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Study of Seismic Response of Mechanically Stabilized Earth Wall

Moamen Abd El Raouf* ©, and Khaled M. M. Bahloul?

Abstract validated finite element analysis was used to
study the seismic response of the Mechanically Stabilized
Earth (MSE). A series of parametric studies were
conducted to investigate the behavior of MSE walls under
seismic conditions using finite element analysis. From
the numerical analysis, it can be concluded that during the
earthquake, in the static case, the axial force in
reinforcement decreases as the relative density of the
foundation soil increases. Also, in the case of the
earthquake, the axial force in reinforcement increases as
the relative density of foundation soil increases.
Furthermore, in the case of medium and loose sand, the
soil acts as a damper to the earthquake motion. Also, the
horizontal displacement increases as the relative density
of foundation soil increases. Finally, during the
earthquake, the horizontal displacement of the MSE wall
increases as the groundwater level decreases.
Furthermore, the maximum axial force in reinforcement
occurred at dry soil conditions. Therefore, the worst case
during the earthquake occurred when the groundwater
level dropped.

Keywords MSE walls; horizontal displacement; Finite
element analysis; Seismic response; Ground water table

1 Introduction

Mechanically Stabilized Earth (MSE) walls have
become increasingly popular in recent years.
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Understanding how MSE walls behave under seismic
loading conditions is necessary for reliable design [1-4].
Numerous field observations show that MSE walls
operate satisfactorily compared to rigid walls [5-6].

After the 1995 Kobe earthquake, Tatsuoka et al. [7]
evaluated the performance of Tanata retaining walls and
found that the MSE wall produced less horizontal
displacement than the traditional gravity wall [8]. Due to
the friction between soil and reinforcement, the MSE
wall is characterized by its excellent deformation under
earthquake loads [9-10]. The dynamic response of MSE
walls has been studied experimentally using large - scale
models [11-12-13], full scale - models [14-15], and
reduced- scale models [16-17-18-19]. Moreover, many
researchers investigated the behavior of MSE walls
under seismic conditions numerically [20-21-22-23].
Okabe [24] created the Mononobe-Okabe method to
analyze the stability of retaining walls under earthquake
loads.

Hatami and Bathurst [25-26-27] performed numerical
analysis on MSE walls that were subjected to varying
input ground motions, reinforcement stiffness and
reinforcement lengths. They found that these factors had
a considerable impact on the reinforcing load and the
displacement of the wall during earthquakes, but their
effects on the wall's natural frequency were minimal.

Liu H. et al. [28] studied the effect of reinforcement
on the seismic response and failure mechanism of MSE
walls using numerical analysis. They concluded that
failure mechanisms were more intricate than what was
anticipated by international codes and guidelines [29].
Moreover, in the case of using a large length of
reinforcement, no slip surfaces were generated beyond
the reinforced zone. Yu et al. [30] simulated two MSE
walls of a bridge near Seattle by finite difference
analysis and used Allen and Bathurst’s monitored data to
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validate the study's findings [31]. Furthermore, they
used two constitutive models, modified Duncan-Chang
and Mohr-Coulomb. They found that the Mohr-Coulomb
model may be sufficient to simulate the response of a
granular backfill under seismic conditions.

Guler and Selek [32] studied the seismic response of
the MSE wall using a shaking table test and concluded
that reinforcement length and material had an
insignificant effect on the dynamic response of the wall.
Xie and Leshchinsky [33] studied numerically the effect
of reinforcement on the failure mechanism and found
that the failure surface extended from the toe of the MSE
wall to the farther border of the surcharge. Arman et al.
[34] studied the dynamic response of MSE walls using
finite element analysis via the OpenSees program. Two
different lengths of reinforcement were considered. The
response of the MSE wall systems was compared to
identical dimensions blocks. They found that the MSE
wall with a 6 m long reinforcement acts as a rigid block
with no relative displacement. Also, the settlement of the
retained soil surface is approximately twice that of the
reinforced soil.

Ling et al., [35] developed a numerical method to
study the influence of the characteristics of the backfill,
vertical spacing between reinforcements, and earthquake
motion on the seismic response of MSE walls. They
concluded that the lateral displacement of the MSE wall
was significantly influenced by the backfill properties
and reinforcement arrangement.

