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Insa edilmelerinin kolayhig ve deprem yiikleri altinda sergiledikleri performanstan dolayr donatili zemin
uygulamasi ile inga edilen istinat duvarlarina olan ilgi diinya ¢apinda artmaktadir. Bu ¢aligmada 450 mm
yiiksekliginde kum ve kil dolguya sahip donatili istinat duvarlar insa edilerek koprii ayagi yiikleme sartlarinda
test edilmistir. Elde edilen test sonuglarindan yararlanilarak sonlu elemanlar modeli olusturulmustur. Sonlu
oturmasina, istinat duvart boyunca olusan yatay deplasmanlara, her bir donat1 lizerinde olusan maksimum ¢ekme
kuvveti ile toplam maksimum ¢ekme kuvvetine ve sev duyarliligi tizerindeki etkileri aragtirilmustir.
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Performance Analysis of Geosynthetic Reinforced Earth Wall by
Analytical Experimental and Finite Element Methods

ABSTRACT

Ease of construction and performance under earthquake loads causes interest in construction of reinforced earth
walls worldwide. In this study, reinforced earth walls with sand and clay backfill at a height of 450 mm are
constructed and tested under bridge abutment loading conditions. A finite element analysis is performed and
results are compared with experiment results. In the parametric study made by conducting finite element method,
effect of reinforcement stiffness and reinforcement density on the horizontal displacements along the retaining
wall face, the maximum tensile force, total maximum tensile force, and slope stability are investigated.

Keywords- Reinforced Earth Wall, Sand, Clay, Geosynthetic
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I. INTRODUCTION

Reinforced earth walls have been constructed all over the world since they are light weight and easy to
construct. They are also less susceptible to eartquake forces. Due to those advantageous properties, reinforced
earth walls have been preferred frequently. There are several design codes around the world related to design
parameters of reinforced earth walls. These design codes limit the properties of soil to be used for construction of
reinforced earth wall. However, there are lots of examples in the literature that cohesive or marginal soils have
been used in the construction of reinforced earth wall [1-8]. It is said that when cohesive soil is used during
construction, higher strains acting on reinforcement is measured [1,8]. It is also stated in [8] that in the case of
clay backfill creep forces are higher. Therefore, increase in creep forces yields increase in wall displacement [5].
However, in [6], it is stated that increase in cohesion yields lower wall displacements. In a hybrid backfilled
reinforced earth wall in which top half of the backfill is clay and remaining is sand, two peak stresses acting over
reinforcements are observed [4]. In a study regarding failure of reinforced earth wall [7], one of the main reason
is stated as the fine particles reduces permeability which caused failure after heavy rain. There is also study to
improve behaviour of fine backfill by treating with lime [3]. There are also studies regarding performance of
reinforced earthwalls considering effects of various factors [9-18]. Behaviour of reinforced earth wall under strip
loading is studied experimentally [9]. Experimental and numerical studies are conducted for two tiered walls
[10]. Study revealed that maximum horizontal tensile loads on lower part decrease as the upper part move away
from lower part. However, after some distance, maximum tensile force on reinforcements remains constant.
Using demolition waste as a backfill is investigated by [11] for a reinforced earth wall over collapsible soil.
Performance of geosynthetically reinforced earth wall under static footing load over rigid foundation is studied
by [12]. Effect of connection type, width of foundation, length of foundation, and offset distance of footing is
investigated. Effect of compaction into reinforcement strains are investigated by [13]. It is seen that well
compacted soil yielded higher strains on reinforcements but lower horizontal displacement of wall facing.
Polypropylene fibers are added into backfill soil, and its performance is evaluated by [14]. Time dependent
behavior of reinforced earth wall is studed using centrifuge setup by [15]. Short term and long term performance
of reinforced earth wall is determined in this study. Geogrid and sand-fly ash backfill is used as reinforcement
for counterfort retaining wall [16]. Addition of those materials yielded more stable counterfort wall. Experiments
and finite element models are conducted by [17] to clarify the bearing capacity of strip footing on reinforced
earth wall. Effect of number of reinforcement, depth of reinforcement, vertical spacing of reinforcement and
distance of footing are considered during study. Effect of recycled tire chips mixed with sand is studied by [18].

