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Abstract: Mechanically stabilized earth (MSE) walls perform well under earthquake loads, and
hence they are preferred in earthquake-prone regions. The multifaceted load transfer between the
components of the MSE wall under seismic loads can be captured using numerical analysis. This
study presents the results of a series of numerical analyses performed to investigate the effects of
the frequency of the input ground motion on the seismic response of MSE walls. MSE wall design
configurations were prepared using various reinforcement designs (length, vertical spacing, and
stiffness). A frequent wall height of 8 m was selected for the analysis. Using two-dimensional
finite element analysis, each MSE model was excited with seven (7) different input ground motion
accelerograms with equal Arias Intensity, but with different frequencies ranging between 1 Hz and
8 Hz. The results of the numerical analyses indicated rotation at the top of the MSE wall in seismic
conditions. The frequency versus acceleration plot for a point close to the top of the MSE wall
indicated peaks for the excitations with frequencies f = 1.5 Hz and f = 4 Hz, which are close to the
estimated natural frequency of the overall model (including the foundation soil) and the MSE wall,
respectively. The highest normalized acceleration amplification factor solely within the MSE wall
was recorded as 1.86 for the excitation with a frequency equivalent to its fundamental frequency
( f ∼= 4 Hz). In this study, the 8 m high MSE wall models placed on a firm clayey foundation soil
with the reinforcement parameters with length over height ratio in 0.5–1 range, axial stiffness in
600–1200 kPa range, and reinforcement vertical spacing in 0.4–0.6 m range performed satisfactorily
under moderate seismic loads.

Keywords: mechanically stabilized earth (MSE) wall; seismic response; natural frequency; input
ground motion frequency; geogrid; reinforcement parameters

1. Introduction

The advancements in geosynthetics led to the widespread use of geotextiles and
geogrids, making geosynthetic mechanically stabilized earth (MSE) walls very popular
in the last decades. High-strength geogrids facilitated the construction of single-tiered or
multi-tiered MSE walls [1]. Based on the life cycle assessment studies, the CO2 footprint
of MSE walls is much lower than their traditional alternatives, and hence, they provide
sustainable and environmentally friendly solutions [2,3]. The geosynthetic MSE walls are
typically constructed with a vertical reinforcement spacing (Sv) in the 0.4~0.6 m range.
Once geotextiles or geogrids are tightly placed (i.e., Sv ≤ 0.3 m), an enhanced reinforced soil
structure, geosynthetic-reinforced soil (GRS) wall, is formed [4]. GRS walls are preferred for
abutments directly placed on reinforced soil [5,6]. However, widely spaced reinforcements
can reduce construction time and cost. Accordingly, MSE walls remain advantageous in
transportation projects that mainly require the stabilization of a potential active wedge.
The use of MSE wall systems in seismically active areas is especially beneficial as they
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can tolerate larger total vertical and differential settlements compared to rigid retaining
systems [7,8] and perform satisfactorily in seismic events [9–12].

The seismic design of MSE walls under earthquake loading is typically performed
using a pseudo-static approach per AASHTO/FHWA [13]. The total (i.e., sum of static and
seismic) thrust (PAE) and the horizontal inertial forces (PIR) acting on the MSE wall system
are calculated for external stability analysis [13]. The maximum acceleration (kmax) was
originally defined with Equation (1) per allowable stress design (ASD) [14]:

kmax =
PGA

g

(
1.45 − PGA

g

)
(1)

Following the load and resistance factor design (LRFD) approach, kmax can be derived
utilizing the site-specific seismic parameters: peak ground acceleration (PGA), site class,
and spectral accelerations (i.e., Ss and S1). Typically, the horizontal seismic coefficient (kh) is
assumed to be equal to kmax, and the vertical seismic coefficient (kv) is assumed to be equal
to zero. The total active seismic thrust (PAE) is calculated using the Monobe–Okabe (M–O)
dynamic earth pressure coefficient (KAE) for the active state. In the M–O method, when
a surcharge is present on the MSE wall, the total seismic active thrust resulting from the
surcharge is also calculated using KAE. A reduction factor, that is dependent on site-specific
parameters and the height of the MSE wall, is applied to kmax to obtain the kav within the
reinforced zone. Per FHWA, PIR is calculated using Equation (2):

PIR = 0.5(kav)·(W) (2)

in which W corresponds to the weight of the reinforced soil mass and permanent surcharges,
including those from permanent slopes, within the limits of the reinforced soil mass. Lastly,
sliding, eccentricity, and bearing capacity checks are performed on the MSE wall using the
LRFD approach [13].

To perform internal stability checks considering the seismic activity, an internal dy-
namic force (Pi) is assumed to develop in the reinforced mass due to the active zone that is
a triangular wedge for extensible reinforcements per AASHTO/FHWA [13]. The mass of
this active zone is multiplied by kav to determine Pi. This internal inertia force is distributed
to each reinforcement as Tmd, and the total force (Ttotal) on each reinforcement layer can be
expressed using Equations (3) and (4) per FHWA [13]:

Tmd =
Pi
n

(3)

Ttotal = Tmax + Tmd = σ′
h· Sv +

Pi
n

(4)

where σ′
h = horizontal stress, Sv = vertical reinforcement spacing, and n = number of

reinforcement layers. The reinforcements are then designed to resist both (i) pullout and
(ii) tensile strength failures, considering both the static and dynamic components of the
load for the design life of the MSE wall.

The analysis of MSE walls using acceleration–time history requires significant compu-
tational effort. Accordingly, pseudo-static approaches are widely used in the design of MSE
wall systems located in regions of low-to-moderate seismicity (i.e., for PGA ≤ 0.3 g) [15,16].
However, this type of simplified analysis cannot capture the multi-layered load transfer
between the components of the MSE wall and its dynamic behavior. Also, the character-
istics of the ground motion (i.e., duration and frequency) and the change in acceleration
(amplification or de-amplification) in the foundation–fill–reinforcement system cannot be
effectively simulated with this approach [11,17]. The pseudo-static analysis is also generally
known to over-predict the seismic forces leading to a non-economical design [15,18–20].
Furthermore, the contemporary design of MSE walls requires satisfying the criteria for
serviceability limit states along with the ultimate limit states. Using only limit equilibrium
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procedures coupled with the pseudo-static approach may be inadequate to complete the
seismic design of MSE walls; the expected deformations cannot be estimated [21].

Several researchers utilized model shaking table tests to evaluate the seismic behavior
of reinforced-earth wall systems [22–28]. Matsuo et al. [29] indicated that increasing the
reinforcement length-to-wall height ratio (L/H) from 0.4 to 0.7 can effectively reduce
deformations based on the results of shaking table tests performed on reduced-scale 1 m
high MSE walls. Based on the results of shaking table tests on reduced-scale 1 m high
MSE walls, El-Emam and Bathurst [30] showed that the horizontal displacements decrease
with an increase in L/H, reinforcement axial stiffness (EA), and number of layers of
reinforcements (n). Nonetheless, some discrepancies were observed between the predicted
and measured values of earth pressures, backfill amplification factors, and connection loads
in reinforced-earth walls [30]. The effect of natural frequency on the seismic behavior of the
MSE walls has not been extensively studied using shaking table tests. The recent findings
presented by Cai et al. [31] indicate that resonance may not be one of the fundamental
factors that affect the seismic response of reinforced soil walls. On the contrary, results of
other experimental studies indicate that the frequency of the ground motion can affect the
dynamic increment of horizontal and vertical earth pressures and the behavior of MSE
walls [32]. These discrepancies in the results indicate the need to better understand the
effect of frequency on the seismic behavior of MSE walls.

The research studies that utilize the three-dimensional (3D) numerical modeling
approaches generally focused on the static stability of MSE walls [33–35]. This is likely due
to the fact that a very high computational effort is required for the dynamic analysis of a
3D MSE wall model. Several two-dimensional (2D) numerical studies (using either finite-
element or finite-difference methods) have been utilized in the last decades to evaluate the
seismic response of reinforced-earth wall systems [36–41]. Few researchers also studied
the effects of reinforcement parameters (EA, L/H, and Sv) on the seismic behavior of
MSE walls using numerical analysis. Bathurst and Hatami [42] numerically investigated
the effect of EA (in 500–69,000 kN/m range) on the seismic behavior of MSE walls and
reported that the total wall displacements reduced with an increasing EA, especially for
EA values in the range of 500–2000 kN/m. Ling et al. [37] observed that acceleration
amplification is not influenced significantly by the reinforcement layout, but displacements
of the reinforcements were affected by the reinforcement length and arrangement. Ling
et al. [38] investigated the effects of Sv (0.2–1.0 m) and L/H ratio (0.3–0.9) on the response of
a 6 m high MSE wall under Kobe earthquake loading condition. These researchers reported
that the magnitude of the reinforcement axial forces are mainly affected by the changes in
Sv and the horizontal displacements are significantly affected by both Sv and L/H [38].

