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The geosynthetic reinforced soil (GRS) system finds applications in numerous geotechnical
projects, including retaining walls, road and railway embankments, slope stability structures,
landfill structures, etc. This is attributed to its ability to enhance soil bearing capacity while
minimizing deformations. Over the recent decades, extensive research has been conducted to
comprehensively understand the behavior of GRS systems. In our research, we initially validate
two laboratory tests using finite element (FE) modeling and conduct a parametric study. Our
findings demonstrate that increasing the stiffness of layers from the bottom to the top of the
wall significantly reduces wall displacements, approaching a state where all layers have uniform
stiffness.

Additionally, we investigate the plastic zone and the length of geogrids in each layer. Our
results indicate that reducing the length of layers from top to bottom, similar to the plastic zone
shape, does not impact displacements and forces within the layers. Simultaneously increasing
stiffness with height and decreasing geogrid layer lengths within the plastic zone reduces the
cost of GRS wall construction.

Keywords: geogrid; geosynthetic reinforced soil (GRS); finite element analysis; parametric
study.
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1. INTRODUCTION

Geosynthetics are extensively used in various geotechnical applications.
Employing geogrids in geotechnical applications enhances the mechanical and
strength properties of reinforced soil, effectively redistributing loads and reduc-
ing soil settlement [1]. Geogrids have been deployed with great success in em-
bankments to create steeper slopes, in pavement design to reduce the thickness
of base and sub-base layers, and in retaining walls to construct mechanically
stabilized earth (MSE) walls, especially at bridges abutments [2]. MSE walls
have become a commonly preferred wall type because of their rapid construc-
tion, cost-effectiveness, simple construction techniques, and ability to tolerate
larger deformations compared to conventional-type retaining walls [1, 2] without
structural distress.

The present study investigates the effective parameters for reducing con-
struction costs while maintaining wall stability. The investigation is carried out
in two steps: firstly, by verifying finite element (FE) models for a laboratory-
tested MSE wall and secondly, through a parametric study. The verification of
the FE model is conducted by using the laboratory testing program of MSE
walls at the Geotechnical Research Group of the Civil Engineering Department
at the Royal Military College of Canada (RMCC) [3-6]. The parametric study
investigates the effect of the length pattern and stiffness pattern of geogrid layers
on reducing costs and ensuring wall stability. Following the wall design guide-
lines and the creation of the initial design, the current research results can be
used for technical and economic optimization of the plan.

2. FULL-SCALE MODEL TESTS

Bathurst and Walters, at RMCC, conducted a full-scale test program on
geosynthetic reinforced retaining walls [3-6]. Thirteen full-scale walls were tested
under 13 different conditions, and all of them were surcharge loaded. Some of
the walls experienced failure due to excessive surcharge load. BATHURST and
WALTERS [3] published 4 out of 13 wall test results. Using these data, numerical
models can be verified in further investigations on GRS walls. In our study, we
use these results to calibrate our FE models.

As shown in Fig. 1, the wall height is 3 m and the width is 6 m. The soil
used is uniformly graded coarse angular sand. The geogrid employed in this test
is made of polypropylene material with a strength of 12 kN/m and a stiffness of
20.4 kPa at 2% strain. The soil is layered with four geogrid layers spaced 0.75 m
apart vertically. In this study, we simulated two types of walls for calibration:
a full-height panel wall and an incremental wall. Both walls have a thickness of
0.15 meters [3, 4, 7].



NUMERICAL STUDY FOR OPTIMAL DESIGN OF GRS WALLS 5

Surcharge
YYVYVYYVYYYVYYYYY
Geosynthetic 4
reinforcement i
S ot
I
2
Retained Reinforced sand
sand 1
-,
|

| 6m |
| |

F1G. 1. The geometry of GRS walls constructed at RMCC [3].

The instruments inserted and attached to the walls were used to measure
strain in the reinforcement layers, lateral deflections of wall facing, vertical de-
formations and earth pressure within the soil mass [3, 6, 8].

