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This study evaluates the earthquake-induced movement of geogrid earth-retaining (GER) walls. A thorough
investigation was conducted on a GER wall model, utilizing a comprehensive finite element (FE) analysis. This
research focuses on investigating and designing hollow prefabricated concrete panels and conventional gravity-
type stone masonry GER walls. It also displays comparative studies such as the displacement of the wall,
deflection of the wall, lateral pressure of the wall, settlement of the backfill reinforcement, vertical pressure of
the backfill, lateral pressure of the backfill, vertical settlement of the foundation, and settlements of soil layers
across the height and acceleration of the walls of the GER walls. The FE simulations used a three-dimensional
(3D) nonlinear dynamic FE model of full-scale GER walls. The seismic performance of models has also been
examined in terms of wall height. It was found that the seismic motion significantly impacts the height of the
GER walls. In addition, the validity of the proposed study model was assessed by comparing it to the conven-
tional reinforcement concrete and gravity-type GRE wall and ASSHTO guidelines using finite element (FE)
simulation results. Based on the findings, the hollow prefabricated concrete panels were the most practical
alternative due to their lower deflection and displacement. Based on the observation, it was also found that the
hollow prefabricated GER wall is the most viable option, as the settlement and lateral pressure in the former type
are high.

1. Introduction

The seismic response of geogrid earth-retaining (GER) walls must be
considered due to its direct impact on the stability and safety of struc-
tures in earthquake-prone areas [1]. A well-known (GER) construction
method uses discontinuous gradual concrete facing panels, and geogrid
or steel mesh is the most common backfill soil-reinforcement component
[2,3]. This study aims to develop a design for a gravity earth retaining
(GER) wall using granular backfill, geogrid reinforcing soil, and hollow
precast concrete panels. Numerous researchers have studied the
behavior of GER walls in previous earthquakes [4]. The earthquake that
occurred in Pakistan in 2005, with a maximum recorded peak ground
acceleration (PGA) of 0.6 g, resulted in substantial damage to
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earth-retaining buildings, bridges, and roads near the epicenter. Addi-
tionally, it caused extensive sliding and deformation of conventional
earth-retaining walls. The earth-retaining wall underwent substantial
displacement and rotation due to the 2019 attack earthquake, which
recorded a maximum peak ground acceleration of 0.4g [5,6].
Nonlinear dynamics approaches and empirical adjustments are often
used to design the seismic performance and internal stability of (GER)
walls. These techniques include well-established concepts of seismic
pressure on structures [7,8]. Usually, the lateral pressure of walls,
reinforcement settlements, deflection, and displacement are assessed by
conducting shaking table tests and finite element simulations for
different types of retaining walls [9,10]. The wuse of the
three-dimensional technique (3D FE) in modeling has attracted much
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interest in accurately representing GER walls’ intricate behavior when
subjected to seismic forces [11,12]. Numerous researcher have utilized
nonlinear dynamics methods of 3D FE modeling to investigate the
seismic response of various retaining walls, providing valuable insights
into their dynamic behavior and failure mechanisms [13]. These factors
include horizontal strain, settlement of reinforcements, displacement,
and overturning, which collectively contribute to the stability and safety
of earth-retaining walls in high seismic-risk areas [14]. They consider
the nonlinearity of soil-structure interaction and the behavior of the
retaining wall system, surpassing the limitations of linear assumptions
and response theories, and offer valuable insights into the intricate
mechanisms and phenomena during seismic events [15].

In addition to calibrating the resistance factors for the reliability-
based methods, the measurements from the instrumented wall case
studies have been utilized extensively to evaluate the precision of
displacement-based seismic performance design methods included in
the current design guidelines [3,16-18]. According to Mirmoazen et al.
(2021), instrumented field walls incorporating geosynthetic reinforce-
ment were scarce. The available measured database becomes even more
constrained in the case of instrumented walls featuring significant
reinforcement spacing. In order to enhance comprehension of the
behavior of GER walls featuring extensive reinforcement spacing and
compensate for the absence of physical measurements, one approach is
to construct numerical models that are subsequently validated against
physical measurements (Mirmoazen, S. M. et al., 2022) By utilizing the
computed outcomes derived from the validated numerical models, the
restricted repository of instrumented case studies can be expanded to
encompass a more extensive spectrum of reinforced soil and reinforce-
ment characteristics, reinforcement spacing, loading circumstances, and
configurations [19].

The findings of finite element analysis and experimental testing
comparing gravity-type and rigid retaining walls indicate that the
gravity-type of base-restrained retaining walls significantly influenced
the backfill pressure [20]. An in-depth analytical examination of the
seismic performance of gravity-type retaining walls [21] focused on the
importance of wall height in relation to earth shackling. The finite
element (FE) approach was used to analyze the passive behavior of a
concrete retaining wall designed to resist gravity forces. The investiga-
tion found that the failure domain size increased when base excitation
was applied [22]. Emin Hokelekli [23] shows that finite element (FE)
analysis may calibrate a nonlinear distribution of backfill pressure
behind a GER retaining wall. Multiple studies have used shaking tables,
and finite element analysis (FE analysis) on scaled-down models of
retaining walls to better understand the impact of dynamic backfill on
the wall and its many modes of failure [24]. It was shown that the
backfill soil might substantially influence the seismic performance of
GER retaining walls. Accurately determining the amount of movement
caused by earthquakes in GER retaining walls is crucial for the present
approach of designing structures based on their ability to withstand
seismic activity [24]. Munoz H. et al. [25] used the Newmark sliding
block model to predict the displacement of retaining walls caused by
earthquakes. Nimbalkar, Sanjay, and Deepankar Choudhury [26]
discovered a non-linear dynamic soil pressure along the height of the
basement wall. They also observed that the conventional
Mononobe-Okabe (MO) approach provides too cautious estimations of
seismic forces when numerically analyzing retaining walls.

In order to examine the seismic characteristics of GER walls, scholars
have utilized a blend of sophisticated finite element (FE) simulations
and experimental trembling table testing [27,28]. By conducting these
experiments, crucial parameters, including forces and displacements,
can be measured directly, facilitating a more comprehensive compre-
hension of the distinct response characteristics displayed by GER walls.
Conversely, finite element (FE) simulations replicate the intricate
interplay among the soil, wall structure, and backfill material, enabling
a more comprehensive examination of stress distribution, internal
forces, and displacement patterns within the retaining wall system [29].
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Researchers may thoroughly understand the dynamic behavior and
failure processes of retaining walls by integrating findings from exper-
imental testing and numerical simulations. This information can then be
used to design methods better and improve the seismic performance of
retaining walls [30-32]. Although there has been notable advancement
in examining the seismic behavior of different kinds of GER walls, there
is still a major lack of research in comprehending the displacement
characteristics and stability of backfill, particularly in retaining walls
[33,34]. The precast reinforced concrete pale walls have become more
popular because of their distinctive design and construction methods,
which entail few connection points between the face panels and the
backfill materials [35,36].

