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ABSTRACT Geosynthetic-reinforced retaining (GRR) walls have been increasingly used to support roadways and
bridge abutments in highway projects. In recent years, advances have been made in construction and design of GRR walls
for highway applications. For example, piles have been installed inside GRR walls to support bridge abutments and sound
barrier walls. Geosynthetic layers at closer spacing are used in GRR walls to form a composite mass to support an
integrated bridge system. This system is referred to as a geosynthetic-reinforced soil (GRS)-integrated bridge systems
(IBS) or GRS-IBS. In addition, short geosynthetic layers have been used as secondary reinforcement in a GRR wall to
form a hybrid GRR wall (HGRR wall) and reduce tension in primary reinforcement and facing deflections. These new
technologies have improved performance of GRR walls and created more economic solutions; however, they have also
created more complicated problems for analysis and design. This paper reviews recent studies on these new GRR wall
systems, summarizes key results and findings including but not limited to vertical and lateral earth pressures, wall facing
deflections, and strains in geosynthetic layers, discusses design aspects, and presents field applications for these new GRR
wall systems.

KEYWORDS bridge, geosynthetic, highway, reinforced, wall

1 Background

Geosynthetic-Reinforced Retaining (GRR) walls have
been increasingly used to support roadways and bridge
abutments in highway projects (e.g, Refs. [1–6].). The
GRR walls mainly consist of wall facing, compacted
backfill material, and geosynthetic reinforcement. Fig. 1(a)
shows a typical cross section of the GRR wall with a
modular block facing. During construction of the GRR
wall, geosynthetic reinforcement is installed between
layers of compacted backfill to provide tensile resistance.
Frictional or mechanical connections are commonly used
to connect geosynthetics with the wall facing. In addition
to modular blocks, concrete panels and wrapped-around
geosynthetics have been used for the wall facing.
Design of GRR walls typically considers external,

internal, and local stability [7,8]. Fig. 1(b) shows the

force diagram of a GRR wall. For an external stability
analysis, the reinforced mass of the GRR is often treated as
a rigid body. The external force, Pa(ext), from the retaining
soil, is considered as a driving force. The weight of the
reinforced mass, W, and the friction at the bottom of the
reinforced mass, Q, are the resisting forces. Higher
resisting forces than the driving force with a certain factor
of safety are needed to ensure the external stability against
sliding and overturning of the reinforced mass. In addition,
the foundation soil should have sufficient bearing capacity
to prevent the bearing failure. Within the reinforced mass,
the internal earth pressure, pa(int), is applied to the wall
facing, which is carried by the tensile forces from the
geosynthetic layers. A potential failure plane, often
assumed as the Rankine or Coulomb failure plane, is
used to define active and stable zones. To ensure the safety
of the geosynthetic layers, they should have sufficient
tensile strengths and pullout capacities. The pullout
capacity of each geosynthetic layer depends on the normalArticle history: Received Dec 4, 2016; Accepted Jan 28, 2017
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stress, qr, the anchorage length in the stable zone, and the
interface properties between the geosynthetic and the soil.
In addition to external and internal stability, local stability
at wall facing is important. To avoid local facing bulging,
AASHTO [7] suggested that the maximum reinforcement
spacing should be limited to twice the block width if
modular blocks are used for wall facing. For typical GRR
walls, the reinforcement spacing is equal or larger than
0.3 m and the maximum reinforcement spacing is 0.6 m. In
addition to reinforcement spacing, sufficient connection
strength between each geosynthetic layer and wall facing is
needed.
In recent years, advances have been made in construc-

tion and design of GRR walls for highway applications.
For example, piles have been installed inside GRR walls to
support bridge abutments and sound barrier walls [4,9–12].
Geosynthetic layers at closer spacing (smaller than 0.3 m)
are used in GRR walls to form a composite mass to support
an integrated bridge system [13–20]. This system is also
referred to as the geosynthetic-reinforced soil (GRS)-
integrated bridge systems (IBS) or GRS-IBS. In addition,
short geosynthetic layers have been used as secondary