3. FINITE ELEMENT MODELS

We employed ABAQUS software, a robust FE modeling program, to con-
struct our FE models. In our case, the GRS wall models were developed under
2D plane strain conditions, as GRS walls typically maintain a constant geom-
etry along their length, resulting in negligible out-of-plane deformations. We
considered frictionless interactions between the box and soil for vertical walls,
with the bottom fixed between the soil and box. The box was fully fixed in all
directions. We restrained the lower surface of the wall in the vertical direction
only, as there was no toe to prevent lateral motion during the test [3, 7].

Fi1G. 2. Model created in ABAQUS software for incremental wall.
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The interaction between the soil and the wall was considered using the
penalty method in the FE model. The interior surface of the wall was desig-
nated as the master surface, while the exterior surface of the soil was chosen as
the slave surface. Tangential contact between these two surfaces was defined
with a friction angle of 56° [3]. For normal contact, a hard contact formula-
tion was employed. To facilitate interaction between the soil and geogrid, the
embedded region method was employed to eliminate the possibility of slippage
between them. Furthermore, at the connection points where the geogrid meets
the wall, the tie method was implemented [3, 7].

The solid element with reduced integration (CPE4R) was selected to simulate
the soil and the wall elements in the model. Since the geogrids can only be
subjected to tensile loads, the geogrid was modeled using the truss element
(T2D2). For meshing, we used smaller elements, bringing them closer to the
panel walls to increase the result accuracy. The meshing for the model is shown
in Fig. 3.

Fi1G. 3. FE Mesh of the model.

We adopted the Mohr-Coulomb criteria as the soil constitutive model and
used linear elastic properties for the wall and geogrid. Additionally, the box
was modeled as a rigid part, eliminating the need for material to be assigned. In
Tables 1 and 2, the material properties of the soil and the wall are provided [3, 7].

Table 1. Input parameters for the soil.

Parameter Unit Value
Unit weight kN /m? 18
Elastic modulus MPa 90

Poisson’s ratio - 0.35
Friction angle degree 56
Dilation angle degree 22
Cohesion kPa 2
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Table 2. Input parameters for the wall.

Parameter Unit Value
Unitweight kN/m? 24
Elastic modulus MPa 25000
Poisson’s ratio - 0.2

3.1. Validation results

Figure 4 demonstrates the horizontal deformation of the incremental wall
subjected to a 70 kPa surcharge load, providing valuable insights into the struc-
tural response and deformation characteristics under this specific loading con-
dition.

U, u1
+3.493e-02

F1G. 4. Horizontal deformation for the incremental wall under a 70 kPa surcharge load.

Figures 5 and 6 illustrate the lateral deformation of the FE models for both
full-height and incremental walls under surcharges. The numerical results show
a good agreement with the actual measurements of the wall deformations. Any
slight differences between the results could be due to using the Mohr-Coulomb
constitutive model as the soil failure criterion.

4. PARAMETRIC STUDY

After modeling the tests and performing validation to ensure model accuracy,
the next step involves studying and modifying the numerical models to find
a strategy to reduce costs and optimize the design of reinforced soil walls.
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F1G. 5. The measured and modeled lateral deformation of the full-height panel wall.
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F1G. 6. The measured and modeled lateral deformation of the incremental wall.

4.1. Geogrid stiffness

Previous studies have shown that wall displacement decreases as the stiff-
ness of geogrid layers increases [5]. Our examination yielded the same results,
confirming these findings. Also, by examining the induced forces in the geogrids,
it was observed that the induced forces in each layer increased by moving the
geogrid layers away from the wall floor. We also know that if assume constant
stiffness, increasing the force increases the displacement in the layers. Here, we
decided to increase the stiffness of the geogrid layers from the bottom to the top
of the wall in proportion to the increase in inductive forces, and observed that
the displacements decreased significantly, approaching a state in which all layers
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have the same stiffness (see Figs. 7 and 8). Furthermore, the forces inside the
geogrids did not undergo substantial changes. In conventional designs, however,
the stiffness across all layers is usually considered the same. Since geogrids with
higher hardness and strength costs more, our technique offers an approach that
reduces material costs.