It is very clear that effects of various conditions on the performance of reinforced earth walls are
studied in the literature. Although performance of reinforced earth wall is evaluated both for sand and clay soils,
there is lack of study in order to compare the behaviour of earth walls constructed with sand and clay backfills
under effect of footing load. Therefore, model walls are constructed in the laboratory with sand and clay
backfills and tested. Parametric study is conducted considering effect of reinforcement stiffness, reinforcement
density, and reinforcement length to settlement of footing, horizontal displacement, maximum horizontal tensile
force, and total horizontal tensile force and slope stability. Tensile forces acting over each reinforcement layers
are calculated analytically according to federal highway administration (FHWA) method. Calculated forces are
compared with computed forces by finite element models.

Il. MATERIAL AND METHOD

Crushed sand and locally available clay are used in this study. Material properties are determined at
laboratory except specific gravity of sand. Specific gravity of sand is given as 2.9 by the producer. Sieve analysis
is conducted at laboratory for classification of sand. Particle size distribution of sand is given on Figure 1 below.
According to result of particle size distribution coefficient of uniformity (C,) and coefficient of gradation (C¢) is
calculated as 3.3 and 0.84 respectively. According to C, and Cc, sand is classified as poorly graded sand (SP)
according to unified classification system.

Particle size distribution of clay sample is given on Figure 2. Liquid limit and plastic limit of the clay
sample is determined as 35.9 and 20.2 respectively. Clay is classified as CL according to unified classification
system.
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Figurel. Particle size distribution of sand

Standard proctor test is conducted in order to determine maximum dry unit weight and optimum water
content for both samples. Maximum dry unit weights are found as 17.4 kN/m? and 18.5 kN/m?®, optimum water
contents are found as 11.5% and 12.5% for sand and clay samples respectively.
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Figure 2. Particle size distribution of clay

Direct shear tests are conducted to sand and clay samples in order to determine angle of friction and
cohesion. Direct shear tests are conducted according to Czech Standart CSN CEN 1S0/17892-10. Speed of direct
shear test differs for sand and clay according to standart. Applied shear rate equals to 0.25 mm/min to sand
samples while it is equal to 0.0625 mm/min for clay samples in order to prevent development of excess pore
water pressure. Angle of frictions are found as 47.4° and 32.4° for sand and clay respectively. Cohesion values
are found as 0.5 kPa and 38.7 kPa for sand and clay.

Wrap — around reinforced walls are constructed at a height of 450 mm with 9 layers of geotextile.
Geotextile layers are equally distributed at an interval of 50 mm. Both sand and clay is compacted at their
optimum water contents. Commercially available geotextile is used throughout the study. Tensile strenght of
geotextile is provided as 110 kN/m and 50 kN/m longitudinally and laterally respectively. Tensile strengths are
achieved at 10.5% and 11% strains longitunally and laterally respectively.Stiffness of geotextile is calculated as
1048 kN/m. Static loading is applied as consecutive loading sequences. Initial load is selected such that it
corresponds to 0.06 MPa vertical stress. It is increased in each new load step by 0.06 MPa. Horizontal
displacements of wall face are measured at three different locations. Settlement of loading plate is also
measured. Experimental setup is provided at Figure 3.
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Figure 3. Experiment setup of laboratory test

Experiment cell is constructed at the laboratory especially to perform these kind of tests. It is made of
steel and covered by thick plexi-glass. Middle section of the plexi-glass cover is strengthen by steel bars to
prevent from unintended deformation. Experiment cell is approximately 3.5 m * 1.5 m * 2 m by length, width
and height respectively. Loading plate is chosen identical to static loading plate whose diameter equal to 266
mm. Dimension of the loading plate is chosen such that it represent the loading conditions of a bridge abutment
constructed on reinforced earth walls. Loading cell may be seen on Figure 4 below.

Figure 4. Loading cell used during study

Walls are constructed by compacting sand and clay by layer by layer. All walls are constructed in 9 lifts
which each lift equals to 50 mm. Required amount of soil is prepared for each lift and then placed over
reinforcement. After that, compaction is applied by using hand plate. 95% relative density of maximum dry unit
weight determined by standard proctor test is achieved for each lift.