Numerical analyses of MSE walls offer an opportunity to better understand the dis-
placements along the height and the reinforcements axial loads caused by the coupled
load transfer mechanism both in static and seismic conditions [33,43]. The significance of
foundation soil characteristics on the behavior of GRS walls was highlighted in several
previous numerical studies [44–47]. However, in the majority of the well-documented
seismic research investigations performed to date, the excitation is applied just beneath
the MSE wall model [37,38,42,48–50]. In practice, such a condition is rather scarce, and
generally, the waves propagating from the bedrock pass through the foundation soil before
reaching the bottom of the MSE wall. Accordingly, the response of the MSE structure is
also affected by the foundation soil in addition to the characteristic of the input ground
motion. However, the numerical studies that account for the effects of foundation soil on
the seismic behavior of MSE walls are very limited [51–53]. In most of the recent studies,
the effect of the foundation characteristics on the seismic response of MSE walls has not
been considered [54]. One of the reasons for this is that there is no clear consensus on the
methodologies to account for the foundation soil in the numerical analysis of seismically
loaded MSE walls.

This paper presents the results of a series of numerical analyses performed using
PLAXIS 2D on 8 m high geosynthetic MSE wall models constructed on a natural clayey
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soil to comprehend their seismic response in regions of low-to-moderate seismicity. The
main objective of this parametric study is to evaluate the effect of frequency of the variable
amplitude harmonic ground motion on the seismic response of 8 m high MSE walls
constructed on a clayey foundation soil. To better model the soil deformation behavior, the
hardening soil model was used for foundation soil, retained fill, and reinforced fill. MSE
walls were modeled with various design configurations, and hence, the effect of length-
to-wall height ratio (L/H), reinforcement vertical spacing (Sv), and reinforcement axial
stiffness (EA) on wall displacements and reinforcement axial forces were also discussed
for the range of input ground motion frequencies investigated. The natural frequencies
of both the MSE wall and the overall FE model (including the MSE wall and the clayey
foundation soil) were evaluated using various empirical methods present in the literature.
The frequency range of the variable amplitude harmonic input ground motions was selected
to bracket these natural frequency values. The deformed shape of the models in the static
condition and at the end of the seismic excitation were compared together with axial forces
in reinforcements in the context of a detailed evaluation of MSE wall behavior.

The main novelties of this paper include (i) the use of varying amplitude input ground
motions with a range of frequency; (ii) the application of the input ground motion at the
bedrock level below the clayey foundation soil; and (iii) the use of hardening soil model
for fill and foundation soils. Additionally, this study presents a unique discussion of the
MSE wall behavior based on several reinforcement design parameters (length, spacing, and
stiffness), considering both the natural frequency of the MSE wall and the overall system
(including the foundation soil and the MSE wall).

2. Numerical Approach

Considering the uniform cross-sectional geometry of the problem, 8 m high MSE wall
models were prepared and analyzed using 2D FE software PLAXIS 2D.

2.1. FE Model Geometry and Material Properties

The general geometry of the MSE models analyzed in this study is shown in Figure 1.
The left and right boundaries were normally fixed, and the bottom boundary was fully
fixed. Viscous boundaries were also placed at the left and right edges of the model to avoid
reflections of the seismic waves. Lysmer and Kuhlmeyer [55] originally introduced these
viscous (absorbent) boundary conditions, which work as a damper to apply resistance at
the boundaries in the horizontal and vertical directions. In the model, this resistance in
the normal and tangential directions at the boundary is controlled with normal (C1) and
tangential (C2) relaxation coefficients. In this study, both of these coefficients were assigned
as 1.0 to provide standard absorption. In this way, an increase in stress on these boundaries
and potential wave rebound were prevented.

The mesh coarseness was selected carefully based on a mesh convergence analysis,
adjusting the computational effort and the accuracy of the results. The maximum element
size in the reinforced zone was optimized per the study by Kuhlmeyer and Lysmer [56]. A
mesh ratio (i.e., the ratio of maximum element size to the wavelength) equal to or less than
one-eighth of the smallest wavelength provides reliable results in dynamic applications.
In this study, the mesh coarseness was adjusted by considering the maximum frequency
applied in the models (i.e., 8 Hz) and the estimated shear wave velocity range in the retained
backfill. The mesh quality of the reinforced zone was checked to ensure the harmonic
excitation characteristics with the range of frequencies considered in this study could be
reflected in the model. As a result, a fine mesh was generated for the whole model. The
mesh size between the geogrids was further decreased to ensure that reinforcement layers
were not tied to each other with single elements. Based on this, the reinforced soil zone
and 1 m of granular soil behind the reinforced fill were all refined as a cluster, and a mesh
coarseness factor of 0.5 (i.e., two times the overall mesh refinement of the model) was
applied to the mesh of this region, as shown in Figure 2. The groundwater table is assumed
to be very deep. MSE wall models were prepared with L/H = 0.5, 0.7, 1.0; and Sv = 0.4 m,
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0.6 m. In this study, the length of reinforcement is considered as the full length of the
reinforcement starting from the front of the facing. The foundation depth was selected as
25 m to account for the effect of the foundation soil on the seismic response of the MSE wall.
Based on sensitivity analysis, this depth was deemed sufficient to represent the effect of
earthquake waves transmitted to the ground surface from a thick natural foundation soil.
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Retained backfill consisted of natural granular soils, and the same material was uti-
lized in the reinforced-earth zone of the MSE wall model. The foundation soil consisted of
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a stiff natural clayey soil. The nonlinear and inelastic behavior of the soils were simulated
by using a hardening soil (HS) constitutive model originally proposed by Schanz et al. [57]
(see Table 1). The HS model was introduced by extending the hyperbolic stress–strain for-
mulations of Kondner [58] and hypo-elastic Duncan and Chang [59] model to a multi-yield
surface elasto-plastic formulation. The hyperbolic formulation with the Mohr–Coulomb
failure criterion was defined in the model, and it was characterized as a hypo-elastic model
as the nonlinearity was achieved by three stiffness moduli: the triaxial loading stiffness
(Ere f

50 ), the triaxial unloading stiffness (Ere f
ur ), and the oedometer loading stiffness (Ere f

oed). The
nonlinear soil behavior was represented by two major plastic mechanisms (i.e., shear and
compression hardening), as the yield surface was not fixed as opposed to elastic perfectly
plastic models.

Table 1. Soil properties used in the FE model.

Parameter Symbol Unit Reinforced
Fill

Granular Soil
(Retained Backfill)

Natural Clayey
Soil

Dry unit weight γdry kN/m3 18 18 17
Effective friction angle ϕ′ Deg (◦) 34 34 20

Dilatancy angle ψ′ Deg (◦) 4 4 0
Effective cohesion c′re f kPa 1 1 100

Secant stiffness Ere f
50

kPa 60,000 60,000 30,000
Tangent stiffness Ere f

oed
kPa 60,000 60,000 30,000

Unloading/reloading stiffness Ere f
ur kPa 180,000 180,000 90,000

Power for stress level
dependency stiffness m - 0.6 0.6 0.5

Poisson’s ratio ν - 0.2 0.2 0.2
Failure ratio R f - 0.9 0.9 0.9

Reference stress pre f kPa 100 100 100

Concrete modular blocks were modeled using linear elastic non-porous soil elements
of 0.5 m width and 0.2 m height each, and a 0.5 m length of the geosynthetic reinforce-
ments was placed between the concrete modular blocks (see Figure 2) to simulate the
reinforcement-facing element connections in the field. Elastic modulus (Ere f ), Poisson’s
ratio (ν), and unit weight (γ) of the modular blocks were defined as 4400 MPa, 0.17, and
21.8 kN/m3, respectively. The hollow portions of the concrete modular blocks were typ-
ically filled with granular materials [60–62]. The unit weight of the modular blocks was
adopted to account for this application.

The reinforcement elements were modeled using elastic geogrids. To investigate the
effect of reinforcement stiffness on the behavior of the MSE walls, two typical extruded
uniaxial geogrids were selected and named UXG1 and UXG2. The ultimate tensile strength
of UXG1 and UXG2 were 60 kN/m and 120 kN/m, respectively. The elastic behavior
of the geogrid was defined by its axial stiffness at 5% strain denoted by EA, which is
provided in Table 2. Elastic modulus was calculated using the tensile strength (Tmax, 5%)
that corresponds to 5% strain (εmax, 5%), as shown in Equation (5) [63]:

EA =
Tmax,5%

εmax,5%
(5)

Table 2. Geogrid properties used in the FE model.