reinforcement with closer spacing (smaller than 0.3 m) in
the GRR wall to form a hybrid GRR wall and reduce
tension in primary reinforcement layers and facing
deflections [6,21–25]. Fig. 2 presents the above applica-
tions of GRR walls. These technologies have improved the
performance of GRR walls and created more economic
solutions; however, they have also created more compli-
cated problems for analysis and design.
This paper reviews recent studies on these GRR wall

systems, summarizes key results and findings including but
not limited to vertical and lateral earth pressures, wall
facing deflections, and strains in geosynthetic reinforce-
ments, discusses design aspects, and presents field
applications for these new GRR wall systems.

2 Piles in GRR walls

A laterally loaded pile installed in a GRR wall is usually
designed to have an isolation casing throughout the
reinforced soil and have a socket into an underlying stable
foundation. This design eliminates the interaction between

Fig. 1 Cross section and force diagram of a GRR wall. (a) Cross section and components; (b) Force diagram and stability analysis

Fig. 2 Recent applications of GRR walls. (a) Pile in GRR wall; (b) GRS wall; (c) Hybrid GRR wall
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the pile and the GRR wall but results in a large diameter
pile and a required socket, which are expensive. Pierson et
al. [4,9,26] performed a series of field tests to study the
behavior of laterally-loaded piles directly installed in a
GRR wall without any isolation casing and socket. Fig. 3
shows a typical cross section of the GRR wall and the
lateral pile load test setup. These tests evaluated lateral
load capacities and deflections of a single pile and group
piles in the GRR wall as well as the performance of the
GRR wall when piles were laterally loaded.
The tested GRR wall was constructed on a limestone

foundation and had 42 m in length and 6 m in height. The
wall facing was comprised of stacked modular blocks and
used mechanical connectors to connect facing blocks with
geogrids. Ten layers of geogrids were used, which included
four strong layers in the lower portion and six weak layers
in the upper portion. The length of geogrids was 4.2 m (0.7
times the wall height) and vertical reinforcement spacing

was 0.6 m. Backfill material was clean aggregate with a
peak friction angle of 51° from triaxial tests. Eight tested
piles without sockets and six reaction piles with sockets
into the limestone foundation were constructed, respec-
tively. The tested piles had a diameter of 0.9 m and seven
of them were cast in place from the bottom of the wall and
one was cast in place from 1.5 m above the bottom of the
wall. The wall had one meter embedment. The tested piles
were laterally loaded toward the wall facing. Instrumenta-
tion, which included inclinometer casings, load cells, linear
variable differential transformers (LVDTs), earth pressure
cells, and foil-type strain gauges, was installed to monitor
the performance of the piles and the wall. In addition, a
photogrammetry technique was adopted to monitor the
wall facing deflections during each loading test. The
deflections along the pile, the applied lateral load, and the
displacement on the pile head were measured to evaluate
the behavior of the tested pile. The wall facing deflections,

Fig. 3 Field test of a laterally loaded pile in a GRR wall. (a) Cross section; (b) Top view of setup for a single pile test
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the lateral earth pressures behind the wall facing, and the
strains in geogrids were measured to evaluate the
performance of the wall.
Fig. 4 shows the lateral load-displacement relationships

of the pile heads with the single and group piles at different
distances (1D, 2D, 3D, and 4D, D is the pile diameter)
away from the wall facing. Fig. 4 shows the displacement
of the pile head increased with an increase in the applied
lateral load. To reach the same displacement, the tested pile
at the larger distance away from the wall facing required
more lateral load on the pile. In addition, the group piles
with pile spacing of 4.5 m deflected more than a single pile
when the piles were located at two times the pile diameter
(2D) from the facing. The reduction in the lateral load
capacity of the group piles resulted from the pile group
effect and should be considered in design. Fig. 5 illustrates
this group effect within the GRR wall. There is an
influence width of each pile in the pile group. The width of
influence of a pile causing a group effect depends on the
distance from the center of the pile to the back of the wall
facing.