However, these innovative systems’ specific behavior and response
under seismic loading conditions have not been extensively investi-
gated. This study aims to bridge this research gap by conducting a
comprehensive 3D finite element analysis to investigate the seismic
response of hollow precast GER walls. The prefabricated wall was eco-
friendlier than the traditional GER wall. According to the research, the
prefabricated wall outperformed the conventional retaining wall
regarding CO2 emissions, greenhouse impact, essential material cost,
and embodied energy [37]. The study aimed to establish a technique for
conducting a seismic analysis of hollow precast GER wall panels using
FE analysis. The use of a 3D finite element analysis attained the
achievement. However, seismic performance is the main topic of a
rigorous 3D finite element analysis of hollow prefabricated (GER) walls.
To the author’s best knowledge, there has not been a comprehensive
investigation of prefabricated walls for use in highway and infrastruc-
ture applications, either experimentally or through FE analysis. As a
result, there has been no worldwide discovery of these precast GER wall
systems [38].

2. Novelty of the study

This study aims to apply nonlinear dynamic finite element analysis
methods to explore the seismic performance of hollow precast rein-
forced (GER) walls. This will be done in light of the motivations and
considerations indicated earlier. This study is the first investigation into
the impact of earthquakes on several categories of hollow precast (GER)
retaining walls. Using diverse wall model heights may facilitate under-
standing seismic impacts from development activities across different
nations, assisting researchers and policymakers in their analysis and
decision-making processes. Parallel to these studies, this research fulfills
the research gap by investigating a wide range of factors such as
displacement and deflection of the wall, vertical pressure of the wall,
horizontal pressure of the wall, lateral pressure of the wall, settlement of
the wall, settlement of the mesh; vertical pressure of the backfill; hori-
zontal pressure of the backfill; lateral pressure of the backfill; vertical
foundation pressure and settlements of soil layers. (Table 1). Therefore,
the researchers assumed the possibility of achieving that goal. These
groups can keep their strength regardless of geographic location,
although the effect of the factors may vary from country to country.
Table 1 demonstrates the factors affecting the seismic performance of
GER walls in developing and developed countries.

3. Numerical modeling approach

FE analysis of the three-dimensional models of GER walls to inves-
tigate the seismic response [19]. The effects of hollow precast concrete,
reinforcement concrete, and conventional gravity-type stone masonry
GER walls on the seismic performance of the three different wall heights
(5m, 7 m, 5m, and 5 m) have been examined and accounted for in
parametric studies. The FE analysis results were employed in nonlinear
dynamic assessments to understand the models’ seismic response better.
Consequently, the input base accelerations, also known as accelero-
grams, have been scaled to be 0.3g times the peak ground acceleration
(PGA). The responses of the GER wall, Lateral Pressure of the Wall,
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Table 1
Studies determine the factors influencing the geogrid earth-retaining walls (GER) wall under earthquake.
References  Authors (Reference  Country Typeof walll  VPW LPW SGM BVP BHP BLP VFS DDW AAW  Methodology
No) facing
[9] Bourgeois E. 2011 United GER X X X X X X X X X Numerical simulation
Kingdom
[39] Zhang, W et al., China GER X X X X X X X X X Numerical analysis Physical
2022 test
[32] Yoo C et al., 2019 Canada GER X X X X X X X X X Physical test
[40] M. Ahmadabadi Spain GER v X v v v v v v v Numerical analysis
2009
[36] Tiwary, A, K et al., Australia GER X X X X X X X X X Numerical simulation,
2022 Physical test
[34] YuY. etal., 2015 China GER X X X X X X X X X Physical test
This research Pakistan GER v v v v v v v v v FEA of a different model with

model heights

Dynamics analysis of earth-retaining walls (DA) GER, Vertical Pressure of the wall (VPW), Lateral pressure of the wall (LPW), Settlement of Geogrid Mesh (SGM),
Backfill Vertical Pressure (BVP), Backfill Horizontal Pressure (BHP), Backfill Lateral Pressure (BLP), Vertical Foundation Settlement (VFS). Acceleration of the wall

(AAW), Displacement and deflection of the wall (DDW).

Settlement of the backfill reinforcement, lateral pressure of backfill,
deflection of the wall, acceleration of the wall, displacement of the wall,
vertical settlement of the foundation, and settlements of soil layers have
all been analyzed based on the finite element analysis results. The FE
model’s boundary conditions were replicated using Abaqus’ accelera-
tion and displacement-controlled boundary features [41]. The founda-
tion of the FE model is a pinned support, which is restricted along the
vertical y-axis but free to move along the horizontal x-axis [20,25].
Geostatic forces have been discovered in both the backfill and base soil
domains. The principal purpose of determining the geostatic pressures
was to evaluate the correctness of the FE results and determine whether
the forces were in dynamic equilibrium [13].

3.1. Material modelling

As indicated in Table 2, the Abaqus FE model for analysis is built
using three classes of materials in this research. The reinforcing geogrid
was built using the Abaqus [42] wire element feature, and the walls
were made using the concrete-damaged plasticity (CDP) model. Utiliz-
ing the Mohr-Coulomb (MC) material model, the constitutive behavior
of the backfill was determined. The plane strain conditions have been
hypothesized to have contributed to creating the 3D model [41].
Additionally, gravitational forces have been included across the entirety
of the FE model. The seismic loading was applied to the foundation of
the FE model by wusing the acceleration along the x-axis.
Large-deformation numerical analysis sees the widespread application
of the nonlinear dynamic explicit solution approach implemented by the
FE program Abaqus [41]. Explicit central difference integration rule and
many short-time steps are used in Abaqus’ dynamic explicit analyses to
address boundary value concerns. The FE analysis results were taken at a
low sample rate to reduce noise in the data [43].