Parameter Symbol Unit UXG1 UXG2

Tensile strength corresponding to 5% strain Tmax, 5% kN/m 30 60
5% Strain εmax, 5% - 5% 5%

Axial stiffness EA kN/m 600 1200
Ultimate tensile strength per ASTM 6637 [64] Tult kN/m 60 120
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Interfaces were defined to provide the proper soil–structure interaction in the MSE
model. Strength was reduced at the interfaces between modular blocks, between the
modular blocks and the soils, and between the geogrid and soils by applying an interface
strength parameter (Rinter) of 0.7. The reinforced-earth zone of the MSE wall was modeled
using 0.2 m thick backfill soil lifts to better reflect the construction stages. Duncan et al. [65]
showed that the horizontal earth pressures of the soils adjacent to retaining structures tend
to increase due to the loads imposed by the compaction equipment. To simulate the effect
of compaction effort on the earth pressures in the field, a distributed load of 15 kPa was
applied on each lift behind the back face of modular blocks along the reinforced zone of
the model. This stress was applied and then removed before the placement of the next soil
layer. Before the dynamic analysis, each 8 m high MSE wall was erected with 42 stages of
elastic-plastic deformation analysis. Upon placement of all soil layers, a 12 kPa surcharge
load was applied along a length of about 19.5 m from the back of the facing in the static
condition. Several points were identified in the MSE wall model to investigate the force
and deformations resulting from seismic loads. Some of the selected points are shown in
Figure 2 as points D, G, and J.

This parametric study focused on the seismic behavior of MSE walls using FE analysis,
with the main goal of understanding the deformations and reinforcement forces under
earthquake loads. Before the FE analyses, internal and external stability analyses of the
MSE models were also performed following the LRFD approach per AASHTO/FHWA [13].
Summaries of the external and internal stability checks performed for the 8 m high MSE
wall models are presented in Tables 3 and 4, respectively. In the LRFD approach, the
main objective is to achieve factored resistances that are greater than the factored loads.
The capacity demand ratio (CDR) is the ratio of factored resistances to factored loads. For
external stability checks, capacity demand ratio for sliding (CDRS) and for bearing capacity
(CDRB) are expected to be greater than 1. FHWA also defines a limiting eccentricity (eL)
for external stability. The eccentricity of the MSE wall should not exceed eL= L/4 in static
condition and eL = 0.4 L in seismic condition, where L is the width of the MSE wall, hence
the length of the reinforcement. Additionally, to remain conservative, the length of the
reinforcements was calculated from the back of the facing in stability calculations. For the
internal stability checks, capacity demand ratios for tension failure (CDRT) and pullout
failure (CDRP) of each reinforcement are required to be greater than 1. For the MSE
walls with L/H = 0.5 configuration, the selected reinforcement lengths were lower than
the typical minimum length (0.7H to 1.1H) recommended by FHWA [13]. Accordingly,
a few of the external and internal stability checks were not satisfied for the MSE wall
configuration with L/H = 0.5 (see Tables 3 and 4). Even then, the results of the FE analysis
for this configuration did not indicate any instabilities. Accordingly, the deformations
and reinforcement axial forces obtained from the analysis of this configuration were also
discussed in context of MSE wall seismic behavior.

Table 3. External stability checks for MSE wall by LRFD approach.

Static Condition c, d

L/H a L a

Capacity Demand
Ratio for Sliding, CDRS

Capacity Demand Ratio for
Bearing Capacity, CDRB

Eccentricity, e Limiting, e

SI
Max b

SI
Min b Cr b SI

Max b
SI

Min b Cr b Ser I b SI
Max b

SI
Min b Cr b eL

(L/4)

0.5 3.5 1.15 1.40 0.93 1.68 2.59 0.99 2.79 1.24 1.15 1.67 0.88

0.7 5.1 1.67 2.03 1.35 3.47 4.74 3.89 5.04 0.85 0.79 1.15 1.28

1.0 7.5 2.46 2.99 1.99 4.62 6.14 5.68 6.51 0.58 0.54 0.78 1.88
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Table 3. Cont.

L/H a L a

Seismic Condition (Pseudo-static Approach) c, d, f
eL

(0.4L)EEI e EEI max e EEI
max e

EEI
min e

EEI Cr
e

0.5 3.5 0.95 3.37 1.34 1.56 1.69 1.40

0.7 5.1 1.21 5.61 0.96 1.13 1.23 2.04

1.0 7.5 1.52 7.37 0.66 0.79 0.86 3.00

Notes: a L/H = reinforcement length/wall height ratio, where reinforcement length L was calculated from the
back of the facing to remain conservative in the stability calculations; b SI Max: strength I maximum; SI Min:
strength I minimum; Ser: service I; and SI Cr = strength I critical corresponds to the most unfavorable (adverse)
load combination based on SI Max and SI Min following Example 4 in FHWA [13]; c The ultimate tensile strength
(Tult) of geogrid = 60 kN/m; d For the sliding check adhesion factor k (ca = k·c) is assumed conservatively as 0.25;
e Seismic calculations were performed per FHWA [13] and AASHTO [7] using the load combinations EEI: extreme
event I; EEI max: extreme event I max; EEI min: extreme event I min; and EEI Cr = critical corresponds to the
most unfavorable (adverse) loading condition based on EEI max and EEI min following Example 7 in FHWA [13];
f In pseudo-static analysis, seismic site class D is assumed for the foundation soil (kmax = 0.28).

Table 4. Internal stability checks for MSE wall by LRFD approach.

Static Condition d, e Seismic Condition d, f, g

Sv
a L/H a L a CDRTU

b CDRPU
c CDRTL

b CDRPL
c CDRTU

b CDRPU
c CDRTL

b CDRPL
c

0.4
0.5 3.5 10.42 - h 1.83 42.76 7.26 - h 2.10 28.12
0.7 5.1 10.42 4.13 1.83 63.57 7.26 1.48 2.10 41.80
1.0 7.5 10.42 13.50 1.83 94.79 7.26 4.83 2.10 62.33

0.6
0.5 3.5 10.42 - h 1.25 27.52 6.03 - h 1.44 18.18
0.7 5.1 10.42 4.13 1.25 41.37 6.03 1.20 1.44 27.32
1.0 7.5 10.42 13.50 1.25 62.14 6.03 3.91 1.44 41.03

Notes: a Sv = vertical spacing, L = reinforcement length, and H = height of the wall; b CDRTU/TL = Capacity
demand ratio for tension failure for uppermost geogrid/lowermost geogrid; c CDR PU/PL = Capacity de-
mand ratio for pullout failure for uppermost geogrid/lowermost geogrid; d Ultimate tensile strength (Tult) of
geogrid = 60 kN/m; e Static calculations were performed per FHWA [13] and AASHTO [7] using the load com-
binations Max: Strength I (maximum), Min: Strength I (minimum), Ser: Strength I (service), and Cr = critical;
f Seismic calculations were performed per FHWA [13] and AASHTO [7] using the load combinations Max Ex:
extreme event maximum, Min Ex: extreme event minimum, and Cr = critical; g In pseudo-static analysis, seismic
site class D is assumed for the foundation soil (kmax = 0.28); h-: not available, the uppermost reinforcement does
not extend up to failure plane for L/H = 0.5.

2.2. Validation of the Numerical Approach

The FE approach used in this study was validated by the published results of instru-
mented full-scale physical model tests performed on a 3.6 m high reinforced soil wall at an
indoor test facility [66,67]. The soil parameters provided in the previous numerical simula-
tion efforts on these physical model tests [61,68,69] using the finite-difference method (i.e.,
using commercial FLAC software) were also utilized in this validation study.

The instrumented control wall (i.e., Wall 1) was selected for the numerical validation
of this study [61,68]. Wall 1 is a geosynthetic-reinforced wall with 2.52 m long biaxial
polypropylene geogrids (with EA = 115 kN/m) placed at 0.6 m vertical spacing. It was
constructed with modular block-facing units (0.3 m × 0.2 m × 0.15 m) with a batter of 8◦

from the vertical axis on a rigid foundation. Wall 1 was modeled in PLAXIS 2D, as shown
in Figure 3. In the model, concrete modular blocks were tied to a fixed-end anchor with the
back-calculated axial stiffness of 4000 kPa at the toe of the wall (see Figure 3). The stress-
dependent hyperbolic model proposed by Duncan et al. [70] was used in the study [61]
to simulate the response of the sand (backfill) material based on triaxial and plane strain
compression tests. Guler et al. [62] back-calculated the hardening soil parameters of the
sand based on plane strain test results at effective confining stresses of 20, 30, and 80 kPa
for FE analysis. The hardening soil constitutive soil parameters of the backfill were adopted
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based on the studies by Hatami and Bathurst [61] and Guler et al. [62]. These values were
consistent with the data reported from the actual full-scale testing (see Table 5).
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Table 5. Material properties used in the FE validation study (adapted from Guler et al. [62]).