Before and after the field tests performed by Pierson et
al. [4,9], the pre-test and post-test numerical studies were

conducted by Huang et al. [12] to predict and evaluate the
performance of piles and the GRR wall using a three-
dimensional numerical software based on a finite differ-
ential method. In their numerical model, the backfill
material, the retained soil, and the grade soil were
modelled as linearly elastic-perfectly plastic materials
with the Mohr-Coulomb failure criteria while the founda-
tion soil, the pile, the wall facing, and the geogrids were
modeled as elastic materials. Only an interface between
pile and backfill material was considered in the numerical
model. The numerical results show that the pre-test and
post-test numerical simulation generally predicted the
lateral earth pressures at the back of facing as well as the
shape of the wall deflection in vertical and horizontal
directions. Huang et al. [11] refined the numerical
modeling to simulate the laterally-loaded pile in the GRR
wall as shown in Fig. 6(a). In this refined model, an
advanced soil constitutive model referred to as the Cap-
Yield model was used to describe the behavior of the
backfill material. The Cap-Yield model can characterize
the compression and shear hardening/softening behavior of
reinforced backfill. This advanced model is capable of

Fig. 4 Final load versus pile displacement with pile at different
distance from the back of wall facing (modified from Pierson et al.,
2008 [9])

Fig. 5 Illustration of pile group effect within a GRR wall

Fig. 6 Numerical modelling of single and group piles in the
GRR wall (after Huang et al. [10,11]). (a) Single pile load
test; (b) Group pile load test
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accounting for both shear and compression yielding.
Interfaces between block and block, between block and
backfill material, and between reinforcement layers and
backfill material, and a compaction stress were also
considered. The measured and numerical results show
that the vertical deflections of the wall facing increased
with the wall height and the maximum deflection occurred
at the wall top. The deflection of the wall facing at the
bottom of wall was small due to a restraint from a grade
soil in front of the wall as well as that of the pile at the
bottom. In addition, the lateral earth pressure at the back of
facing increased with the lateral load on the pile, which led
to the state of lateral earth pressures ranging between the
states of at-rest and passive earth pressure. The lateral load
on the pile resulted in an increase of lateral earth pressure
in the central region of the wall and a decrease in the
adjacent region. Huang et al. [10] developed another
numerical model with the same constitutive models for the
materials used in Huang et al. [11] to assess the behavior of
group piles in the GRR wall as shown in Fig. 6(b) and
found that the strains in the geogrids reached to the
maximum values around the piles. The influence of the
friction angle of the backfill material and the tensile
stiffness of the geogrids was not significant on the group
effect but the modulus of backfill material had a significant
influence on the group effect.

3 Geosynthetic-reinforced soil (GRS) walls

A GRR wall with closer reinforcement is also regarded
as the GRS wall. A typical reinforcement spacing in
GRR walls is 0.6 m while the spacing in GRS walls

is smaller than 0.3 m. The GRS walls are often constructed
as abutments to support small and medium-size bridges.
Wu et al. [14] reported and summarized the existing
in-service GRS walls with flexible facing to support
bridges. Adams et al. [27] published a manual to design a
GRS wall supporting an integrated bridge system. This
system is referred to as a geosynthetic-reinforced soil
(GRS)-integrated bridge systems (IBS) or GRS-IBS. Fig. 7
presents a typical cross section of the GRS-IBS. This new
system includes a GRS wall and an integrated bridge
system above the GRS wall. A maximum vertical spacing
of geosynthetic reinforcement at smaller than 0.3 m in
GRS walls is recommended. Wu [13] stated that the benefit
of geosynthetic reinforcement was significantly enhanced
with vertical spacing of reinforcement smaller than 0.3 m.
Up to 2015, there are more than 200 bridges that were built
using GRS abutments in the United States. Fig. 8 shows a
GRS-IBS constructed in Colorado, USA with locally
available natural rock blocks as the wall facing. Woven
geotextile layers were placed between these rock blocks
without any mechanical connection. This application
demonstrates that connection force is low in the GRS wall.
Field tests have been conducted on the GRS structures