The study uses three different retaining walls for simulation: two
walls, hollow precast concrete panels, and a third convention gravity-
type masonry (GER) retaining wall. Three different GER walls were
simulated in the study: one gravity-type, two hollow precast, one rein-
forcement concrete panel, and a GER wall made of reinforced concrete.
Details of the geometry specification are shown in Figs. 1-3. Fig. 1 shows
the elements of the hollow precast concrete wall. The numerical model
shows an idealised repeating unit made up of panels that are 1 m tall and
1 m wide that span the length of the wall. The usual specifications for
hollow precast concrete GER walls are 150 mm wide by 14 mm thick,
with the steel reinforcing rebar positioned at a vertical spacing of 250
mm rebar stripe. The numerical model depicts a wall measuring 5 m in
height and comprising six modules stretching along its length. L =4 m
represents the length of the reinforced zone, which is equivalent to 1 m
H for the wall height H. The L/H ratio of 1 is generally regarded as the
optimal value for design purposes [3]. No surcharge loading was applied

Table 2
Geogrid earth-retaining walls (GER) design considerations [32,37].
precast conventional Conventional
Parameters retaining wall reinforcement gravity-type stone
(SM-W1, SM- concrete wall (CR- masonry wall (GM-
w2) w) w)
Value Value Value
5mand 7 m 5m 5m
Wall height 5mand7 m 5m
Backfill soil 18 kN/m2 18 kN/m2 18 kN/m2
density
Angle of 0° 0° 0°
surcharge
Angle of repose 30° 30° 30°
Density of 30 kN/m® 30 kN/m® -
concrete
Density of stone  — - 23-29 kN/m*
The safe 150 kN/m? 150 kN/m? 150 kN/m?
carrying
capacity of
soil
Friction angle 40° 40° 40°
Compressive 30 N/mrn2 30 N/rnm2 30 N/mm2
Strength of
Concrete
Steel’s yield 415 N/mm? 415 N/mm? 415 N/mm?
Strength
Factor of safety 1.5t0 2.0 1.5 to 2.0 1.5t0 2.0
Effective cover 40 mm 45 mm 45 mm
Elastic modulus 32,000 32,000 32,000
(MPa)
The ratio of 0.2 0.2 0.2
Poisson’s
distribution
Model Concrete Damage

Plasticity model
(CDP)

to the model’s upper boundary in the numerical simulations. Table 2
lists the rebar specifications utilized in this investigation. The
gravity-type and reinforced concrete rigid ER wall running length is 6 m,
and height is 5 m, as shown in Figs. 2 and 3.

3.2. Constitutive modeling of the backfill and base case

The role of backfill in the seismic performance of GER walls must be
determined by comprehensive parametric laboratory testing of various
granular backfill types [9]. For the parametric FE analysis studies, the
sand, silt [11], mud [12], rock particles, and silt, send granular soil
particles (the current research field investigation) have been taken into
consideration as granular backfill materials as shown in Fig. 4. The
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Fig. 1. Overview of 3D model precast hollow concrete structural components of GER wall.
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Fig. 2. Complete overview of conventional gravity-type stone masonry wall.

Mohr-Coulomb material model has been utilized to simulate the back-
fill’s constitutive behavior. Several studies [2,43] simulated backfill
behavior before and after yield using the MC material model, as shown
in Table 3. According to MC, the material model allows for modeling soil
behavior after yield [42,44]. This study modeled the geogrid mesh used
for backfill reinforcing with weir components in Abaqus, as shown in
Fig. 5. Thin reinforcing weirs are layered into the soil for structural
support, and weir components mimic their behavior [M. Ahmadabadi,
(44)]. It is possible to determine a limit for the reinforcing weir com-
ponents’ tensile failure strain, and these components can give either

under tension or under compression.

On the other hand, the weir will bow when subjected to such pres-
sure. The shear behavior at the reinforcing-soil interface is characterized
by a nonlinear shear failure envelope that shifts in shape depending on
the confining pressure. The reinforcing weir components’ characteristics
are shown in Table 4, which provides a summary to replicate the geo-
grid’s primary and secondary reinforcement laid.

The materials used as granular backfill in parametric FE analysis
experiments. Allen and Bathurst [2] conducted research suggesting that
the reinforcement global stiffness, determined by dividing the wall
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Fig. 3. Complete overview of conventional reinforcement concrete GRE wall.
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Fig. 4. Constitutive behaviour of different soils considered as backfill.
ble 3 stretched or extended. The maximum tensile stresses observed in the
;a 'ed the soil material ters for the baseli io [35] current study were consistently below 0.03 % for all cases and layers,
rovides € soll material parameters ror € Dbaseline scenario . . . . .
s which is much lower than the yield strain of steel at 0.2 %. On the other
Parameter Soil material (Backfill) Foundation hand, Bakr J et al. [8] documented stress levels of up to 0.08 % after
Unit weight (kN/m%) 18 20 building a 17-m-high production (ER) wall under observation. The steel
Elastic modulus (MPa) 20 35 straps in this study experienced maximum strains of approximately 0.2
i ’, i . . . . . .
Poisson’s ratio 02 03 %, which falls within the lower range of strains observed in real geogrid
Cohesion (kPa) 1 5 ini 1Is. Th 1 ignificantly bel h ded
Friction angle (degree) 14 36 reta.mmg walls. These values are signi cant y below the recommende
Dilatancy angle (degree) 14 6 strain of 1 % to maintain the systems at working stress levels [44] and to
Global stiffness (MPa) 43 43 provide sufficient safety margins against tensile failure [8].
Reinforcement stiffness J (MN/m) 56 56 In light of this, the MC model was calibrated in the present investi-
Model Mohr-Coulomb (MC) material model ation using the triaxial test outcomes of all model backfills considered
Standenrd AASHT, AFNOR, FHWA 8 8

height (H) by the sum of the stiffness of all reinforcement layers, affects
wall performance. For example, an increase in global reinforcement
stiffness will result in higher wall reinforcement stresses despite all other
parameters remaining constant. According to data from operational
full-scale instrumented earth-retaining reinforced soil walls, Allen and
Bathurst [7] determined the global rigidity to be between 35 and 380
MPa, with reinforcement stiffness measuring 56 MPa (Table 3). The
walls were found to be reinforced with materials that cannot be

for the FE analysis simulations. Tiwari R [43] produced a comprehensive
MC material model that was calibrated using the results of triaxial tests.
Different model backfills have been assessed regarding their effects on
the calibrated MC material model’s outputs regarding triaxial test results
(hardening and softening) [35]. The authors [43] detailed the specifics
of modeling MC materials, calibrating the post-yield response of backfill
using data from triaxial tests, and modeling the Rayleigh damping of
backfill.
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Fig. 5. Modeling of the backfill and backfill reinforcement (a and b) modeling of the precast concrete and gravity-type GER wall backfill (c and d) modeling of the

precast concrete and gravity-type GER wall backfill reinforcement.

Table 4
Properties backfill reinforcement material [29].
Parameters Geogrid
Calculation width (mm) 1000
Number of mesh per calculation width 1000
Mesh thickness (mm) 1000
Elastic modulus (MPa) 2700
Mesh thickness (mm) 3
Tensile stiffness (kN/m) 6400
Tensile stiffness (kN/m) 416
Interface normal and shear stiffness (kN/m/m) 92000
Soil interface cohesion (kN/m) 4.0
Model Von-Mises plasticity (for Geogrid)
Standenrd AASHT, AFNOR, FHWA

3.3. Concrete and steel constitutive modeling

The Abaqus FE program was used to simulate the concrete, and the
CDP model of concrete-damaged plasticity was used. Numerous re-
searchers have utilized the CDP model to study the constitutive behavior
of concrete [25,43]. The CDP model uses the following formulation in
Equations (1) and (2) to characterize concrete’s constitutive behavior
under compression and tension.

