situations where massive lateral
loadings, such as those derived from tsunamis, debris flows, and
avalanches. For situations where lateral loadings acting only over a
small area, such as the local impact from rockfalls, 2D FE plane
strain analysis would give conservative results, and three-
dimensional FE analysis is recommended for such situations. In
addition, this study focused on a vertical GRS barrier with contin-
uous reinforcement. The effect of wall configuration (facings with
different inclination angles) and reinforcement layout (with or
without connection of two sides of reinforcement at the middle)
needs further evaluation. Finally, this study addressed only the
results of FE analyses of GRS barriers placed on a rigid foundation.
The results presented in this paper is applicable to firm foundation
of which settlement is negligible, and where toe erosion or scour-
ing of the toe is not a concern. The adverse effects of soft foundation
and water-wave-induced toe erosion or scouring on the stability of
GRS structures require further investigation.
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Notations
Basic SI units are given in parentheses
B width of structure (m)
c' cohesion (kPa)
ca reinforcement-foundation interface cohesion (kPa)
Cd drag coefficient (dimensionless)
E Young's modulus (kPa)
Eref50 secant modulus (kPa)

Erefoed tangent modulus for primary oedometer loading (kPa)

Erefur unloading-reloading modulus (kPa)
Fd hydrodynamic force (kN/m)
Fs impulsive force (kN/m)
g gravity (m/s2)
H wall height (m)
(hu2)max Maximum momentum flux of tsunami (m3/s2)
h water depth from the maximum tsunami inundation

point (m)
I moment of inertia (m4)
J reinforcement stiffness (kN/m)
Ka active earth pressure coefficient (dimensionless)
Kp passive earth pressure coefficient (dimensionless)
L wall width (m)
L/H wall aspect ratio (dimensionless)
M bending moment induced by lateral loading (kN-m)
m modulus exponent (dimensionless)
NL ultimate lateral capacity factor (dimensionless)
Pu total lateral resistance per unit length (kN/m)
R tsunami run-up level (m)
Rinter reduction factor for interface (dimensionless)
Rf failure ratio (dimensionless)
Sv vertical spacing between reinforcement layers (m)
Tult ultimate tensile strength (kN/m)
W self-weight of GRS barrier per unit length (kN/m)
x horizontal distance from loading side (m)
x1 horizontal distance from neutral plane (m)
x/L normalized horizontal distance (dimensionless)
y elevation from wall bottom (m)
y/H normalized elevation (dimensionless)
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z elevation above sea level (m)
D maximum lateral displacement (m)
D/H normalized lateral displacement (%)
d reinforcement-foundation interface friction angle

(degree)
g unit weight of backfill soil or facing block (kN/m3)
gw unit weight of seawater and sediment mixture (kN/m3)
s3 confining pressure (kPa)
sh@bottom applied ultimate lateral pressure at bottom (kPa)
sh, static Hydrostatic pressure (kPa)
Dsv vertical stress increment (kPa)
n Poisson's ratio of facing block (dimensionless)
nur Poisson's ratio for unloading-reloading (dimensionless)
f peak friction angle (degree)
j angle of dilatancy (degree)
tmax maximum interface shear strength (kN/m2)
tmobilized mobilized interface shear stress (kN/m2)
trel interface shear stress mobilization ratio (dimensionless)
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