including the GRS piers, the GRS abutments, and the
GRS-IBS. Most of these GRS structures used modular-
block facing while few used wrapped-around facing. GRS
wall heights varied from 1.14 to 6.81 m and woven
geotextile was the most commonly used reinforcement
except one structure using geogrid as reinforcement [19].
Various types of backfill materials were used to construct
the GRS walls, including well-graded gravel, silty sand
with clay, and coarse aggregate. A reinforced foundation
encapsulated with geotextile was also commonly adopted

Fig. 7 Cross section of the GRS-IBS system (re-drawn from Adams et al. [27])
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in these GRS structures. In addition, under the bridge
beam, a bearing bed with even closer reinforcement
spacing (smaller than 0.15 m) was used. In these field tests,
instrumentation, including inclinometer casings, earth
pressure cells, strain gauges, and surveying, was employed
to monitor the behavior of these GRS structures, such as
settlement, lateral deformation, and vertical and lateral
earth pressures.
Wu [13] reported a field test of a GRS pier in Turner

Fairbank, Virginia in the United States. The pier was
constructed on a three-layer geogrid-reinforced founda-
tion. A footing load seated on the top of the pier was loaded
up to 900 kPa with seven stages. The measured vertical
deformation of the pier approximately linearly increased
with an increase of applied footing pressure up to 825 kPa
and dramatically increased after 825 kPa, which indicated
the ultimate bearing capacity of this pier. The lateral
deformation of the wall facing also increased with the
applied footing load. The maximum lateral deformation of
the wall facing first happened in the upper part of the wall
and then moved to the middle of the wall height with an
increase of the footing load. A clear bulge was found in the
middle area of the wall facing when the footing load
reached to the ultimate bearing capacity. In addition, the
measured strains in reinforcement increased with the
applied footing load to 2.3% when the applied footing
pressure was 900 kPa. The measured strains in each
instrumented geotextile were uniformly distributed
because the footing load was evenly applied over the
entire area of the pier. The maximum strains in the
geotextiles occurred in the area near the middle of the wall
facing.
Wu et al. [14] performed another study on two GRS

abutments in Turner-Fairbank, Virginia. One of the
abutments used strong geotextile reinforcement with an
ultimate tensile strength of 70 kN/m and the second

abutment used weak geotextile reinforcement with an
ultimate tensile strength of 21 kN/m. After the construction
of these abutments, a series of vertical loads with a 50-kPa
increment were applied on a 0.91-m wide rigid sill seated
near the wall facing on the top of abutments. The vertical
and lateral deformations and strains in reinforcement were
measured during the loading. Similar to the findings from
Wu [13], the vertical and lateral deformations and strains in
the reinforcement increased with the applied load. Tests
showed that the ultimate bearing capacity of the abutment
using the strong reinforcement was more than 900 kPa
while the ultimate bearing capacity of the abutment using
the weak reinforcement barely reached 400 kPa. Under the
same load, the abutment using the weak reinforcement
produced about twice the vertical deformation than the one
using the strong reinforcement. This phenomenon was also
found in the lateral deformation. The maximum strains in
the strong and weak reinforcement layers were about 2.0%
and 1.7% at a 200 kPa applied pressure, respectively.
These measured results indicate that the stiffness of
reinforcement had a significant effect on vertical and
lateral deformations but a minimal effect on the strains in
the reinforcement. In addition, the measured vertical earth
pressures at the bottom of the abutments linearly decreased
with the distance away from the facing. The method based
on the 2(H):1(V) load distribution recommended could
roughly estimate the vertical pressures at the bottom of the
abutment.
Adams and Saunders [15] conducted a field test of GRS-