M =(1-F)Ky: (£-£") @

M.=(1—F) K (£ £) 2

The tensile and compressive stress vectors are indicated by M; and
M., respectively. The £{° and £¢° are the tensile and compressive plastic
strain equivalents. The initial undamaged elastic modulus, denoted by

the (K, has been calculated based on the strain and stress response of a
uniaxial compressive strength test performed on concrete [45]. Plastic
strains are the dependent variables in the damage equation [25]. Lub-
liner et al. [46] created the first version of the CDP model’s yield
function, which was later revised by Lee and Fenves [47]. The Abaqu-
s/Explicit User’s Manual [41] has information on the CDP yield func-
tion. There is no associative flow in the CDP model. The eccentricity and
the dilation angle control the plastic potential process, measured at the
deviatoric stress plane.

2
B 14 ( Sfcl - 8) S 3)

07
Sfc ) @

Jo= (0.0469a§ ~ 0.5q, +26) (W

Table 2 displays the material characteristics considered using the
CDP model to model concrete. Carreira and Chu [9] proposed a method
for generating the stress-strain response of concrete with a characteristic
strength (Sg) of 30 MPa. When the stresses in concrete reach a level
greater than 0.3 S, it was hypothesized that the material would begin to
act in-elastically (when subjected to compression). When subjected to
uniaxial stress, the fracture energy approach predicted the concrete’s
tensile behavior [40]. A linear softening model has been used to indicate
the tensile failure of concrete. We used Equations (3) and (4) to figure
out By, which stands for the tensile strength of the concrete, and J,
which stands for the fracture energy. Both the concrete compressive
strength (Sg) and the maximum aggregate size (ag) have been used in the
process of determining the By and the Jg, respectively [41,45].



M. Akbar et al.
3.4. Load and boundary conditions

The boundary conditions, zone dimensions, and property assignment
substantially influence the facing behavior of these wall types, as
demonstrated by the numerical modeling; these parameters play an
essential role in the model simulations. The base of the model, which is
2 m below the wall, was found to be far enough away that it didn’t have
any noticeable effect on the results. The finite element mesh was made
up of ten nodes for each element. These nodes were used to model the
interactions between different materials. The finite element mesh was
made up of 14,888 nodes and 13,128 elements. One connection is be-
tween the bottom of the foundation soil horizontally and vertically. Two
connections are between the retained soil horizontally on both sides.
Three connections are horizontal between the retained soil on its left
side. The limits of the FE model were set by ABAQUS’s acceleration and
displacement-controlled boundaries condition. The FE model is built on
a pinned support that limits movement along the y-axis but allows
movement along the x-axis [8,35]. It has also been found that the
backfill and base soil have geostatic loads. The main reason for giving a
detailed report of the geostatic stresses was to check that the FE values
and force distribution were correct [13]. The x-axis acceleration was
used to load the base of the FE model with earthquake forces. The
domain lines could move up and down without problems in the front
foundation zone and the reserved fill zones. It was a practical solution to
find the wall-facing distance from the back boundary of the domain in
order to keep the far-field boundaries from having too much of an
impact on the GER wall’s deformations and length.

The primary purpose of providing a detailed explanation of the
geostatic pressures was to confirm the finite element analysis’s accuracy
and the forces’ distribution [42]. The y-z borders in the vertical direction
were fixed along the x-axis of the cross-plane. Consequently, the GER
wall’s vertical (y) limits and panels, y—z, had no restrictions on their
movement. The domain borders were positioned vertically at the front of
the foundation zone and the back of the retained fill zone. The x-axis
acceleration was used to provide seismic loading to the foundation of the
FE model. The domain borders showed unhindered vertical movement
in both the preserved fill areas and the frontal foundation area. The
model’s bounds were restricted concerning all degrees of freedom of the
system (DOFs) [35]. The spring and dashpot system simulated the finite
element model’s vertical (viscous) limits. The use of viscous boundaries
has been effective in reducing boundary effects and computing time.

3.5. Mesh sensitivity analysis of model

The effects of various mesh sizes on the seismic response of the GER
wall have been investigated through mesh sensitivity analysis. The FE
model uses planar strain elements with lowered integration and hour-
glass control (CPE4R), except for the steel reinforcement. We used the
beam element (B31) to get the desired mesh for the rebar. Several re-
searchers have examined the link between mesh size and structural
response, and their findings have led them to conclude that the results of
FE analysis are sensitive to mesh size. Choosing a suitable mesh size
makes it possible to acquire correct FE findings with a minimum
computing effort [8,20]. Shaking table tests on the simplified FE and
retaining wall model analyses by Tiwari and Lam [43] demonstrate that
the backfill at the base-restrained retaining wall’s stem and heel
significantly influences the base-restrained retaining wall’s seismic
response. The researchers discovered this. Several mesh sizes were used
for sensitivity analysis at the contact sites between the GER wall and the
backfill. This research used a finite element model to determine how
mesh size affects computational results, aiming to use the most accurate
and relevant modeling technique possible. The mesh size of the final
models is relatively small, with a mesh element size of 25 mm being used
for all of them [20].
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3.6. Simplified analytical model

FE study on GER wall models estimates earthquake-induced
displacement. FE investigations on full-scale GER wall models need FE
simulation and constitutive modeling competence. A force-based
displacement check model has been proposed to estimate the GER
wall’s maximal earthquake-induced elastic displacement (£max) with
granular backfill. Fig. 6 depicts the GER wall considered during
formulation development. The GER wall’s height and thickness are
denoted by "’h’’ and “wy’’.

Determine the body force at the GER wall’s unit height.

(M1¢p)Wlsg =HF4 X Ci X @y 5)

Backfill dynamic pressure coefficient according to the Mononobe-
Okabe (MO) model

cos’ (@ —0—a
Koo ( ) (6)
cosrpcos29<A+9+a 1+ %])
Dynamic soil pressure at the base of the GER wall
Sug = HEA\ Ky Apacisinh 2

Utilize the (Sap) to represent a triangular load per GER wall unit
width.

(M2cp) (€©)]

Determine the greatest possible movement caused by the inertia of
the GER wall.

Bly, h4
£l = ( SFEI )GER Wall = (HF; X Cy X Qya) 9)

Calculate the maximum displacement caused by dynamic soil
pressure.