Plaxis finite element code is used in order to simulate experiments, 15 nodes and 12 stress points are
used during meshing of structures.Plaxis model was created as same as the test model. Plaxis model has height
of 500 mm and width of 650 mm. Geotextile layers are placed in finite element model same as experiment which
means there is 50 mm interval between two consecutive layers. Finite element models consist of 1519 elements,
12371 nodes, 18228 stress points. Average element size is given as 15.18 mm.Meshed structure from finite
element code is given on Figure 5 below. Mohr — Coulomb material model is applied to sand and clay while
elastic material is assigned to plate element representing loading plate. Plastic analysis with updated mesh
condition is performed during study. Loading stage is simulated by applying point load to center of loading plate
which is identical to tests performed. In order to determine factor of safety against slope stability, stress
reduction method is applied. This method reduces strength parameters of soils until the slope failure occurs, and
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then calculates the ratio between initial value and final reduced value which is the factor of safety against slope
failure. This analysis can be performed by selecting phi-c reduction method in Plaxis. This method was applied
in this study in order to calculate factor of safety against slope stability.Material properties of soils are
determined by using results of direct shear tests. Loading plate is modelled as rigid material. Material properties
of soils and rigid plate are provided on Table 1.

B B I I e = T =]

Figure 5. Meshed structure of finite element model

Table 1. Material Properties used in finite element models

Materials

Sand Clay Loading Plate

Unit Weight (kN/m?) 17.4 18.5

Elasticity Modulus (kPa) 64020 85670

Poisson’s Ratio 0.3 0.3

Angle of Friction (°) 47.4 324

Cohesion (kPa) 1.0 37.7

Dilatency Angle (°) 17.4 24

Axial Stiffness (EA) (kN/m) - - 10°
Bending Stiffness (EI) - - 108

Elasticity modulus of sand and clay backfills are calculated from shear modulus determined from direct
shear tests results conducted at 100 kPa. Shear modulus of samples are determined by dividing shear stress
corresponding to 0.2% strain. As poisson’s ratio is chosen as 0.3 which is very common for soil samples,
elasticity modulus is calculated by following formula.

E =2G(1+v) 1

Poisson’s ratio is determined according to literature as 0.3 which is the smallest value for the dense
sand. Same value is accepted for clay and it is in the given interval by [22]. Dilatency angle is computed by the
following formula which is commonly accepted in literature.

y=¢-30 )

FHWA design method is a load resistance factor design method. This means that loads acting on
structures are increased by a factor while resistance of a structure is decreased. This design methodology is
applied in our study in order to determine loads and resistance of structure. Details of the design method can be
found on [23].
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I1l. RESULTS

A. Experiment Results

Static tests are continued until walls are failed. The failure occured at different load states. When sand
backfill is used during construction, wall withstood against 0.50 MPa footing stress, however, in case of clay
backfill, reinforced earth wall was only able to withstand against 0.18 MPa footing stress. Settlement of loading
plate is lower for sand backfill than clay backfill. Settlement measured for sand backfill equals to 4.44 mm under
0.5 MPa. When clay backfill is considered, settlement of loading plate is measured as 1.62 mm under 0.19 MPa.
Measured settlement values for sand and clay is given on Figure 6.
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Figure 6. Settlement of loading plates

Although the difference between settlement values seems to be low, loading is stopped for clay
backfilled sample, because wall failed. Failure of wall is observed when loading is tried to be increased,
settlements increased and loads stayed constant. Failure cracks are also observed. Those failure cracks may be
seen on Figure 7.