Figures 7 and 8 depict the results for both full-height and incremental walls.
According to the figures, curve 1E indicates that the stiffness of all layers is
uniform and equal to 20.4 kPa, which is the state in which the walls are tested.
Moreover, curve 4E represents a condition where the stiffness of all layers is
quadrupled. The gradient curve illustrates that layer 4 has a stiffness of 20.4 kPa,
layer 3 has a stiffness of 40.8 kPa, layer 2 exhibits a stiffness of 61.2 kPa,
and layer 1 showcases a stiffness of 81.6 kPa, respectively (as seen in Fig. 1).

"
S

2.5
— 2
£
g
= 1.5
I
5
=
1E
0.5 —4E
—— Gradient E
0
0 10 20 30 40

Deformation [mm]

Fic. 7. The full-height wall displacement for different layer stiffness.
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F1G. 8. The incremental wall displacement for different layer stiffness.
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4.2. Geogrid length

Observing the induced strains in geogrids reveals that the length of engage-
ment decreases from the top to the bottom layer. This reduction in engagement
is proportional to the size of the plastic zone, as indicated by the area outlined
with a red dashed line (see Figs. 9 and 10).
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Fic. 9. Elastic strain induced in geogrid layers for the full-height wall.

PE, Mid. Principal
(Avg: 75%)

+0.000e+00

'
»

5
OOOOODOM®
IS NN
49994494444

F1c. 10. Average plastic strains in the soil for the full-height wall.

To investigate the effect of geogrid length on the results, we kept the length
of geogrid 4 unchanged at 3 m and reduced the lengths of geogrids 3, 2, and 1 to
2.5m, 2m, and 1.5 m, respectively. Figure 11 shows the model with different
geogrid lengths. The displacement obtained after reducing the lengths equals
the displacement of the wall before reducing the lengths.

Figures 12 and 13 show the inductive forces in the geogrid layers for the
three modes of full-height and incremental walls. The ‘base model mode’ shows
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F1G. 11. The incremental wall model with reduced geogrid lengths (ladder mode).
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F1c. 12. Inductive forces of geogrids in three modes for full-height wall:
a) geogrid layer 4, b) geogrid layer 3, c¢) geogrid layer 2, d) geogrid layer 1.
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F1a. 13. Inductive forces of geogrids in three modes for incremental wall:
a) geogrid layer 4, b) geogrid layer 3, c) geogrid layer 2, d) geogrid layer 1.

the forces in the experimental tests (Figs. 2 and 3). The ‘ladder mode’ is a state
in which the length of the geogrids is gradually reduced from top to bottom,
as shown in Fig. 11, and the ‘ideal state’ combines the ladder state with an
increase in stiffness from bottom to top, as discussed in the previous section. As
observed in the above figures, the force distribution is nearly equal in all cases.
Only in the lower layers of the geogrid, where the inductive force is low, a slight
difference can be seen in the maximum inductive forces.

The above results indicate that reducing the length of geogrids from top
to bottom, as in the form of the plastic zone, does not alter the displacement
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and inductive forces in the layers. This technique can also be used to reduce
construction costs.

5. CONCLUSION

The following conclusions are made from the study:

e Regarding the results, it was observed that forces inside the geogrids de-
crease from top to bottom. In general, constant forces are needed to sup-
port the wall, and increasing the stiffness of the layers has a negligible
effect on force increase unless we severely limit the displacements. More
force at constant stiffness results in increased displacements. Therefore,
with constant inductive force, increasing stiffness in the geogrid reduces
displacement. As the inductive force increases from bottom to top, the
stiffness must also be increased correspondingly. It was observed that this
pattern significantly reduced displacements. These results are very close
to the state where we increase the stiffness of all layers simultaneously.

e In addition, it was observed that the involved length of geogrids decreases
from top to bottom, similar to the shape of the plastic zone. So, for each ge-
ogrid layer, we considered a safe length outside the plastic zone, from the
point where the strain reaches zero. Consequently, the general shape of
the layers became a ladder-shaped pattern with the same shape as the
plastic zone. For this type of geogrid pattern, the results showed that
the wall displacement and inductive forces in the geogrid layers were sim-
ilar to a state where the layers had equal lengths.

e Simultaneously considering an increase in stiffness with height and a de-
crease in the length of layers in the form of plastic zones proved to be
a cost-effective approach for constructing GRS walls.
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