Material Unit Weight Stiffness
Parameters

Strength
Parameters

Backfill Soil 18 kN/m3

Ere f
50 = 34,700 kPa a

Ere f
oed = 32,700 kPa

Ere f
ur = 104,100 kPa, m = 0.5

pre f = 100 kPa
ν = 0.25

c′re f = 1 kPa

ϕ′= 44◦ b, ψ′= 11◦

R f = 0.9

Modular Blocks 21.8 kN/m3 E = 4400 MPa, ν = 0.25 -

Notes: a Ere f
50 = 34,700 corresponding to a confining pressure of 30 kPa and an axial strain of 1.5% per Guler

et al. [62] was adapted for the backfill; and b based on plane strain test results, the friction angle of sand ranged
between 43◦ and 47◦ accordingly, the friction angle of the backfill was assumed as 44◦ for verification purposes.

The backfill material was placed in 0.15 m thick lifts, and a temporary surcharge load
of 8 kPa was applied on each layer to simulate a light compactor. Six (6) layers of geogrids
were enabled in the staged construction, and 0.3 m portion of each geogrid was placed
between the modular blocks similar to the connection established in the laboratory. After
the construction of the model, a uniform surcharge load of 40 kPa was also applied on the
MSE wall to compare the results of the physical and numerical modeling tests [61,68].

The range of measured connection loads at the modular block-facing–geogrid interface
for each reinforcement level during the construction phase of the full–scale physical model
is shown in Figure 4a. The maximum and minimum measured loads were presented
together with the mean of the measured data for each reinforcement. The connection loads
computed from the FE analysis are also presented in Figure 4a. These computed loads
fall within the measured range, and they follow the trend of the mean of the measured
data along the wall height. Figure 4b presents the comparison of measured and computed
normalized base pressures (σv,n) in the zone of 6 m behind the wall facing. The normalized
base pressure was obtained by dividing the vertical base pressure (σv) by the pressure
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solely due to soil self-weight: height of the wall (H) multiplied by the unit weight of the
soil (γs) in the reinforced zone. The σv,n can be expressed by Equation (6):

σv,n =
σv

γs· H
(6)
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Figure 4. FE validation study: (a) measured and computed connection loads and (b) distribution of
measured and computed normalized base pressures. (Hatami and Bathurst (2005) [61]).

The measured and computed σv,n were the same just behind the wall at a distance
of 0.41 m behind the facing. At a distance of 0.75 m to 2.35 m behind the facing, the
measured σv,n was slightly higher than the computed σv,n. The opposite was valid; the
measured value was slightly lower than the computed one at a distance of about 4 m behind
the facing. The σv,n values produced by the numerical validation analysis are generally
deemed comparable to the experimental data obtained from the earth pressure cells and the
numerical results presented by Hatami and Bathurst [61]. Figure 5 presents the measured
and computed relative horizontal displacements along the MSE wall. Displacements
were recorded both after the placement of each fill layer and at the end of construction
using potentiometers placed at each reinforcement elevation. The same approach was
followed in FE analyses, and hence, predicted and measured horizontal displacements
shown in Figure 5 are relative displacements that correspond to the difference between the
horizontal displacements recorded at the time of fill placement and the end of construction.
Generally, predicted relative displacements at each reinforcement elevation were close
to the measured ones. With an increase in surcharge load, the discrepancy between the
measured and predicted data at the top of the wall increased. Nonetheless, especially for
the no-surcharge and 40 kPa surcharge loading cases, the measured and predicted data
at the top of the wall were almost identical. The results of this validation analysis were
deemed satisfactory to move on to the dynamic parametric analysis.
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Figure 5. Relative horizontal displacement along the wall height: computed in this study versus
measured by Hatami and Bathurst (2005) [61].

3. Seismic Analysis

In this study, the effect of an input ground motion excitation (with a series of frequency
values) on the seismic behavior of an MSE wall was investigated through FE analyses.
A ground motion frequency that is equal to the fundamental frequency of a structure
is likely to be the most detrimental. Therefore, before starting the seismic analysis, the
fundamental frequencies of the MSE wall and the overall model (including the foundation
soil) were estimated first. The input ground motion frequency range was selected to
encompass both the fundamental frequencies of the MSE wall and the overall model in the
dynamic analysis.

3.1. Natural Frequency of the MSE Wall

The equations proposed in the literature were utilized (see Table 6) to estimate the
natural frequency ( f11) of the MSE wall modeled in PLAXIS 2D following the approach
presented by Turkel et al. [71,72]. Several researchers proposed the calculation of the natural
frequency of soil wall systems based on a multiplication of the frequency of infinitely long
uniform soil ( f1) with a geometric factor [42,73–75]. The geometric factor is uniquely
defined in each method, and f1 is calculated using the Equation (7):

f1 =
1

4H

√
G
ρ

(7)

where G = shear modulus, ρ = density, and H = height of the model. In this equation, the
shear modulus of sand was estimated using the correlations that utilize relative density and
the reference documents that provide shear modulus value ranges for dense sands [76,77].
The empirical correlations that were developed specifically for the reinforced soil wall
systems with metal strips, those directly dependent on the wall height, were also utilized
to estimate the natural frequency of the MSE wall systems [78,79]. The first natural period
(T11) of the MSE wall was also calculated [80] by the relationship proposed based on the
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assumption of a plane strain cantilever shear deformation mode for the wall [21]. Based on
the results obtained from all of the correlations utilized, f11 of the MSE wall was estimated
to be in the 3.7 Hz to 5.4 Hz range, with a calculated mean value of 4.62 Hz. The natural
frequency of the overall model, including the MSE wall and the foundation soil, was
estimated using DEEPSOIL V7.0 program [81] and the equation proposed by Kramer [82].
The shear wave velocity range of the foundation soil was assumed to be similar to that of
site class D [83]. Consequently, the f11 of the overall model, including the foundation soil
and the MSE wall, was estimated as 1.20 Hz. For the dynamic analysis, a comprehensive
approach was adopted; accordingly, a wide input ground motion frequency range of 1 Hz
to 8 Hz was selected to include both 1.20 Hz and 4.62 Hz.

Table 6. Estimated natural frequency of the 8 m high MSE wall and the overall model (modified after
Turkel et al. [71]).

Literature Equation a Frequency (Hz)

8 m high MSE wall

Matsuo and Ohara [73]
f11 = 1

4H

√
G
ρ

√
1 + 8(1−v)

1−2v

(
H
B

)2
b 5.39 d

f11 = 1
4H

√
G
ρ

√
1 + 2−v

1−v

(
H
B

)2
c 4.37 d

Scott [74] f11 = 1
4H

√
G
ρ

√
1 + 64

π2

(
1−v

1−2v

)(
H
B

)2 5.16 d

Richardson and Lee [78] f11 = 1
(0.0197 to 0.0328)∗H 3.81 to 6.35 e

Richardson [79] f11 = 38.1
H 4.76 d

Bathurst and Hatami [42];
Wu [75] f11 = 1

4H

√
G
ρ

√
1 +

(
2

1−ν

)(
H
B

)2 4.41 d

Chopra [80] T11 = 2πH
√

ρ
2G

3.66 d

mean f11 = 4.62 d

Overall FE model

Kramer [82] f11 ≈ Vs
H
(

π
2 + nπ

)f 1.21

DEEPSOIL V7.0 Analysis [81] - 1.19

mean f11 = 1.20

Notes: a f11 = natural frequency, T11 = first natural period, H = height of the model, B = width of the model,
G = shear modulus, ρ = density, and v = Poisson’s ratio; b corresponds to the extreme case Poisson’s ratio is zero,
ν = 0; c corresponds to the extreme case of vertical stress is zero, σv = 0; d the estimated natural frequencies of
the MSE wall from Turkel et al. [71]; e the range obtained based on Richardson and Lee [78] is not included in
the mean f11 calculations; and f site class D is selected for the foundation soil per IBC [83], corresponding to an
estimated Vs =160 m/s for the overall model using Vs =

√
G/ρ, where G is shear modulus and ρ is density. The

first mode natural frequency of vibration for the overall model is then estimated per Kramer [82].