In this paper, numerical analysis is performed by the
Plaxis program to examine the behavior of the
mechanically stabilized earth (MSE) wall during the
earthquake. The validated numerical model was used to
conduct a series of parametric analyses. The effects of
the foundation soil properties and level of groundwater
were studied. The wall deformation and axial tensile
force in the reinforcing elements were investigated under
earthquake loading.

2 Numerical Model Description

Plaxis 2D software was used in this analysis. To verify
the accuracy of the numerical model, the physical model
by Hatami and Bathurst [36-37] was used. The geometry
of the physical model can be defined as shown in Figure
(1). Figure 2 shows the geometry of the numerical model
used and the finite element output mesh at the end of

wall construction (EOC). The numerical model
dimensions were chosen to be the same as the
experimental model having a height of 3.6m and a width
of 6.0 m. The backfill layers are modeled by 15 node
elements using the small hardening soil model (HSS).

Medium size mesh was used in the analysis with
automatic mesh refinement around structural elements
(Bringreve et. al., 2020) [38]. The wall facing elements
were modeled using 6 node plate elements. The rigid
foundation soil was modeled using the linear elastic
model. The geogrids were modeled using geogrid
elements with anisotropic properties. The soil-structure
interaction was simulated using automatic interface
elements between wall-facing, geogrids, and soil layers.
The roughness of the interface was chosen to be Rint =
0.75 [39].
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Fig.2 The geometry of the Plaxis 2D model
2.1 Construction of wall simulation
The construction of the wall is simulated using staged

construction up to EOC (end of construction) which
consists of three steps as follows:
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1-Construction of 24 backfill layers of thickness 15cm
each layer.

2- Application of a surcharge loading of magnitude 8
kPa at the top of each layer to simulate the
compaction process.

3- Installation of six geogrid layers at a spacing of 60cm.

2.2 Material properties

The hardening soil model (Hs) was selected to model
the soil layers. This soil model requires the input of 10
parameters as follows: angle of internal friction (¢) , soil
cohesion (C), dilatancy angle (y) , primary oedometer
load stiffness (Eqeq™), principal load stiffness (Es™) ,
failure ratio (Ry), unloading-reloading stiffness (E,™" ,
unloading-reloading Poisson's ratio and finally power m
in stiffness laws. These parameters are illustrated in
Table (1).

Principal load stiffness Eso'is estimated using the
following equation:

ref ¢ cosg— o3 sin m

ESS' = (Zzasg—prer sing ®

Where: ¢ = soil cohesion, ¢ = angle of internal friction,
o'3 = minor effective principal stress, p~ reference
effective confining stress and m = the degree of stress
dependency.

It is recommended to take E, ™~ 3, Ex,"" and Egeq®'~
Eso (Bringreve et. al., 2020) [38].

Table 1. Input parameters used in the analysis [36-37]

Parameter Value
Backfill - Unit weight y (kN/m®) 16.8
MSE wall facing unit weight y (kN/m°) 22
Eso™ (MPa) 48
Eoed™ (MPa) 48
Eeur™ (MPa) 144
Our 0.2
Angle of Sand internal friction ¢ (°) 44
Cohesion C (kPa) 1
The backfill Dilation angle y (°) 11
Power (M) (unitless) 0.5
Prt (kPa) 100
Failure ratio R¢ 0.86
Rint (unitless) 0.75
Geogrid (EA) (kN/m) 115
Wall Facing E (kPa) 2.0 E+06
Foundation Soil (linear elastic model) E 3.0 E+07
(kPa)

3 Validation of the Numerical Model

The results obtained from the numerical model at the end
of construction (EOC) indicated that the relative facing
displacement began to occur at a depth of 0.083 H (H is
the wall height), as shown in Figure (3). Subsequently,
the relative facing displacement increased with increasing
depth. The maximum relative facing displacement was
6.33 mm and occurred at a depth of 0.67 H. Then the
relative displacement decreased with increasing depth.
Moreover, the relative displacement at the top of the wall
is 3.7 mm.

According to the measured results from the physical
model, the relative facing displacement began to occur at
a depth of 0.08 H. Also, the maximum displacement was
5.8 mm and happened at a depth of 0.75 H. Then the
relative displacement decreased with increasing depth.
Furthermore, the relative facing displacement at the top
of the wall is 2.5 mm.