IBS. The GRS-IBS used a wrapped-around facing and had
a 1.5 m wall height. Settlement and lateral deformation
were measured using magnetic extensometers and an
inclinometer, respectively. The measured settlement of the
bridge footing was smaller than 37.5 mm and the
differential settlement between the bridge and its neighbor-
ing road was about 13 mm, which implied that no bump

Fig. 8 Constructed GRS wall with natural rock blocks as facing
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developed at connection.
Xiao et al. [28] conducted physical model tests of

vertically-loaded footings on GRS walls. They found
that the ultimate bearing capacity of the footing depended
on the offset distance of the footing to the wall facing (Ds),
the footing size (Bf), the geogrid length (L), and the method
of connection between geogrid and facing blocks. Fig. 9
shows the effect of the footing offset distance and the
reinforcement length on the ultimate bearing capacity of
the footing on the GRS wall. For a shorter reinforcement
length (i.e., L/H = 0.7), there was an optimum offset
distance for the ultimate bearing capacity of the footing on
the GRS wall. When the footing was close to the end of the
reinforcement, the footing failed due to the limited bearing
capacity of the soil. For a longer reinforcement length (i.e.,
L/H = 2.0), there was no bearing capacity reduction within
the reinforcement length after reaching the peak value of
the bearing capacity. In addition, an increase of the footing
width increased the bearing capacity of the footing. Xiao et
al. [28] found that the critical failure surface could be
simulated by a limit equilibrium method when the footing
was close to the wall facing.

In addition to the field tests, Adams et al. [27] introduced
the basic principles of GRS structures and proposed the
methods to calculate the ultimate bearing capacity of the
footing on the GRS system and the required reinforcement
strength. The analytical solution was developed based on
the concept of passive failure of a confined composite
soil column with an apparent cohesion. The confinement
by the wall facing, the geosynthetic vertical spacing, the
geosynthetic tensile strength, the maximum particle size of
backfill, and the friction angle of backfill contribute to the
ultimate bearing capacity of the footing. The required
tensile strength of the geosynthetic reinforcement depends
on the lateral earth pressure, the geosynthetic vertical
spacing, the maximum particle size of backfill, and the

friction angle of backfill. In addition, Adams et al. [27]
proposed a method to estimate the lateral deformation of
the wall facing based on the assumption that the volume
change in the GRS composite is zero. This assumption led
to a relationship that the lateral strain is half of the vertical
strain.
Numerical studies were also conducted to investigate the

performance of GRS structures. Limited numerical studies
have been done so far on the GRS walls. All these studies
used the finite element method. Most of the numerical
analyses were done in 2D under working or ultimate
strength conditions. The GRS structures analyzed had the
following parameters: (1) wall height ranging from 1.9 m
to 6.7 m, (2) reinforcement length ranging from 1.4 m to
5.0 m, (3) reinforcement spacing ranging from 0.2 m to 0.4
m, (4) geologic cap or hardening soil model, (5) mostly
linearly elastic geosynthetic elements, (6) fully-bonded
interface between geosynthetic and soil, (7) use of
interface between backfill soil and facing block and
interface between facing blocks, and (8) compressible or
incompressible foundation. In all the reviewed GRS-IBS
studies, no seismic condition was considered.