3.2. Input Ground Motion and Dynamic Parameters

For the dynamic analysis, variable amplitude harmonic input ground motion accelero-
grams were generated using Equation (8) proposed by Bathurst and Hatami [42]:

ü(t) =
√

βe−αttξsin (2π f t) (8)

in which ü(t) = acceleration − time history, and α, β, and ξ were constant coefficients
equal to 5.5, 55, and 12, respectively. f is the frequency in 1/s, and t is the time in seconds.
PGA was 0.2 g = 2 m/s2 (i.e., ≈ 200 Gal), and the acceleration was applied with 0.005 s
time intervals for an excitation duration of 5 s. Seven (7) separate accelerograms were
generated using f = 1, 1.5, 2, 3, 4, 6, and 8 Hz for seismic loading. These frequency values
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were selected between 1 Hz and 8 Hz to cover the whole frequency spectrum around the
estimated natural frequency of the MSE wall and the overall finite element model of the
MSE wall–foundation soil system (see Table 6). The analysis using input ground motion
at f = 10 Hz resulted in lower horizontal displacements and axial forces compared to the
analysis performed at lower frequencies. For this reason, using input ground motion
frequency values greater than 8 Hz was considered redundant. The accelerograms with a
frequency of 2 Hz and 6 Hz are shown in Figure 6a,b, respectively. In order to evaluate the
sole effect of frequency, PGA and the duration of the excitation were kept constant. Arias
Intensity (Ia) is a widely used intensity parameter, calculated in units of length per time,
that indicates the destructiveness of an earthquake [84]:

Ia =
π

2g

∫ ∞

0

[
ü (t)]2dt (9)

where t is time, ü(t) is acceleration–time history, and g is the acceleration of gravity. Ia
was calculated approximately as 0.5 m/s by Equation (9) for all 5 s excitation for all
accelerograms used in this study. Thus, each MSE model was excited with seven different
accelerograms with similar Ia values, each corresponding to a separate seismic analysis case.
The seismic loading was applied at the bottom boundary of the model using prescribed
displacements. The generated accelerograms were imported into software, and the dynamic
signal was applied using the acceleration–time histories.
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Figure 6. Variable amplitude harmonic accelerograms used for seismic loading: (a) f = 2 Hz and
(b) f = 6 Hz.

Burke [85] highlighted the importance of selecting damping parameters based on the
PGA level and stiffness of the system in dynamic analysis. Several researchers discussed
and proposed target damping ratio (ξ) and damping coefficients [86–91]. Material damping
was introduced by Rayleigh damping in the model to supplement the constitutive model
hysteretic damping. This additional damping was defined by using a damping ratio (ξ) of
10%. This ratio was selected per the computed shear strain levels in this study based on the
previously published damping ratio variations with shear strains [77,86,92] and damping
ratios used in the dynamic retaining wall and MSE wall studies in the literature [87,89,93].
In the model, Rayleigh damping was applied using the Rayleigh mass (α) and stiffness (β)
proportional damping coefficients. Several methodologies [88,92,94,95] were proposed in
the literature to determine these coefficients. These methodologies require the definition of
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two target frequencies to apply the Rayleigh damping in the model. In this study, Rayleigh
α and β coefficients corresponding to a 10% damping ratio were estimated by defining
these two target frequencies. The first target frequency was simply selected as the natural
frequency of the entire soil profile (i.e., approximately 1.5 Hz) as proposed by several
studies in the literature [88,95]. The second target frequency was estimated as five times
the natural frequency of the soil profile (i.e., approximately 7.5 Hz) as proposed by Kwok
et al. [88]. As a result, coefficients α and β were estimated as 2.011 and 0.00318, respectively.

3.3. Parametric Study

A total of 12 MSE wall model configurations (i.e., A, B, C, D, E, F, G, H, I, J, K, and L)
were generated using different reinforcement design parameters (L/H = 0.5, 0.7, and 1.0;
Sv = 0.4 m and 0.6 m; and EA = 600 kPa and 1200 kPa) in PLAXIS 2D. These configurations
are summarized in Table 7. After completion of staged construction and the application
of 12 kPa surcharge load, static displacements and the maximum axial forces in the re-
inforcements were recorded before the dynamic analysis. Each MSE wall configuration
was excited with seven variable amplitude harmonic ground motions. Accordingly, a
total of 12 static and 84 seismic cases were analyzed. The abbreviations used for each of
these cases were selected to reflect the geometric configuration, reinforcement stiffness,
and the frequency content of the input ground motion. As an example, dynamic case
B3 corresponds to MSE wall reinforcement design configuration B (Sv = 0.4; L/H = 0.7;
EA = 1200 kPa), excited using a variable amplitude harmonic ground motion with a
frequency of 3 Hz (see Table 7).

Table 7. Seismic cases analyzed in the MSE wall parametric study.

Reinforcement Design
Configurations A B C D E F G H I J K L

Sv (m) a 0.4 0.6

L/H a 0.7 1.0 0.5 0.7 1.0 0.5

EA (kN/m) a 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200

Frequency, f b f b = 1, 1.5, 2, 3, 4, 6, and 8 Hz f b = 1, 1.5, 2, 3, 4, 6, and 8 Hz

Dynamic Cases c A1 through L1; A1.5 through L1.5; A2 through L2; A3 through L3;
A4 through L4; A6 through L6; A8 through L8

Notes: a Sv = reinforcement vertical spacing, L/H = reinforcement length-to-wall height ratio, and EA = reinforce-
ment axial stiffness; b f = frequency of the variable amplitude harmonic input ground motions; and c designations
used for each dynamic case analyzed.

4. Results of Numerical Analysis

Initially, the MSE wall response in static condition was investigated. Before the
dynamic analysis (i.e., prior to the application of the seismic excitation), all displacements
were reset to zero. After the completion of the dynamic analysis, the residual displacements,
in essence, the permanent deformations that occur solely due to seismic loading, were
recorded and reported. In static and seismic cases, all results presented along the MSE wall
height, denoted by Ux, are relative displacements with respect to the toe of the MSE wall.
One exception to this is the displacements presented in Section 4.1 where the variation in
the displacements along the whole reinforcement are given. These displacements along
each reinforcement are absolute, and hence, they are not denoted by Ux.

The reinforcements can fail at any moment during a seismic event. For this reason, the
maximum reinforcement axial force generated along the reinforcement in the duration of
the seismic event is the most critical value for the design of the reinforcement. Accordingly,
the maximum reinforcement axial force (Fmax) in each reinforcement was recorded from
the force envelope distributions. In the FE analyses, the positive sign convention was used
for tensile loads; the stresses calculated in the reinforcements were tensile.
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4.1. Comparison of MSE Wall Deformed Shape in Static and Seismic Conditions

The horizontal displacements (scaled to 10) and the deformed shape (scaled to 10)
of the MSE model—after completion of staged construction and the application of the
surcharge load—in the static condition are shown in Figure 7a,b. MSE wall displacements
and axial load distributions along the reinforcements were also investigated in the static
condition. The static behavior of the wall is mainly dominated by the settlement of the
reinforced fill and the engagement of the upper reinforcements to this movement. Generally,
greater horizontal displacements were observed from the mid-length to the rear end of
the reinforcements located closer to the top of the wall. From the top to the mid-height of
the wall, the largest horizontal displacements along the reinforcement progressively shift
toward their front end (see Figure 8a). The center sections of the uppermost layers moved
down due to the settlement of the soil and outward movement at the top of the wall. The
free end of the reinforcement was pulled causing higher displacements near their rear end.
The axial loads were highest for reinforcements closest to the mid-height of the wall (see
Figure 8b), at the location where the outward displacement was the most noticeable. The
deformed shape also indicates that the reinforcement sections closer to the facing of the
wall experienced changes similar to bending. This was due to the deformed shape of the
wall and the downdrag behind the wall facing (see Figure 7b). The highest forces along
the top four reinforcements were observed at about their connection points, resulting from
the settlement of the fill at these locations. In the bottom two reinforcements, the location
of the maximum force along their length shifted closer to the Rankine failure surface, as
settlements were not dominant at the bottom of the wall.
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Figure 7. MSE wall end-of-construction (static) condition: (a) horizontal displacement of the wall
facing and the reinforced zone (scaled to 10) and (b) deformed shape (scaled to 10) and zoom-in view
of the reinforcements at the top of the wall for configuration A.

The numerical results indicate that the seismic response of the analyzed MSE walls is
different from their static response. Figure 9a shows the residual horizontal displacements
(scaled to 10) of the MSE model analyzed for seismic case A1.5 (see Table 7). Seismic
excitation caused an outward (rotational) movement of the wall. This movement is similar
to that of a rigid rotation of a cantilever wall [96] and is also visible in the scaled deformed
shape (scaled to 10) (see Figure 9b). Tall structures can undergo several modes of vibration,
but the fundamental period or first mode is usually the most significant for structures
with moderate height. Following this phenomenon, the deformed shape of the wall under
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earthquake loads indicates that the first mode of vibration is dominant on the dynamic
response of the 8 m high MSE wall in this study. A similar wall displacement behavior was
observed at all seismic frequencies ( f = 1, 1.5, 2, 3, 4, 6, and 8 Hz) investigated.
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Figure 8. MSE wall reinforcement response in static condition at various elevations: (a) horizontal
displacement along the reinforcement length and (b) axial force (envelope) along the reinforcement
length for configuration A.
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For seismic case A1.5, the directions and relative magnitudes of the residual horizontal
displacements generated within and behind the reinforced zone are depicted with arrows
in Figure 10a. As seen in Figure 10a, the directions of the arrows are reversed at a distance
of about 3.4 m to 6.4 m behind the reinforced zone. With the effect of seismic excitation, the
reinforced zone and the adjacent section of the retained fill tend to move to the left, and the
remaining zone of the retained fill tends to move in the opposite direction.
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Figure 10. Response of MSE wall in seismic case A1.5: (a) distribution of residual horizontal
displacement (scaled to 10) and (b) shear strain contours along the wall.