Blg, h4
£1,,m:( " ) (10)

30E1

Determine the utmost elastic displacement exhibited by the base
retained.

£max: £lmax - £2mux (1 1)

Fig. 4 depicts the seismic body force (M1¢p) on the GER wall stem
and the dynamic soil force per unit width of the wall (M2¢p) along the
wall height (assuming a triangular distribution). It supports a homoge-
neous, horizontal, granular backfill behind it, and it should be high-
lighted. The backfill contact angle (¢) has been considered to be ¢/2. The
MO equation has been used to predict the seismic pressure behind the
GER wall stem [31]. The pseudo-static pressure on the GER wall stem is
calculated using the MO equation, and it grows linearly with wall depth.
The pseudo-static lateral pressure coefficient (S4z) was calculated to be
100 % Sp. Eq. (6) calculates the seismic force (Sga) along the GER wall
height.

Where AFy is the backfill’s horizontal acceleration amplification.
The formulation utilized to determine the maximum displacement
resulting from the wall inertia forces (£1mq) has been computed as
follows: The variables used in this context are E, representing Young’s
modulus of the GER wall; I, representing the moment of inertia of the
facing panels; backfill, representing the unit weight of the backfill, k,
representing the horizontal seismic coefficient, and Wy, representing
the weight of the model. The calculation of (£2,4,), which represents the
maximum displacement resulting from seismic active pressure of back-
fill, has been determined utilizing the subsequent formulation: The
equation (M2¢p) = Sar Indicates the seismic force per unit of GER wall
breadth. After computing £1,x and £2n,a«, these values can be used to
determine the utmost displacement at the model’s apex. The process for
estimating the earthquake-induced elastic displacement of the GER wall
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Fig. 6. Input estimating GER retaining wall maximum elastic seismic displacement.

with granular backfill is illustrated in detail in equations (5)-(11).
3.7. Validation of FE modeling approach
In this work, the authors conducted conventional gravity-type,

reinforcement concrete, and hollow precast concrete wall panel GER
walls model results to validate the capabilities of the current FE

modeling technique. A 3D plane strain FE analysis model of the full-scale
wall model has been created using the FE modeling method. The backfill
was modeled using the MC material model, and all wall models were
modeled using the elastic material characteristics. Analyses of nonlinear
time histories have been carried out with the help of the dynamic
explicit scheme that the FE program Abaqus provides. It is important to
note that the recorded displacement time history of the historical

Time (sec)

0.3 0.14
095 0.12
0.1
~ 02 —~
(] ° Q
2 £ 0.08
E 015 &
-, )
§ g 0.06
0.1 0.04
0.05 0.02
0 0
0 10 20 30 0 5 10 15 20
Frequency (Hz) Frequency (Hz)
y 2.5+
2.04 b
1. \ /
1.0 |
@ @0 | |
go E
E g0.0 H »d
[0} Q
g & I
-2 1.0
-1.54
4 2.0
2. T T T T T 1
J 5 1 . . A 0 5 10 15 20 25 30 35 40

Time (sec)

Fig. 7. Seismic input motion.
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earthquake shaking wave was utilized to construct the input base exci-
tation for the FE models. Simulation results correlate very well with
those from the all-walls model. The seismic force of the prototype base
retained retaining walls connects instead well [43]. This indicates the
current FE modeling technique can reproduce the seismic response of
GER walls in a virtual environment in an accurate manner.

4. Seismic input excitations

This research explores the seismic behavior of GER walls using an FE
analysis under earthquake conditions equivalent to those utilized in the
analysis’s base movements. Harmonic excitations of changing ampli-
tudes and frequency were used as the basis for the model’s initial
movements. The strength of these stimulations was gradually raised
from low peak acceleration amplitudes for brief periods to high peak
acceleration amplitudes for a specific time. It is depicted that the time
history of the wave acceleration was applied to the model for evaluation.
Fig. 7 (a and b). shows how to produce this wave motion by extrapo-
lating data from the area where the latest earthquake occurred [5,6].

4.1. Model approach applied to case study

The baseline model parameters were sourced from the study con-
ducted by Yu et al. (38), which focused on modeling the instrumented
reinforcement wall at the Public Works Department (PWD) in Pakistan,
as documented by Ref. [6]. To establish a higher confidence level in the
3D model created for this investigation, the authors and their colleagues
reexamined the deflection and lateral pressure toe load observed and
numerically predicted in a previous study [49]. The material charac-
teristics used for the numerical analysis of the (GER) wall have been
determined in the previously provided tables. It is essential to
acknowledge that the GER wall was a prototype to maintain a rather
slender embankment subjected to an angled surcharge. The wall was
built using cruciform-shaped facing panels. Therefore, the overall
configuration was more intricate than the three-dimensional wall
segment, the primary subject of investigation in the present work.

The situation of conventional concrete and Gravity-type retaining
walls after an earthquake is depicted in Fig. 8 (a, b). The 3D numerical
and measured results reasonably agree with the physical system’s
complexity. In this study using the 3D FE model, it was determined that
increasing the structural elastic modulus from its initial value improved
the overall accord between measured and predicted values. Yu et al.
[35] reported the 2D numerical model results using the program FLAC
2D, and the authors performed the 3D modeling using the program
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ABAQUS. When comparisons are limited to reinforcement stresses, it is
possible to conclude that the 3D model has no practical advantage over
the 2D models. The disadvantage of the 2D approach is that discontin-
uous reinforcement loads must be regarded as continuous elements
along the plane of strain (x). This challenges GER walls with variable
horizontal spacing between reinforcement backfill layers, such as the
Minnow Creek wall in the United States, as studied by Ref. [32].

5. Results & discussion

The results obtained from analyzing various parameters related to
hollow precast walls (SM-W1 and SM-W2) and traditional retaining
walls (CR-W and GM-W) under seismic loading conditions are discussed
in this section. The results include vertical pressure, horizontal pressure,
lateral pressure, settlement of the backfill, backfill vertical pressure,
backfill horizontal pressure, backfill lateral pressure, Vertical Settlement
of the Foundation, deflection of the wall, displacement of the wall, ac-
celeration of the wall in vertical and horizontal directions. The analysis
provides valuable insights by comparing our results with those of pre-
vious researchers; we gain valuable insights into the behavior and per-
formance of these different wall types, allowing overall effectiveness in
mitigating the effects of seismic events.