Figure 7. Failure cracks of reinforced earth wall with clay backfill

Horizontal displacements are measured for sand backfill under 0.5 MPa is found to be 1.9 mm, 1.4 mm
and 0.67 mm at top, middle and bottom of the wall respectively. Horizontal displacements increase to 3.4 mm,
4.9 mm and 2.6 mm at top, bottom and middle of the wall respectively under 0.19 MPa for clay backfill. Results
show that although lower load is applied to clay backfill, horizontal displacements are higher than sand backfill.
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Measured horizontal displacements for clay backfill show that bulging occured at the middle of the wall. Change
of horizontal displacements with respect to magnitude of load and backfill type is shown on Figure 8.
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Figure 8. Horizontal displacements measured for sand and clay backfills (a) top (b) middle (c) bottom of wall

B. Finite Element Models

The results of laboratory tests are compared initially in order to show finite element model is capable
for parametric study. Results of parametric study are presented later in this section for both type of backfills.
Finite element analysis performed under same loading conditions and same load magnitudes as experimental
study performed at the laboratory. This means that loading of walls were stopped when applied vertical stress
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was equal to 0.5 MPa for sand backfill, while it is stopped when applied vertical stress was equal to 0.19 MPa
for clay backfill. Those stress levels were maintained throughout the study with respect to backfill type.
Settlement of loading plate for sand backfill is computed as 3.6 mm while it is measured as 4.4 mm under 0.5
MPa load. Horizontal deformation profiles computed by Plaxis software is given on Figure 9 and Figure 10 for
sand and clay backfill respectively.

o
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Figure 10. Horizontal deformation profile for clay backfill at 0.19 MPa

Increment of settlements under different load levels are provided on Figure 11. It is seen from Figure
11 that results for settlement complies with each other. It should be noted that settlements better comply with
each other at lower load levels, while deviations begin at higher load levels.
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Figure 11. Measured and computed settlements of loading plate under various loads for sand backfill

When settlement of loading plate is compared for clay backfill, it is seen that lower settlements are
computed by finite element. Settlement is computed as 0.99 mm under 0.19 MPa while it is measured as 1.62
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mm during experiment. Comparison of settlements for other load levels may be seen on Figure 12 given below.
Plaxis overestimated horizontal displacements for sand backfill and underestimated for clay backfill.
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Figure 12. Measured and computed settlements of loading plate under various loads for clay backfill

The highest horizontal displacements are computed as 2.54 mm, 2.06 mm and 1.15 mm at top, middle,
and bottom of the wall respectively for sand under 0.5 MPa. In case of clay backfill, computed horizontal
displacements decreases to 0.72 mm, 0.42 mm and 0.23 mm at top, middle and bottom of the wall respectively
under 0.19 MPa. Horizontal displacements under various displacements are given on Table 2 and Table 3 for
sand and clay backfills respectively.

Table 2. Measured and computed horizontal displacement of horizontal displacement for sand backfill

Load Top MiddleBottom
(MPa) Experiment  Plaxis  Experiment Plaxis Experiment Plaxis
(mm) (mm) (mm) (mm) (mm) (mm)
0 0 0 0 0 0 0
0.06 0.17 0.38 0.05 0.28 0 0.19
0.12 0.44 0.66 0.24 0.52 0.06 0.28
0.18 0.72 0.94 0.45 0.76 0.14 0.43
0.24 1.00 1.23 0.65 0.98 0.24 0.55
0.30 1.28 1.54 0.86 1.24 0.36 0.69
0.36 1.48 1.84 1.02 1.48 0.46 0.83
0.43 1.65 2.18 1.16 1.77 0.55 0.99
0.48 1.86 2.44 1.32 1.97 0.64 1.10
0.50 1.93 2.54 1.35 2.06 0.70 1.15

Table 3. Measured and computed horizontal displacement of horizontal displacement for clay backfill

Load Top Middle Bottom
(MPa) Experiment  Plaxis Experiment  Plaxis Experiment Plaxis
(mm) (mm)  (mm) (mm) (mm) (mm)
0 0 0 0 0 0 0
0.06 0.57 0.27 0.29 0.15 0.16 0.08
0.12 1.78 0.43 2.20 0.25 1.02 0.13
0.19 3.35 0.72 4.93 0.42 2.64 0.23

Since measured and computed values are close enough, especially for sand backfill, parametric study
may be conducted.
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C. Parametric Study

Results of parametric study considering geotextile stiffness and reinforcement density are presented in
this section. Factor of safety against slope stability with respect to load level is provided in this section also. In
case of tensile loads on geotextile are also calculated according to federal highway administration method
(FHWA) and compared with finite element method results.