Shear strain contours can provide useful information about the seismic behavior
of MSE walls indicating the critical zones in the soil-reinforcement system in numerical
studies [97]. The shear strain contours shown in Figure 10b indicate that the shear strains
concentrate around two locations. First, there is a shear strain concentration, ranging
between 1 and 10%, between the facing blocks and the soil. This is a widely encountered
behavior that takes place because of the differential vertical settlement between the blocks
and the reinforced fill. The second area of shear stress concentration (up to 6%) is observed
at the back of the reinforced zone. This is also not unexpected because both numerical
analysis results [48] and physical shaking table test results [98] clearly indicate that the
reinforced zone behaves like a coherent body under earthquake loading conditions. As can
be seen in Figure 9b, the reinforced fill behaves like a solid body and does not undergo
excessive settlements. However, the reinforced zone displaces toward the front as an elastic
body, and a gap tends to open up between the reinforced and unreinforced soil. This causes
a settlement at the unreinforced fill behind the reinforced zone. Therefore, large shear
strains develop in this area. In this study, generally, a similar behavior was observed in the
seismic cases analyzed. Nonetheless, this behavior was the most evident in seismic case
A1.5. The overturning tendency of the wall and the corresponding horizontal displacements
are likely to be the cause of the stronger stripping tendency of the reinforcement layers
close to the top of the wall. The maximum horizontal displacements increased with wall
elevation (Figure 11a). The maximum axial force along each reinforcement occurred close to
the front of the wall in the vicinity of the connections between reinforcements and modular
blocks in the seismic case (Figure 11b). Axial forces decreased toward the middle section of
the geogrids.



Buildings 2024, 14, 508 18 of 32

Buildings 2024, 14, x FOR PEER REVIEW 18 of 32 
 

 
Figure 10. Response of MSE wall in seismic case A1.5: (a) distribution of residual horizontal dis-
placement (scaled to 10) and (b) shear strain contours along the wall. 

 
Figure 11. MSE wall reinforcement response in seismic case A1.5 at various elevations: (a) residual 
horizontal displacement along reinforcement length and (b) axial force (envelope) along the rein-
forcement length. 

4.2. Effects of the Input Ground Motion Frequency  
In this study, the acceleration amplification factor (ap) is defined as the ratio of the 

maximum acceleration at a given elevation in the MSE wall model to the excitation (i.e., 
0.2 g) applied at the bottom boundary of the FE model. Figure 12 shows the acceleration 
amplification factor versus elevation for all seismic loading cases (𝑓 = 1, 1.5, 2, 3, 4, 6, and 
8 Hz) with configuration A. Figure 12 shows the acceleration amplification factor versus 
elevation for all seismic loading cases (𝑓 = 1, 1.5, 2, 3, 4, 6, and 8 Hz) with configuration A. 
Figure 12a shows that the seismic excitations were amplified in this study at the base of 
the MSE wall (i.e., at the top of the foundation soil) for input ground motions with a fre-
quency of 1, 1.5, and 2 Hz and attenuated (de-amplified) above 2 Hz. This shows that 
acceleration amplification was the highest at the base of the model when the frequency of 
the seismic loading was closest to the natural frequency of the overall model (i.e., 1.2 Hz). 
The frequency obtained by fast Fourier transform (FFT) analysis at the bottom of the MSE 
wall is also given in Figure 12a. The frequency calculated for each motion at El. 0 m is 

0 1 2 3 4 5
20

40

60

80

100

120

140

160

H
or

iz
on

ta
l d

isp
la

ce
m

en
t (

m
m

)

Distance from front of facing (m)

 at El. 0.4 m
 at El. 0.8 m
 at El. 3.6 m
 at El. 4.0 m
 at El. 7.2 m
 at El. 7.6 m

W
al

l f
ac

in
g

0
5

10
15

W
al

l f
ac

in
g

W
al

l f
ac

in
g

W
al

l f
ac

in
g

W
al

l f
ac

in
g

W
al

l f
ac

in
g

 at El. 7.6 m

0
5

10
15

(b)

 at El. 7.2 m

(a)

0
5

10
15

 at El. 4.0 m

0
5

10
15

 at El. 3.6 m

0
5

10
15

 at El. 0.8 m

0 1 2 3 4 5
0
5

10
15

Distance from front of facing (m)

A
xi

al
 fo

rc
e (

kN
/m

)

 at El. 0.4 m

W
al

l f
ac

in
g

Figure 11. MSE wall reinforcement response in seismic case A1.5 at various elevations: (a) resid-
ual horizontal displacement along reinforcement length and (b) axial force (envelope) along the
reinforcement length.

4.2. Effects of the Input Ground Motion Frequency

In this study, the acceleration amplification factor (ap) is defined as the ratio of the
maximum acceleration at a given elevation in the MSE wall model to the excitation (i.e.,
0.2 g) applied at the bottom boundary of the FE model. Figure 12 shows the acceleration
amplification factor versus elevation for all seismic loading cases ( f = 1, 1.5, 2, 3, 4, 6, and
8 Hz) with configuration A. Figure 12 shows the acceleration amplification factor versus
elevation for all seismic loading cases ( f = 1, 1.5, 2, 3, 4, 6, and 8 Hz) with configuration
A. Figure 12a shows that the seismic excitations were amplified in this study at the base
of the MSE wall (i.e., at the top of the foundation soil) for input ground motions with a
frequency of 1, 1.5, and 2 Hz and attenuated (de-amplified) above 2 Hz. This shows that
acceleration amplification was the highest at the base of the model when the frequency of
the seismic loading was closest to the natural frequency of the overall model (i.e., 1.2 Hz).
The frequency obtained by fast Fourier transform (FFT) analysis at the bottom of the MSE
wall is also given in Figure 12a. The frequency calculated for each motion at El. 0 m is
almost identical to the frequency of the input ground motion applied at El. −25 m. This
result shows that the frequency of the input wave does not change significantly within
the foundation soil, and hence, input frequencies are preserved just underneath the MSE
wall. This computational observation made the investigation of the effects of the frequency
of the input ground motion on the seismic response of the MSE wall possible. Once the
foundation soil and the MSE wall were considered as an overall system, the highest amplifi-
cation factor was approximately 1.74 for the excitation with f = 1.5 Hz. This was consistent
with the estimated natural frequency of the overall model (i.e., f11 = 1.20 Hz). Once the
change in acceleration solely within the MSE wall (from the bottom to close to top) was
considered (see Figure 12b), the highest normalized acceleration amplification factor was
computed as 1.86 for the seismic excitation with f = 4 Hz. In the tested frequency range, this
frequency was the closest to the estimated mean natural frequency of the MSE wall model
(i.e., f11 = 4.62 Hz). In essence, at all frequencies except f = 1 Hz, the normalized amplifica-
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tion factor within the wall in Figure 12b was computed at the top of the wall. This can be
explained by the fact that this frequency was further away from the estimated mean natural
frequency of the MSE wall (i.e., f11= 4.62 Hz). The acceleration amplification within the
MSE wall was not significantly affected by the reinforcement configurations investigated in
this study. Examples of computed acceleration–time histories at selected points D, G, and J
within the analyzed configuration A4 ( f = 4 Hz) are presented in Figure 12b. As seen in
Figure 12b the acceleration amplified near the top of the wall. Following from Figure 12, it
is again important to note that, in this study, horizontal displacements presented along the
MSE walls are relative displacement values with respect to the toe of the MSE wall (Ux), to
eliminate the effects of wave propagation changes within the foundation soil.
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Figure 13 presents the frequency versus acceleration at node J for all MSE wall con-
figurations denoted as A through L. Node J is located close to the top of the MSE wall
(see Figure 2); as such, the accelerations recorded at this point also include the change in
acceleration within the foundation soil and most of the reinforced zone. Despite slight
discrepancies, the overall trends of frequency versus acceleration plots for all MSE wall
configurations were very similar to each other. As seen in Figure 13, two clear peaks are
identified at f = 1.5 Hz and f = 4 Hz. These two frequencies, f = 1.5 Hz and f = 4 Hz, are
close to the natural frequency of the overall model (MSE wall–foundation soil system) and
the MSE wall, respectively.