5.1. Lateral pressure of the wall

Fig. 9a is a detailed analysis of the lateral pressure distribution on
(SM-W1, SM-W2, CR-W, and GM-W) under seismic loading conditions.
The incremental active lateral wall pressures were predominantly pos-
itive up to the lower part of the wall. This indicates the transmission and
distribution of lateral forces within the walls. When comparing the
performance of the different wall types, SM-W1 and CR-W demonstrated
better lateral pressure distribution than SM-W2 and GM-W. These
findings provide valuable information on the performance and lateral
pressure of different types of GRE walls under seismic loading condi-
tions. For instance [Wang, K et al., 2022], conducted a comprehensive
study on the lateral pressure distribution of varying wall types under
seismic loading. Therefore, the passive deformation earth pressure
mainly affects the retaining wall for the passive state. Our analysis aligns
with their observations, as SM-W1 and CR-W demonstrated better
lateral pressure performance than SM-W2 GM-W. Additionally, [Tiwari
R and Lam N (2021)] investigated the behavior of earth-retaining walls
under seismic conditions and analyzed their response to lateral pres-
sures. Our results corroborate their findings, as we observed similar
patterns in the distribution of lateral pressures along the height of the

e I A e -

Fig. 8. (a) 3D model overview: (b) precast hollow concert structural components (case study).
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Fig. 9. Lateral pressure of the wall (a) Lateral pressure of wall (b) Vertical pressure of the wall.

walls.

The distribution of walls (SM-W1, SM-W2, and GM-W) under seismic
loading conditions. Analysis of vertical pressure reveals significant
variations in pressure distribution along the height of the walls. Fig. 9b
demonstrates that SM-W1 has unique behaviour with lower negative
vertical pressure than SM-W2 and GM-W, indicating superior perfor-
mance under vertical pressure. These findings are consistent with the
results obtained in a previous study by [Ling HI et al., 2005], high-
lighting the influence of wall height on vertical pressure distribution.
Our study further confirms the importance of considering wall height as
a crucial factor in designing walls capable of withstanding vertical
pressures. To summarize the results of the vertical pressure, Fig. 9b
depicts that the SM-W1 exhibits a more favourable response to vertical
pressure than SM-W2 and GM-W. Furthermore, comparing our results
with previous researchers is crucial to validate our findings and
contribute to the existing body of knowledge [Munoz H et al., 2012; A.
Athanasopoulos Zekkos et al., 2013]. By examining the literature, we
can identify similar trends and patterns in the behavior of different wall
types under seismic loading conditions, confirming the reliability of our
analysis and gaining a broader perspective [Liu, H. (2012)]. This
comparative approach allows us to establish the robustness of our
findings and further strengthens the credibility of our study.
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5.2. Settlement of the backfill

Fig. 10 inset depicts the backfill reinforcement settlement behind the
SM1-W, SM2-W, CR-W, and GER walls. The incremental settlement of
the backfill reinforcement of the wall has been observed, and it is found
that under the influence of seismic excitation, the backfill reinforcement
has a similar time history of settlement trend with the increasing order
by SM1-W, SM2-W, CR-W, and GM-W. The phenomenon of gradual
settlement of the geogrid positioned at the rear of the backfill has been
documented. It has been determined that when the backfill reinforce-
ment is subjected to seismic excitation, the settlement patterns closely
resemble the ascending order of settlement observed in the SM1-W,
SM2-W, CR-W, and GM-W GER walls. Fig. 10 (a and b) depicts verti-
cal settlement profiles for geogrid-supported backfill reinforcement
layers. The datum for these plots is the wall toe elevation at the begin-
ning of the wall construction. The settlements increase with time and
distance from the face and are greater for geogrid reinforcement backfill
materials that are more extensible.

The maximum settlement of walls (SM1-W, SM2-W, CR-W, and GM-
W) is approximately 5 mm and 8 mm, 7 mm and 15 mm, 12 mm and 20
mm, and 37 mm and 42 mm, respectively. The finding demonstrates that
for each wall case in each plot, the minimum settlements are close to the
connections, which is consistent with the soil drooping over the geogrid
reinforcement as previously described. The findings indicate that the
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Fig. 10. Settlement of the backfill reinforcement.

SM1-W and CR-W backfill mesh exhibited significant resistance to
settling under seismic loading conditions. On the other hand, it was seen
that the SM2-W2 and GM-W backfill meshes shook a lot when they were
exposed to seismic forces. This showed that the SM-W1 and CR-W re-
inforcements are more reliable than the SM-W2 and GM-W walls. For
instance, [Wang et al. (2015)] studied the settlement behavior of
geogrid-reinforced walls under seismic excitation. Their research high-
lighted the time-dependent settlement patterns and emphasized the
importance of considering the long-term effects of seismic excitation on
geogrid-reinforced walls.

5.3. Lateral pressure of backfill

A detailed analysis of the lateral pressure distribution in the backfill
of (SM-W1, SM-W2, CR-W, and GM-W) walls under seismic loading
conditions. The analysis of lateral pressure distribution along the height
of the walls revealed distinct patterns. The incremental lateral backfill
pressures were predominantly lower around one-third of the wall’s
height and transitioned to positive values after the mid-level. This
observation suggests a shift in the lateral pressure distribution along the
height of the walls. SM-W1 and CR-W exhibited similar performance in
terms of lateral pressure. Fig. 11a demonstrated that these walls were
subjected to primarily lower lateral pressures at one-third of their
height, suggesting their capacity to endure and resist lateral forces. On
the contrary, SM-W2 and GM-W exhibited high lateral pressure. This
alternating pattern suggests potential instability and oscillation in the
lateral response of SM-W2. In summary, the backfill lateral pressure
distribution analysis highlights the distinct patterns observed along the
height of the walls. SM-W1 and CR-W exhibit similar performance with
predominantly lateral pressures, indicating their stability and resistance
to lateral forces. SM-W2 shows alternating high lateral pressures, sug-
gesting potential instability.

We can validate and contextualize our results by comparing our
findings with those of previous researchers. This comparison allows us
to gain insights into the behavior of backfill lateral pressure and its
impact on the stability and seismic performance of backfill. The findings
of previous studies [Munoz H et al., 2012, Wang K et al., 2022 ] support
the stability exhibited by SM-W1 and GM-W under lateral pressure. The
ability of SM-W1 and GM-W to withstand and resist lateral forces, as
indicated by predominantly negative lateral pressures, is crucial for the
stability and performance of retaining walls. These walls demonstrate
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their capacity to effectively distribute and resist lateral forces exerted on
them. On the contrary, the alternating positive and negative lateral
pressures observed in SM-W2 and CR-W suggest potential instability and
highlight the need for further investigation into its lateral response. The
findings emphasize the advantages of SM-W1 and GM-W in terms of
lower lateral pressure.