It is worth noting that the measured displacement by
Hatami and Bathurst represents the magnitude of the
facing unit displacement from the time of placement of
the facing unit to the end of construction. The relative
facing displacement should not be confused with the
actual total displacement of the wall at the end of
construction and applying the surcharge loading [36].
The same applies to the results of the numerical analysis.
Accordingly, the results obtained from the numerical
model are in good agreement with the measured results
by Hatami and Bathurst as shown in figure (3).
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Fig.3 The physical model results at EOC versus FEM
results

4 Dynamic Analysis

Dynamic analysis is performed to simulate the effect
of a 5.4 Richter magnitude earthquake (Mw = 5.4) on
the performance of the MSE wall. The maximum peak
ground acceleration (PGA) of 0.24g was used, which is
equivalent to the typical expected earthquake intensity in
Egypt. The earthquake duration is 23 seconds. Figure (4)
shows the input file used in dynamic analysis [38].

Dynamic input is applied at the bottom of the model.
As shown in Figure (5) prescribed displacement was
imposed in the horizontal direction to prevent vertical
direction movement, and standard earthquake fixity was
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applied to the model where absorbent boundaries are
applied to absorb waves at the external limit of the
model.
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Fig. 5 Dynamic Analysis model setup

4.1 MSE Wall Natural Frequency

The MSE wall natural or fundamental frequency (f 1 7)

was estimated using an empirical formula based on wall
height (H) proposed by Richardson (1978) [40] as
follows:

(f®)=38.1/H (2)
Therefore, the natural frequency of MSE wall = 10.58 Hz.

4.2 Estimating Damping

damping parameters of Rayleigh o and B are estimated
using target frequencies. Since the natural frequency of
the MSE wall was 10.58 Hz, the range of frequencies
used in the analysis was selected to be f;= 2 Hz andf,=12
Hz corresponding to the input motion file and natural
frequency of the MSE wall. The following equations
(Bringreve et. al., 2020) [38] are used to estimate
Rayleigh o and .

@18y = @ofy ®18) ~ @pdp
a= 2olwr,ﬁ and B = 2_'2—‘2'— 3)
i e o o - @

where: © = Angular velocities = 2xnf, (= Target
damping ratio chosen to be 10% as recommended by
(Moradi, 2014) [41] for MSE walls.

Using equation (3) a=2.154, 3= 0.002274

Rayleigh o and  values are defined for facing units,
soil backfill and foundation soil and no specific damping
ratio is assigned to the geogrid.

5 Dynamic Response of MSE Wall

In this section, the MSE wall behavior was studied in
static and seismic conditions. After the static analysis of
the MSE wall, the dynamic analysis is executed, and the
displacement is reset to zero. The dynamic analysis is
considered the last stage of construction.

In the static case, the maximum horizontal

displacement was 16.72 mm and occurred at the upper
portion of the wall. This is because the vertical pressure
increases towards the bottom of the MSE wall.
Moreover, the horizontal displacement at the lower
portion of the MSE wall was 7.27mm.
During the earthquake, the maximum horizontal
displacement was -19.17 mm and occurred at the lower
portion of the MSE wall. Furthermore, the horizontal
displacement at the upper portion of the wall was -10.11
mm, as shown in Figure (6). Also, it can be noticed that
the lower portion of the wall is the most affected by the
earthquake. This is due to that the lower portion of the
wall is the closest part of the wall to the ground motion.
Moreover, during the earthquake, the horizontal
displacement occurred in a direction opposite to the
static condition.
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Fig. 6 Wall horizontal displacement versus the wall height
during earthquake

From Figures (7.a) to (7.f) it can be noticed that the
earthquake caused an increase in axial force for the
geogrid layers (6, 5, 4, 3, 2 and 1) by 274% 155%, 135%,
162%, 234% and 201% respectively. The axial tensile
force in the reinforcement layers increased significantly
during the earthquake. The maximum increase was 274%.
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Fig. (7. f) Effect of the earthquake on the axial force of the
reinforcement
6 Parametric Study

In this section, the effect of the desired parameters was
studied in both static and seismic conditions. In the
parametric study, all parameters are held constant except
the parameter under study.

6.1 Effect of foundation soil

In this section, different types of foundation soil (loose
sand with Dr=30%, medium sand with Dr=50% and
dense sand with Dr=75%) were considered, where (Dr) is
the relative density. The input parameters used in the
analysis of foundation soils are shown in Table (2).