Generally, the maximum relative horizontal displacements at all levels along the MSE
wall height were recorded for the input ground motion with f = 1.5 Hz. For MSE wall
configuration A, the relative displacements at the top of the wall for the most and least
critical seismic loading cases, with f = 1.5 Hz and f = 8 Hz, were approximately 76 mm and
9.5 mm, respectively (see Figure 14a). As can be seen in Figure 14a, the relative (residual)
displacements increased as the frequency of the input ground motion approached the
natural frequency of the overall model. This is reasonable because the highest acceleration
underneath the MSE wall also corresponds to the input ground motion frequency of
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1.5 Hz. This clearly shows the importance of seismic loading frequency on the residual
displacements and overall behavior of the MSE wall.
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Figure 13. Frequency versus maximum horizontal acceleration for all model configurations A, B, C,
D, E, F, G, H, I, J, K, and L at Point J (shown in Figure 2).
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Figure 14. The effects of input ground motion frequency for all seismic cases with configuration
A: (a) relative (residual) horizontal displacement (Ux) versus wall elevation and (b) maximum
reinforcement axial force (Fmax from envelope) versus wall elevation.

Figure 14b presents the maximum reinforcement axial force (Fmax) versus wall el-
evation for each frequency. The maximum reinforcement axial forces along the wall
height were the highest for the critical seismic loading case with f = 1.5 Hz. For each
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seismic loading frequency with configuration A, the reinforcements located at El. 3.6 m
(about the mid-height of the MSE wall) generally experienced the maximum reinforcement
axial forces.

4.3. Effect of Reinforcement Length at the Selected Seismic Frequencies

Figure 15 presents the effect of reinforcement length on relative horizontal displace-
ments and the maximum reinforcement axial forces along the wall elevation in the static
case for configurations B, D, and F. With the increase in L/H ratio, horizontal displacements
along the wall elevation are reduced very slightly (see Figure 15a). This effect is noticeable
at the mid-height of the wall, and it almost diminishes at the top and the bottom of the
MSE wall. On the other hand, the effect of L/H on the maximum reinforcement axial forces
along the wall elevation does not show a similar trend (see Figure 15b).
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Figure 15. The effects of L/H in the static condition in configurations B, D, and F: (a) relative
horizontal displacement (Ux) versus wall elevation and (b) maximum reinforcement axial force (Fmax

from envelope) versus wall elevation.

For all L/H ratios investigated, the maximum reinforcement axial forces are similar to
each other along the bottom one-third of the wall height (between El. 0 m and El. 2.5 m).
Along the top two-thirds of the wall height, the maximum reinforcement axial forces are
almost identical for L/H = 0.5 and L/H = 1.0. In the wall with configuration L/H = 0.7,
the maximum reinforcement axial force recorded for the reinforcement (at El. 3.6 m) is
approximately 16–19% higher than the other two cases (see Figure 15b).

Figure 16a shows the input ground motion frequency versus horizontal displacements
of the uppermost reinforcements (at El. 7.6 m) of the MSE wall for the seismic cases with
configurations A, C, and E. Generally, the uppermost reinforcement at El. 7.6 m in the
models with a higher L/H ratio experienced lower displacements than those with a lower
L/H ratio. The largest reinforcement displacements were observed for seismic cases A1.5,
C1.5, and E1.5 corresponding to the excitation with f = 1.5 Hz. A minor second peak was
observed at 4 Hz. The effect of L/H on reinforcement displacements almost disappears
for input ground motion frequencies larger than 6 Hz (see Figure 16a). The horizontal
displacement versus wall elevation plots obtained from the results of seismic cases A1.5,
C1.5, and E1.5 are shown in Figure 16b. The effect of reinforcement length on displacements
along the MSE wall was more pronounced for the seismic cases compared to the static case.
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An increase in the L/H ratio from 0.5 to 1.0 reduced the relative horizontal displacements
of the wall by approximately 43% at the top of the wall for the most critical seismic case.
This indicates that the L/H ratio does not significantly affect the relative displacements
of the facing as long as the ratio satisfies the stability condition in the static condition.
However, the L/H ratio has a significant influence on the displacements caused by seismic
loads. Considering all reinforcement configurations analyzed at the most critical input
motion frequency, the increase in L/H from 0.7 to 1.0 decreased the relative horizontal
displacements at El. 7.6 m (top of the wall) by about 22–36%.
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The frequency of the input ground motion (for all seismic cases with configurations A,
C, and E) versus maximum axial force in the top reinforcement is presented in Figure 17a.
The lines also merge toward 8 Hz, in essence, the effect of L/H on the maximum axial
force in the uppermost reinforcement almost diminished with the increase in frequency.
Figure 17b presents the change in maximum axial forces in the uppermost reinforcement at
El. 7.6 m with respect to an increase in L/H in the MSE wall models for all seismic cases
with configurations A, C, and E.

Generally, the increase in the L/H ratio caused only slight changes in the maximum
axial forces in the reinforcement at El. 7.6 m. The effect is more visible when L/H increases
from 0.5 to 0.7, specifically for the seismic cases with lower input ground motion frequencies
(i.e., f ≤ 3 Hz). As an example, when seismic cases A1.5 and E1.5 are considered
( f = 1.5 Hz), the maximum reinforcement axial force decreased approximately by 1.6 kN/m
when L/H increased from 0.5 to 0.7. The axial force remained almost constant with a
further increase in L/H from 0.7 to 1.0.
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Figure 17. The effect of L/H on axial forces in reinforcement at El. 7.6 m in the seismic condition
in configurations A, C, and E: (a) frequency versus maximum reinforcement axial force (Fmax from
envelope) and (b) L/H versus Fmax.

4.4. Effect of Vertical Reinforcement Spacing at the Selected Seismic Frequencies

MSE wall configurations A through F (Sv = 0.4 m) are compared with configurations
G through L (Sv = 0.6 m) to evaluate the effect of vertical spacing on the MSE wall displace-
ments and reinforcement forces. Figure 18 depicts the effect of reinforcement spacing on
horizontal displacements and maximum reinforcement axial forces along the wall height
for configurations B and H (EA = 1200 kN/m, L/H = 0.7) in the static condition. The
relative horizontal displacements of the MSE wall are reduced from 53.4 to 41.7 mm (i.e.,
11.7 mm) at the mid-height of the wall when Sv decreased from 0.6 m to 0.4 m (Figure 18a).
Naturally, with an increase in Sv, the horizontal displacements of the MSE wall and the
reinforcement axial forces tend to increase. The effect of vertical spacing is more evident
for the maximum axial forces in the reinforcements that were at about the mid-height of
the wall. This is due to the fact that the wall displacements are maximum in this region.
Considering all reinforcement configurations analyzed at the most critical input motion
frequency, the axial forces in the reinforcement at El. 3.6 m (about mid-height of the wall)
was reduced by 27–30% with a decrease in Sv from 0.6 m to 0.4 m. The effect of spacing on
the reinforcement axial forces becomes less noticeable at the top and the bottom of the wall
(see Figure 18b).

Figure 19a shows the input ground motion frequency versus horizontal displacements
of the uppermost reinforcement at El. 7.6 m in the MSE wall for all seismic cases with
configurations A and G. As seen in Figure 19a for both of the vertical reinforcement spacing
cases investigated, the maximum displacements are achieved at f = 1.5 Hz with a minor
relative peak at f = 4 Hz. For f = 1.5 Hz and f = 2 Hz, the displacements are lower when
vertical spacing Sv = 0.4 m compared to that of the wider spacing (i.e., Sv= 0.6 m). For the
input ground motions with higher frequencies, distant from the fundamental frequencies of
the MSE wall and the overall model, the loading becomes less critical and the difference in
displacements diminishes. The relative horizontal displacements along the wall are further
investigated for these two cases, A1.5 and G1.5, in Figure 19b. The horizontal displacements
along the MSE wall model with Sv = 0.6 m are slightly higher than that of the model with
Sv = 0.4 m (see Figure 19b). Unlike the static case, the relative horizontal displacements
are the highest at the top of the wall for the seismic case. With the vertical spacing change,
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a maximum horizontal displacement difference of about 9.2 mm was observed between
cases A1.5 and G1.5 ( f = 1.5 Hz) for the reinforcement at El. 7.6 m. This difference was
much less for the reinforcements located at lower elevations.
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Figure 18. The effect of Sv in the static condition in configurations B and H: (a) relative horizontal
displacement (Ux) versus wall elevation and (b) maximum reinforcement axial force (Fmax from
envelope) versus wall elevation.
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For all seismic cases with configurations A and G, the frequencies of the input ground
motion versus maximum axial forces in the reinforcement at El. 7.6 m are shown in
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Figure 20a. For both configurations, the maximum reinforcement forces were observed
for the input ground motion with a frequency of 1.5 Hz. A minor peak was observed at
f = 4 Hz for Sv = 0.4 m, however, it was much less pronounced. For Sv = 0.6 m, no peak
is observed at f = 4 Hz. A maximum difference of about 2.6 kN/m was observed in the
axial force in the reinforcement at El. 7.6 m at a frequency of 1.5 Hz, and the lines merged
toward f = 6 Hz.
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Figure 20. The effect of Sv on axial forces in reinforcement at El. 7.6 m in the seismic condition:
(a) frequency versus maximum reinforcement axial force (Fmax from envelope) in configurations A
and G and (b) Sv versus Fmax for seismic cases A1.5 through L1.5 (f = 1.5 Hz).