A comprehensive analysis of the vertical backfill pressure of the SM-
W1, SM-W2. CR-W and GM-W walls under seismic loading conditions.
The analysis of backfill vertical pressure revealed that the pressure
decreased with depth below the foundation. As the depth below the
foundation increased, the vertical earth pressure exerted on the backfill
decreased. This observation suggests that the depth below the founda-
tion significantly influences vertical pressure distribution in the backfill.
Furthermore, the findings indicated that backfill height also influences
the foundation pressure. A higher vertical ground pressure on the
backfill resulted from a higher wall height. Fig. 11b illustrates and ac-
centuates the benefits of SM-W1 and GM-W in terms of decreased ver-
tical pressure. On the contrary, the alternating high negative vertical
pressure observed in SM-W2 suggests potential instability in its vertical
pressure response. For instance [Wang et al., 2015], conducted a
comprehensive study on the vertical pressure behavior of GER walls
under seismic excitation. Our analysis supports the findings of [Munoz H
et al.,, 2012, Wang K et al., 2022], as we also observed the impact of
seismic excitation on the vertical pressure response of the walls and
emphasized the importance of considering seismic forces in the design
and construction of GER walls.

A comprehensive analysis of the backfill horizontal pressure exerted
on the SM-W1, SM-W2, and CS-W walls under seismic loading condi-
tions. The results indicated that these pressures were predominantly
negative, particularly in the lower section of the walls. This observation
suggests that the backfill stabilizes the walls, resisting the horizontal
forces applied to them. Fig. 11c SM-W1 and GM-W demonstrated sta-
bility under horizontal pressure, similarly resisting horizontal pressure
forces. In contrast, SM-W2 experienced more significant horizontal
tensions. The analysis showed that SM-W1 and GM-W exhibited better
resistance to horizontal pressure than SM-W2. In summary, the analysis
of backfill horizontal pressure highlights the stabilizing effect of the
backfill on the walls and the differences in the performance of various
wall types. The observations made by [Munoz H et al., 2012, Wang K
et al., 2022] regarding the stabilizing impact of backfill align with our
findings, confirming the role of backfill in mitigating horizontal
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Fig. 11. Lateral pressure of backfill (a) Lateral pressure of wall (b) Vertical pressure of wall (c) Horizontal pressure of the wall.

pressures and examining the similarities and differences in the response
of different wall types to horizontal pressure. This comparative
approach allows us to establish the reliability of our analysis and pro-
vides a broader understanding of the behavior of backfill horizontal
pressure in GER wall design.

5.4. Deflection of the wall

The distribution of earth pressure on the wall is very different under
rotation around the wall, the base point, and the top, and the influence
of the soil constraint at the bottom of the wall cannot be ignored when
solving the ultimate pressure on the earth. The deflection on a vertical
line along the wall’s height. It is evident from the retaining wall’s height
increase, deflection decrease, and it becomes highest at the bottom.
Fig. 12 displayed the reflection diagram, which exhibited the reverse
patterns compared to the stress diagrams. The amount of deflection in
the SM-W1, SM-W2, CR-W, and GM-W GRE walls grew from lowest to
highest as the wall rose in height. It indicates that the upper area of the
wall experiences the highest deformation. Similar deflection behavior
was observed in CR-W walls, as depicted in Fig. 12 (a and b). However,
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the deflection behavior in the SM-W1 differed from that of the other
walls models. The continuous deflection in the SM-W2 and GM-W
retaining wall after 1.5 m of wall height progressively increases
deflection with the wall’s height.

To validate the consistency of our results and contribute to the
existing body of knowledge, we compared our findings with those of
previous researchers who have investigated deflection behavior in
retaining walls under seismic loading conditions. For instance [Tiwary
A, K et al,, 2022], conducted a study on the dynamic response of
retaining walls, including deflection analysis. Their research empha-
sized the importance of accurate prediction and control of deflection to
ensure the stability and performance of retaining walls under seismic
forces. Similarly [Tiwary A, K et al., 2022], investigated the behavior of
different types of retaining walls under seismic loading, focusing on
evaluating deflection behavior characteristics. Their study provided
valuable information on the factors that influence the response to
deflection and offered design recommendations to improve the perfor-
mance of the walls. However, the deflection distribution behavior in SM-
W1 walls differed from that of SM-W2, CR-W, and GM-W walls. The wall
deflection distributions (SM-W1, SM-W2, CR-W, and GM-W) are about
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44 mm, 89 mm, 200 mm, and 80 mm, respectively.
5.5. Acceleration of the wall

Vertical and horizontal acceleration analysis played a crucial role in
assessing the dynamic behavior and stability of the analyzed walls
during seismic events. By analyzing these parameters, valuable insights
were gained into SM-W1, SM-W2, CR-W, and GM-W response to seismic
loading, highlighting their unique acceleration patterns, as shown in
Fig. 13. The analysis revealed vertical and horizontal acceleration var-
iations among the different wall types. SM-W1, SM-W2, CR-W, and GM-
W exhibited a maximum vertical acceleration of [X] and a maximum
horizontal acceleration of [Y]. These findings emphasize the influence of
seismic loading on the response of walls and highlight the importance of
understanding and considering vertical and horizontal acceleration
characteristics to evaluate their stability and ability to withstand seismic
forces.

To validate our findings and contribute to the existing knowledge
and understanding of GER wall performance under seismic loading, we
compared our results with those of previous researchers who have
investigated the behavior of vertical and horizontal acceleration in
retaining walls. For instance [Munoz H et al., 2012], conducted a study
on the dynamic response of retaining walls under seismic forces and
analyzed the acceleration characteristics. Their research emphasized the
importance of accurately assessing vertical and horizontal acceleration
to evaluate the stability and performance of retaining walls. Similarly
[Tiwary A. K. et al., 2022], investigated the seismic response of different
retaining wall types and examined the acceleration behavior. Their
study provided valuable insights into the factors that influence the
response to vertical and horizontal acceleration and offered recom-
mendations to improve the seismic performance of retaining walls. In
conclusion, the comprehensive vertical and horizontal acceleration
analysis provides crucial insights into the dynamic behavior and sta-
bility of precast and traditional masonry walls during seismic events.
The distinct acceleration patterns observed in SM-W1, SM-W2, CR-W,
and GM-W highlight the influence of seismic loading on their
response. However, the acceleration behavior of the GER wall in both
directions, SM-W1 and CR-W, differed from that of SM-W2 and GM-W
walls. Furthermore, our analysis, which further supports the stability
and resistance to acceleration behavior of SM-W1, is superior.
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5.6. Vertical settlement of the foundation

The research problem is the plane strain problem, and the longitu-
dinal extension of the GER wall and the soil behind the wall is very
lengthy, and the geometric size and soil properties remain the same.
When the soil behind the wall generates active earth pressure, a slip
occurs behind the wall wedge, whose sliding surface is flat and passes
through the heel. During the earthquake, the vibration form of the soil at
the bottom of the wall is sinusoidal dynamic vibration; seismic accel-
eration varies with time and depth. This section provides a detailed
analysis of the vertical foundation pressure experienced by SM-W1, SM-
W2, CR-W W, and GM-W under base excitation conditions. Our study
focuses on analysing maximum foundation settlement during base
excitation, revealing important insights into the behavior of the walls
under seismic loading. The results showed that the pressure decreased
with depth below the foundation, indicating a decreasing trend as we
moved away from the ground surface.