4 Hybrid GRR walls

Hybrid GRR walls are a wall type between typical GRR
walls and GRS walls. In this new wall system, there are
long and strong primary reinforcement and short and weak
secondary reinforcement. Leshchinsky [21] stated that the
use of secondary reinforcement between primary reinfor-
cement could mitigate the problems resulting from the
large vertical spacing of primary reinforcement in GRR
walls. Leshchinsky [21] indicated that the inclusion of
secondary reinforcement can result in the following
benefits: (1) a reduction in connection load for primary
reinforcement, (2) an increase in internal stability from
lower layers of secondary reinforcement, (3) an improved
compaction near the wall facing, and (4) an alleviation of
down-drag behind the wall facing. Leshchinsky and
Vulova [22] employed a numerical method to investigate
the influence of secondary reinforcement on the perfor-
mance of hybrid walls. Their study illustrated that the
inclusion of secondary reinforcement could reduce the
connection load in the primary reinforcement, increase
wall internal stability, and change the failure mode from
connection failure to compound failure. Han and Lesh-
chinsky [23] and Leshchinsky et al. [24] used a limit
equilibrium method to investigate the effect of secondary
reinforcement on the behavior of GRR walls and
demonstrated the reduction of the maximum tensile force
and the connection force by secondary reinforcement. In
addition to these theoretical and numerical analyses of the
hybrid GRR wall, Jiang et al. [6,25] performed field tests to
investigate the effect of the secondary reinforcement on the
performance of hybrid GRE walls with instrumentation as

Fig. 9 Effect of footing offset distance and reinforcement length
on bearing capacities of the footing on GRS walls (after Xiao et al.
[28])
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shown in Fig. 10. The results from the field tests confirmed
that the secondary reinforcement could reduce the lateral
deformation of wall facing, reduce the connection force,
and the maximum tensile force in the primary reinforce-
ment. Jiang et al. [6,25] also found that the secondary
reinforcement changed the lateral earth pressure distribu-
tion to a more uniform one.

5 Summary

This paper reviews the recent advances in geosynthetic-
reinforced retaining (GRR) walls including piles in GRR
walls, geosynthetic-reinforced soil (GRS) walls, and
hybrid GRR walls and summarizes the main research
activities and findings. Below is a brief summary:
(1) A pile in a GRR wall at a larger distance away from

the back of wall facing could carry more lateral load than
that at a closer distance. Group piles deflected more than a
single pile when they are at the same distance from the
back of wall facing, which demonstrates a reduction in
lateral load capacity in the pile group. To avoid a group
effect from neighboring piles, pile spacing should be larger
than the width of influence by an individual pile. The
backfill with a higher modulus required smaller pile
spacing to reduce the group effect.
(2) Under the lateral load from piles, the deflection of

wall facing increased with the wall height and the
maximum deflection of the wall facing occurred at the
wall top. The deflection of wall facing at the bottom of wall
was small due to the base restraint. Maximum strains
occurred in the geogrid near piles.
(3) The lateral earth pressure at the back of wall facing

increased with the lateral load on the pile and was between
the at-rest and passive earth pressure states. The lateral
load on the pile resulted in an increase of lateral earth
pressure in the central region of the wall and a decrease in
the adjacent region.
(4) Under an applied footing load, the maximum lateral

deformation of the wall facing first happened in the upper
part of the wall and then moved to the middle of wall
height when the footing load increased. A clear bulge

happened in the middle area of the wall facing when the
footing pressure reached to the ultimate bearing capacity.
(5) Under a footing load on the GRS pier, the measured

strains in each instrumented geotextile were uniformly
distributed and the maximum strains in the geotextile
occurred in the area near the middle of the wall facing. The
stiffness of reinforcement had a significant effect on the
vertical and lateral deformations.
(6) The ultimate bearing capacity of a footing on the

GRS wall depended on the distance of the footing to the
wall facing, the footing width, the reinforcement spacing
and length, the confinement by the wall facing, and the
backfill properties. A larger reinforcement spacing
required a higher tensile strength of the reinforcement.
(7) The numerical studies on GRS walls show that the

geosynthetic stiffness had a significant effect on the
performance of the GRS bridge abutment, the geosynthetic
spacing had a moderate effect, and the fill friction angle
had the least effect.
(8) Secondary reinforcement in hybrid GRE walls

reduces the connection force for primary reinforcement
and the lateral deformation of the wall facing, increased
internal stability, improved compaction near the wall
facing, and mitigated the down-drag force behind the wall
facing.
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