Table (2) Input parameters used in PLAXIS 2D for foundation soils
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Fig. (7. e) Effect of the earthquake on the axial force of the
reinforcement
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Fig.8 Wall horizontal displacement versus the wall height
during earthquake

From Figure (8) it can be noticed that the maximum
horizontal displacement during the earthquake was
-21.85,-19.17 and -15.4 mm at Dr= 70%, Dr=50% and
Dr= 30% respectively. Furthermore, the maximum
horizontal displacement during the earthquake occurred
at the lower portion of the wall. This is due to that the
lower portion of the wall is the closest part of the wall to
the ground motion.

It can clearly be distinguished that the horizontal
displacement increases as the relative density of
foundation soil increases. This is due to the medium and
loose soil acting as a damper for the earthquake. But
acceleration was amplified in the case of dense sand.
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Fig.9 The axial force in reinforcement in static case

Moreover, in the static case, the axial force in
reinforcement decreases as the relative density of the
foundation soil increases, as shown in Figure (9). This is
because the settlement of the foundation soil is greater in
loose and medium soil. Increasing the settlement of the
foundation soil leads to an increase in axial force in the
reinforcement.

The exact opposite happened in the case of the
earthquake. The results of the numerical analysis
revealed that during the earthquake, the axial force in
reinforcement increased as the relative density of
foundation soil increased, as shown in Figure (10).

Fig. 10 The increase in axial force in reinforcement during
earthquake

This phenomenon can be explained as follows: in the case
of medium and loose sand, the shear stress increases with
the increase in horizontal displacement resulting from the
earthquake. The reason for this is that the void ratio in the
loose soil decreases with an increase in the shear stress
resulting from the earthquake, and compaction of the soil
occurs.

In dense sand, there are few voids in the soil, and the
shear stress resulting from the earthquake increases,
which causes compaction of the soil. Afterwards, as the
shear stress increases, the soil particles slide over each
other, which leads to a gradual increase in the void ratio,
and the soil turns into a loose state, as shown in Figure
(11)[42].

Peak value
a

S SRR = Dense sand
o

E b ultimate value
o

|

u

ot

[7s]

Loose sand
0 >

Displacement

Fig. 11 Shear stress versus displacement for loose and dense
sands [42]

From Figures (12. a) to (12. ) it can be noticed that the
largest increase in axial force for loose soil was in
Geogrid No. 1, which is close to the foundation soil, as a
result of the soil volumetric changes due to the
earthquake. Furthermore, the largest increase in axial
force as a result of the earthquake was for the medium
and dense soil in the highest layer (Geogrid No. 6).
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Fig. (12. a) Effect of the earthquake on the axial force (Layer 6)
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Fig.13 The deviator stress below the wall in static case and
dynamic case

From Figure (13), it can be seen that in the case of loose
sand, the deviator stress before and during the earthquake
is almost the same. Furthermore, the value of the increase
in deviator stress in the case of dense soil was greater than
the increase in the case of medium soil. In other words, as
the relative density of the foundation soil increases, the
deviator stress below the wall increases.

6.2 Effect of Groundwater Level

To investigate the influence of groundwater level
changes, a numerical analysis was conducted to
determine the effect of the ratio D/B on the seismic
response of the MSE wall. Where (D) is the depth of
groundwater from the ground surface and (B) is the width
of MSE at the base.

Figure (14) shows the influence of the groundwater level
on the horizontal displacement of the MSE wall and the
comparison with the dry case during the earthquake.
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Fig.14 Influence of groundwater level on the horizontal
displacement during the earthquake
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displacement and the groundwater level

As shown in Figures (14) and (15), in the dry condition,
the maximum horizontal displacement during the
earthquake was -19.17.

In wet conditions, the maximum horizontal displacement
during the earthquake was -13.35, -18.94, -19.26, and
-19.48 mm for D/B = 0, 0.25, 0.5, 0.75, and 1.0,
respectively.