Furthermore, Fig. 14 indicated that the pressure remained relatively
constant from the ground level to the bottom of the wall. This suggests
that the foundation settlement stabilizes below a certain depth and does
not vary significantly with further depth. The constant pressure distri-
bution is essential to ensure the foundation’s stability and integrity and
the overall performance of the walls. The results showed that these
factors play a significant role in determining the distribution and
magnitude of the foundation pressure. As the wall height and depth
below the foundation increase, the pressure varies accordingly.
Comparing our results with previous researchers allows us to validate
and contextualize our findings. By considering the findings of previous
studies, such as those by [Damians IP et al., 2016], we can understand
the behavior of vertical foundation pressure and its implications for the
stability and performance of retaining walls. This comparison helps
establish the reliability of our analysis and contributes to the existing
body of knowledge in this field. The findings of our study provide
valuable insights for designing foundations capable of withstanding
seismic loads and preventing foundation damage caused by excessive
pressure. Fig. 14 indicates that the upper area of the wall experiences the
highest vertical settlement. Similar vertical settlement behavior was
observed in GM-W and SM-W2 walls. However, the vertical settlement
behavior in the SM-W1 differed from that of the GM-Wand SM-W2.
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5.7. Displacement of the wall

Through a large number of calculations, it is found that to make the
GER wall rotate around a certain point in the wall, the soil behind the
wall reaches the plastic limit state, and the overload of the soil surface
must be large enough. Otherwise, the limited rotation state around a
certain point in the middle will not occur. The analysis of displacement
played a crucial role in understanding the structural behavior and
response of the walls under seismic loading conditions. When these
parameters were examined, valuable insights were obtained regarding
the performance and stability of different types of walls. The results of
Fig. 15 revealed notable variations in displacement characteristics
among the analyzed walls, namely SM-W1, SM-W2, Cr-W, and GM-W.
These findings highlight the significance of comprehending and
considering these parameters to ensure retaining walls’ structural
integrity and stability. SM-W1, SM-W2, CR-W, and GM-W demonstrated
distinct patterns in their displacement behaviors. Each wall type
exhibited specific responses to seismic loading, emphasizing the
importance of understanding these characteristics for effective design
and analysis. The investigation found that SM-W1 experienced a
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minimum displacement, GM-W exhibited a maximum displacement,
while GM-W recorded a maximum deflection displacement.

To validate the consistency of our results and contribute to the
existing body of knowledge, we compared our findings with those of
previous researchers who have investigated the behavior of deflection
and displacement in retaining walls under seismic loading conditions.
For instance, [Tiwari R and Lam N 2021] conducted a study on the
dynamic response of retaining walls, including the analysis of deflection
and displacement. Their research emphasized the importance of accu-
rate prediction and control of deflection and displacement to ensure the
stability and performance of retaining walls under seismic forces.
Similarly [Tiwari R and Lam N 2021, Wang L et al., 2015], investigated
the behavior of different types of retaining walls under seismic loading,
focusing on evaluating deflection and displacement characteristics.

6. Conclusion and policy recommendations
6.1. Conclusion

A comprehensive study investigated the seismic response behavior of
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a GER wall that used granular backfill and reinforcing meshing. Using
full-scale finite element analysis, researchers analyzed the seismic
response of three models with varying maximum allowed moments of
inertia for conventional gravity-type stone masonry and hollow precast
concrete GER walls. This research compared the worldwide perfor-
mance of traditional and prefabricated GER walls under identical envi-
ronmental and seismic conditions. The following is the conclusion of the

analysis.

o The study results indicate a substantial decrease of about 20 % in the

sideways force exerted on the valve stem when employing the pre-
fabricated GER wall. Furthermore, a significant reduction in wall
displacement, ranging from 30 % to 35 %, has been observed.
Regarding seismic response, it can be inferred that prefabricated GER
walls exhibit much greater stability compared to reinforced concrete
and gravity-type GER walls. The top displacement of GER walls
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showed a rising tendency as the wall height increased. In contrast,
the top displacement of the wall exhibited a positive correlation with
its height, reaching its highest point at the topmost section.

The vertical compaction of the backfill affected the plastic defor-
mation experienced by its surface. The geogrid can significantly
decrease the vertical settling of the backfill surfaces. The vertical
settling of the backfill surface was much lower in the PC-W rein-
forced zone compared to the GR-W and CR-W zones. The geogrid
enhanced the reinforced GER walls with seismic settlement resis-
tance capacity. The aforementioned study results may be used as
reference points for the seismic design and execution of GER walls,
including geogrid backfill.

The deflection angle and mode of displacement of the GER wall
impacted the location of resultant force points and the distribution of
lateral earth pressure. The earth pressure distribution was non-
linear, and wall displacement was negatively correlated with
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pressure. The lowest section exhibited the highest active lateral earth
pressure, which negatively correlated with the wall’s height. The
maximum vertical earth pressure was detected at the backfill’s base.
The correlation between the resultant force point height and the
ultimate state was negative, with a value below 1/2H.

e The deflection level in the upper valve stem of the hollow pre-
fabricated GER wall has dropped by roughly 30 %, and the deflection
has reduced by 20-25 %. Prefabricated GER walls have superior
seismic performance compared to traditional GER walls, primarily
owing to their improved deflection levels. As the wall height grows,
the stress distribution reduces. However, the deflection increases,
and the highest deflection is seen at the top of reinforced concrete
and gravity-type retaining GER walls.

e The walls experienced increased acceleration due to the extended
periods of high acceleration values observed in the entire time his-
tories of the ground motions induced by seismic waves. PC-W’s ac-
celeration and seismic responses were comparatively lesser than
those of CR-W and GM-W in the face of all ground motions.

6.2. Policy recommendation

e The new design is more cost-effective and environmentally friendly,
with a 30 % reduction in bottom bar thickness and a 50 % reduction
in precast wall volume. Regarding environmental efficiency, the
precast concrete GER wall outperformed the conventional (GER)
retaining wall; the wall system assembled quickly with little physical
effort. The comparative study found that the prefabricated concrete
(GER) walls performed better than traditional reinforced concrete
GER walls in high seismic areas, including carbon dioxide (CO2)
emissions, greenhouse gas (GHG) effects, essential material expen-
diture, and embodied energy.
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