1) Effect of Geotextile Stiffness: In order to determine the effect of geotextile stiffness, additional
stiffness values of 2096 kN/m, 4000 kN/m, 8000 kN/m and 10000 kN/m are used. Calculated results are
compared with each other. When tensile loads acting on reinforcements are compared, it is seen that higher
maximum tensile loads are observed at higher reinforcement stiffness. However, FHWA method underpredicts
the tensile loads on the reinforcements for both backfill type. Reinforcement tensile loads are provided on Table
4 for sand backfill and Table 5 for clay backfill. Negative tensile forces are computed according to FHWA when
clay backfill is considered, however positive values are computed in each different reinforcement density for
clay backfill.

Table 4. Computed maximum tensile forces with respect to stiffnesses for sand backfill

Layer Stiffness
Number
1048 kKN/m 2096 kN/m 4000 kN/m 8000 KN/m 10000 KN/m FHWA

1 4.58 491 5.89 7.23 7.65 6.21
2 4.86 5.08 6.69 8.77 9.39 3.76
3 4.70 5.22 6.72 8.70 9.26 351
4 4.66 5.37 6.57 8.26 8.75 3.38
5 4.96 5.60 6.80 8.30 8.77 3.18
6 5.10 5.72 6.94 8.41 8.88 2.93
7 5.19 5.83 7.03 8.39 8.84 2.79
8 5.08 5.79 6.94 8.09 8.48 2.66
9 3.28 3.91 4.96 6.20 6.62 1.28

Table 5. Computed maximum tensile forces with respect to stiffnesses for clay backfill

Layer Stiffness
Number
1048 kN/m 2096 kN/m 4000 kN/m 8000 kN/m 10000 kN/m FHWA

1 1.75 1.82 2.32 2.85 3.02 0.49
2 1.36 1.64 221 2.93 3.17 0.05
3 1.24 1.66 2.18 2.83 3.05 -0.13
4 1.32 1.75 2.27 2.78 2.97 -0.29
5 1.40 1.78 2.28 2.78 2.93 -0.42
6 1.49 1.83 2.34 2.84 2.99 -0.54
7 1.56 1.88 2.40 2.89 3.04 -0.65
8 151 191 2.38 2.84 2.97 -0.74
9 0.73 1.07 1.49 1.98 2.14 -0.40

Horizontal displacements tend to decrease as the reinforcement stiffness increases. However, amount of
change in computed horizontal displacement gets lower in higher reinforcement stiffnesses. Change of horizontal
dipslacements for sand backfill is given on Figure 13.
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Figure 13. Horizontal displacements for reinforcement stiffness for sand backfill

The initial decrease of the horizontal displacements while the reinforcement stiffness increases is
steeper in case of clay backfill than sand backfill at the top of the wall. In case of displacements at the middle of
the wall, the change becomes less steep and at the bottom, it becomes straight line. Figure 14 shows the change
of horizontal displacements for clay backfill with various reinforcement stiffness.
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Figure 14. Horizontal displacements for reinforcement stiffness for clay backfill

Settlement of loading plate is affected by the reinforcement stiffness in case of sand backfill. Settlement
of loading plate is lower while the reinforcement stiffness is higher. However, decrement of settlement gets
lower as the reinforcement stiffness gets higher. Effect of reinforcement stiffness to loading plate settlement is
almost disappeared in case of clay backfill. Change of settlements with respect to reinforcement stiffness is given
on Figure 15.
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Figure 15. Settlement of loading plate with respect to reinforcement stiffness

2) Effect of Reinforcement Density: Reinforcement density can be changed by changing the distance
between two consecutive layers. If the distance between two consecutive layers is the highest, then the
reinforcement density will be the lowest. Three different density levels are considered in this study as high
reinforcement density, medium reinforcement density, and low reinforcement density. The distance between
reinforcement layers are chosen as 30 mm, 50 mm and 90 mm respectively. High reinforcement density can be
seen on Figure 16 while less dense reinforcement density can be seen on Figure 17. It is seen that as the density
of reinforcement increases, settlement of loading plate decreases. Computed settlements may be given as 3.1
mm, 3.6 mm and 5.34 mm from high reinforcement density to low reinforcement density respectively.