According to the numerical results, it can be noticed that
the horizontal displacement of the MSE wall increases as
the groundwater level decreases. Furthermore, for D/B
>1.0, there is no effect of changing the groundwater level.
This means the effect of the water table disappears when
the water table is at a depth (D) equal to the width of the
MSE wall (B). This phenomenon can be explained as
follows: if saturated sandy soil is subjected to shear
stresses resulting from an earthquake and the void ratio is
higher than the critical void ratio, excess pore-water
pressure will be generated due to the soil compressibility
and the short time of occurrence of the shear, as shown in
Figure 16. When excess pore-water pressure is generated,
the effective pressure decreases, and vice versa.
Therefore, the worst case during the earthquake occurred
when the groundwater level dropped. From the previous
analysis, it can be observed that the importance of the
groundwater level on the behavior of the MSE wall
during the earthquake.
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Fig. 16 The critical void ratio [42]

As shown in Figures (17. a) to (17. f) for geogrid layer 6,
the maximum axial force in the reinforcement during the
earthquake decreased by about 19% for D/B =0.25, 0.5,
0.75 and, 1.0. For D/B=0, the maximum axial force in the
reinforcement decreased by about 11%.

For geogrid layer 5, the maximum axial force in the
reinforcement during the earthquake increased by about
11% % for D/B =0.25, 0.5, 0.75, and 1.0. For D/B=0, the
maximum axial force in the reinforcement increased by
about 20%.

For geogrid layer 4, the maximum axial force in the
reinforcement during the earthquake increased by about
8% % for D/B =0.25, 0.5, 0.75, and 1.0. For D/B=0, the
maximum axial force in the reinforcement increased by
about 22%.

For geogrid layer 3, the maximum axial force in the
reinforcement during the earthquake decreased by about
20% % for D/B =0.25, 0.5, 0.75 and, 1.0. For D/B=0, the
maximum axial force in the reinforcement increased by
about 8%.

For geogrid layer 2, the maximum axial force in the
reinforcement during the earthquake decreased by about
26% % for D/B =0.25, 0.5, 0.75, and 1.0. For D/B=0, the
maximum axial force in the reinforcement decreased by
about 19%.

For geogrid layer 1, the maximum axial force in the
reinforcement during the earthquake decreased by about
30% % for D/B =0.25, 0.5, 0.75, and 1.0. For D/B=0, the
maximum axial force in the reinforcement increased by
about 23%.
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Fig. (17.a) The relation between the maximum axial force in
reinforcement and the groundwater level (Layer 6)
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Fig. (17.b) The relation between the maximum axial force in
reinforcement and the groundwater level (Layer 5)
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Fig. (17.d) The relation between the maximum axial force in
reinforcement and the groundwater level (Layer 3)

Z 1200 uD/B=0%

E 1000 D/B=0.25
800 | D/B=0.5
600 - D/B=0.75

i uD/B=1
200 = Dry Soll
0

Max Axial For
'y
[=]
o

Fig. (17.€) The relation between the maximum axial force in
reinforcement and the groundwater level (Layer 2)

2500
= uD/B=0%
£ 2000 °
8 D/B=0.25
£ 1500 D/B=0.5
% 1000 | D/B=0.75
< _
% 500 | uD/B=1
= = Dry Soil

0

Fig. (17.f) The relation between the maximum axial force in
reinforcement and the groundwater level (Layerl)

According to the previous analysis, the maximum axial
force in reinforcement during the earthquake occurred at
dry soil conditions and D/B=0.

Generally, when D/B =0.25, 0.5, 0.75, and 1.0, the same
effect occurs. However, the effect is different when D/B =
0 because the deviator stress below the MSE wall when
D/B =0.25, 0.5, 0.75, and 1.0 is nearly the same as shown
in Figure 18.

Fig.18 The deviator stress under the MSE wall
7 Conclusions and Recommendations

From the results of the analysis, the following
conclusions can be drawn:

- It’s recommended to take a reduction factor equal to 3.0
when calculating the allowable tensile strength of the
geogrid to resist the earthquake loading.

- In the static case, the axial force in reinforcement
decreases as the relative density of the foundation soil
increases. This is because the settlement of the foundation
soil is greater in loose and medium soil. Increasing the
settlement of the foundation soil leads to an increase in
axial force in the reinforcement.

- In the case of the earthquake, the axial force in
reinforcement increases as the relative density of
foundation soil increases.

- The soil type affects significantly the amplification of
acceleration. In the case of medium and loose sand, the
soil acts as a damper to the earthquake motion. Also, the
horizontal displacement increases as the relative density
of foundation soil increases.

- During the earthquake, as the relative density of the
foundation soil increases, the deviator stress below the
wall increases.

- During the earthquake, the horizontal displacement of
the MSE wall increases as the groundwater level
decreases. Furthermore, the maximum axial force in
reinforcement occurred at dry soil conditions. Therefore,
the worst case during the earthquake occurred when the
groundwater level dropped.
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