The effect of Sv on the axial forces in the uppermost reinforcement at El. 7.6 m was
also investigated for all configurations: A1.5 through L1.5 ( f = 1.5 Hz). Contrary to its
minimal effect on MSE wall displacements, Sv had a remarkable effect on reinforcement
axial forces (Figure 20b). In the MSE wall models, the larger reinforcement spacing resulted
in higher axial forces in the reinforcement at El. 7.6 m under seismic loading conditions. In
all MSE wall configurations tested (i.e., A through L), the axial forces in the reinforcements
at El. 7.6 m increased by 2.1–3.2 kN/m range with an increase in Sv from 0.4 m to 0.6 m.

4.5. Effect of Reinforcement Stiffness at the Selected Seismic Frequencies

Similar to the effects of L/H and Sv, the effect of EA change (i.e., EA = 600 kN/m and
1200 kN/m) on the horizontal displacements is also most evident at about the mid-height of
the MSE wall in the static case, as shown in Figure 21a. With the increase in EA, the relative
horizontal displacement of the MSE wall was visibly reduced in the static case. Doubling
the axial stiffness of the reinforcement reduced the maximum displacements by 35–39% at
about the mid-section of the MSE wall. The axial forces experienced by the reinforcement
layers located at the top one-fourth height of the MSE wall were generally not affected
by the stiffness increase, the lower layers of reinforcements experienced this effect (see
Figure 21b). This observation may be due to the fact that, in addition to the reinforcement
stiffness, the horizontal displacements along each reinforcement and the engagement of
each reinforcement determine the reinforcement axial force distribution along the MSE wall
height. In the static condition, the lower layers of reinforcements are more engaged in the
load transfer, inhibiting the failure surface, compared to the upper reinforcement layers
that experience larger horizontal movements. An increase of 600 kN/m in reinforcement
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stiffness caused an increase of about 1.6 kN/m in axial force of the reinforcements located
at El. 0 m in the static case.
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Figure 21. The effect of EA in the static condition in configurations A and B: (a) relative horizontal
displacement (Ux) versus wall elevation and (b) maximum reinforcement axial force (Fmax from
envelope) versus wall elevation.

In the seismic cases with configurations A and B, the effect of EA on the horizontal
displacement at El. 7.6 m was the maximum for f = 1.5 Hz (see Figure 22a). A second minor
peak was also observed here at f = 4 Hz. When seismic cases A1.5 with B1.5 were compared,
the increase in EA caused a maximum relative displacement reduction of approximately
17 mm at the top of the wall (Figure 22b). At frequencies of 6 Hz and 8 Hz, the difference in
displacements for the investigated stiffness range becomes minimal.
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Figure 22. The effect of EA on horizontal displacements in the seismic condition in configurations A
and B: (a) frequency versus relative (residual) horizontal displacement (Ux) at El. 7.6 m and (b) Ux

versus wall elevation for seismic cases A1.5 and B1.5 (f = 1.5 Hz).
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Axial forces in the uppermost reinforcement for all seismic cases with configurations
A and B were very close to each other, indicating the effect of EA on the reinforcement at El.
7.6 m was not significant (Figure 23a–c). Figure 23d shows the variation in the maximum
reinforcement axial forces along the wall height for seismic cases A1.5 and B1.5. When EA
was doubled, in the reinforcement at El. 0 m, the maximum axial force increased by about
4.8 kN/m corresponding to an increase of about 44%. The effect of EA on the maximum
reinforcement axial forces became significant toward the bottom of the MSE wall. As seen
in Figure 23d, with an increase in EA, a visible increase was observed in the axial forces in
the lower reinforcement levels.
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Figure 23. The effect of EA on reinforcement axial forces in the seismic condition in configurations A
and B: frequency versus maximum reinforcement axial force (Fmax from envelope) at (a) El. 0.0 m,
(b) El. 3.6 m, (c) El. 7.6 m, and (d) Fmax versus wall elevation for seismic cases A1.5 and B1.5
(f = 1.5 Hz).

A similar overall trend was observed in the seismic cases with other configurations.
Generally, the maximum axial forces in the reinforcements located from the mid-height
to the bottom of the wall were the highest in MSE walls with configurations using rein-
forcements that have higher axial stiffness EA (i.e., B, D, F, H, J, and L). Considering all
configurations analyzed at the most critical input motion frequency, increasing EA from
600 kN/m to 1200 kN/m caused a 44–51% increase in the axial forces in the reinforcement
at El. 0 m.

Table 8 presents the overall summary of the changes observed in relative horizontal
displacements and axial forces in reinforcements located at El. 0 m, El. 3.6 m, and El. 7.6 m
in MSE wall models with various reinforcement configurations for seismic cases f = 1.5 Hz
and f = 4 Hz.
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Table 8. Percent changes in relative horizontal displacements and axial forces in reinforcements at El.
0 m, El. 3.6 m, and El. 7.6 m for seismic cases f = 1.5 Hz and f = 4 Hz.

% Decrease (D.) or % Increase (I.) in Reinforcement Axial Forces

1.5 Hz 4 Hz

From To at El. 7.6 m at El. 3.6 m at El. 0.0 m at El. 7.6 m at El. 3.6 m at El. 0.0 m

L/H a 0.5 0.7 11–16% D. 1–6% I. 5–9% D. 4–14% D. 5–13% I. 12–20% D.
L/H a 0.7 1.0 1% D. to 5% I. 5–8% D. 7–9% D. 6% D. to 5% I. 7–12% D. 3% D. to 2% I.
Sv

a 0.6 0.4 15–22% D. 27–30% D. 11–14% D. 15–19% D. 26–31% D. 13–21% D.
EA a 600 1200 0–5% I. 12–15% I. 44–51% I. 8% D. to 5% I. 9–13% I. 24–37% I.

% Decrease (D.) or % Increase (I.) in Relative Horizontal Displacements

L/H a 0.5 0.7 22–32% D. 20–28% D. - b 22–27% D. 22–27% D. - b

L/H a 0.7 1.0 22–36% D. 22–36% D. - b 3–13% D. 3–13% I. - b

Sv
a 0.6 0.4 4–12% D. 7–18% D. - b 3% D. to 4% I. 3% D. to 4% I. - b

EA a 600 1200 15–36% D. 15–33% D. - b 16–27% D. 16–28% D. - b

Notes: a L/H = reinforcement length-to-height ratio, Sv = reinforcement vertical spacing (m), and EA = axial
stiffness (kN/m); and b relative horizontal displacements are calculated with respect to toe at El. 0.0 m.

5. Conclusions

This study investigated the effects of input ground motion frequency and reinforce-
ment design parameters on the static and seismic behavior of 8 m high geosynthetic me-
chanically stabilized earth (MSE) walls using numerical analysis. Based on the results, the
deformed shape of the MSE wall was mainly influenced by the settlement of the reinforced
fill and the downdrag generated behind the facing units in the static condition. At the end
of the construction phase, the highest reinforcement axial forces and relative horizontal
displacements generally occurred at about the mid-height of the wall for all reinforcement
design configurations. Seismic excitation caused an outward (rotational) movement with
the maximum relative displacements at the top of the MSE wall. This observation indicates
that the first mode of vibration was prevalent on the dynamic response of the 8 m high
MSE wall. The results of this study show that the frequency of the input ground motion can
significantly affect the seismic response (i.e., displacements and reinforcement axial forces)
of the MSE wall. The displacements increased as the frequency of the input ground motion
approached to the estimated mean natural frequency ( f11) of the foundation soil–MSE wall
system (i.e., f11 = 1.20 Hz). The maximum acceleration amplification factor was recorded as
1.74 at the top of the wall for the input ground frequency f = 1.5 Hz. When the change in
acceleration within the MSE wall was considered, the maximum normalized acceleration
amplification factor was 1.86 corresponding to the seismic excitation with f = 4 Hz, a value
overlapping the estimated natural frequency ( f11) of the MSE wall. Based on the numerical
results, internal instabilities were not observed in the seismic analysis of the MSE models
analyzed. The 8 m high MSE wall models placed on a firm clayey foundation soil with
the reinforcement length-to-height ratio L/H = 0.5–1 range, reinforcement axial stiffness
EA = 600–1200 kPa range, and reinforcement vertical spacing Sv = 0.4–0.6 m range per-
formed satisfactorily under moderate seismic loads.

This research study was limited to the analysis of a very conventional 8 m high MSE
wall. It is worthwhile to note that with an increase in MSE wall height, nonlinear effects
become prevalent and the behavior is subject to change. Future research studies are required
to better understand the effect of wall height on the seismic behavior of MSE walls. In this
study, geogrids were modeled in two dimensions. A three-dimensional analysis of MSE
walls can facilitate adequate modeling of interlocking effects in geogrids.
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