Figure 17. Less reinforcement density configuration in FEM analysis
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When the horizontal displacements are considered with respect to reinforcement density, it is seen that
there is a slight difference between high and medium reinforcement densities. However, horizontal
displacements increase enourmously if the low reinforcement density is applied during the design. It should be
noted that almost same deformations are calculated especially at the lower part of walls for high reinforcement
density and medium reinforcement density. Figure 18 shows the displacement profile of reinforced earth wall.
When maximum tensile force acting over reinforcement layers, it is seen that tensile forces decreases as
reinforcement density increases. However, resultant maximum tensile forces seem to be unaffectted from
reinforcement density. Resultant maximum tensile forces are calculated as 48 kN/m, 42 kN/m and 48 kN/m for
high, medium and low reinforcement density respectively.
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Figure 18. Horizontal displacement of the wall according to reinforcement density

3) Factor of Safety against Slope Stability: Factor of safety against slope stability is investigated
according to applied load to reinforced earth wall, reinforcement stiffness, and reinforcement density. Phi-c
reduction method is used during analysis which is a caluclation method provided by finite element code, Plaxis.
Phi-c reduction method calculates factor of safety by following formula.

F.S = c/c, = tand/tandr 3)

Factor of safety against slope stability calculated by above formula by Plaxis is higher in case of clay
backfill than sand backfill. However, as load acting over reinforced wall increases factor of safety decreases in
case of clay backfill. On the other hand, there are insignificant changes in factor of safety with respect to load in
case of sand backfill. Factor of safety is over at least 1.2 for sand and clay backfills under different loads.
Change of factor of safety with respect to loads is given on Figure 19.
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Figure 19. Variation of factor of safety with respect to backfills under different loads
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Calculated factor of safety is 1.04 for low density reinforcement and 1.62 for high density
reinforcement. Reinforcement stiffness also has high impact on factor of safety against slope stability. Factor of
safety increases from 1.21 to 1.41 as the reinforcement stiffness increases to 10000 kN/m from 1048 kN/m.

IV. CONCLUSION

Two reinforced earth walls are constructed at the laboratory which have sand and clay backfill. Those
reinforced earth walls are subjected to static testing. Horizontal displacements and settlement of loading plate are
measured and recorded. Laboratory test results are used to calibrate finite element model for parametric study.

Breaking points are observed in horizontal displacement — load graphics in case of clay backfills. This
behaviour could be attributed to load transfer mechanism from soil to geotextile used in this study. Since load is
transferred to geotextile only by friction and clay has considerably lower friction angle than sand, load transfer
capacity to geotextile is lower for clay. Therefore, after certain amount of vertical load, clay can not transfer
lateral loads to geotextile which caused observation of breaking points for horizontal displacement — load
graphics.

Similar loading tests of retaining walls are reported in the literature. Settlement of loading plate is given
as 9 mm by [19] under 0.5 MPa. Horizontal wall movement is reported to change between 3 mm and 8 mm for
different conditions for reinforced earth walls by [20]. Allowable deformation levels of reinforced earth walls are
defined in several design codes and collected on [21].According to [21], FHWA defined allowable horizontal
wall movement between 0.9% and 4%, NGC defined between 0.1% and 0.3%, BS 8006 defined it 0.5% and
PWRC defined it as 3% with respect to wall movement to wall height ratio. Wall movement to wall height ratio
is calculated as 4.4% and 7.6% for sand and clay backfill respectively. These values are well above the defined
values by standards. That is according to these standards, both of the tested walls failed.

Parametric study is conducted regarding reinforcement stiffness and density. Following conclusions can
be given according to the findings of this study.

e  Horizontal displacements are lower when sand is used as backfill during construction reinforced earth
wall.

e  Settlement of loading plate shows different behaviour according to type of backfill.

e  Factor of safety against slope stability is higher for reinforced earth wall with clay backfill under same
loading condition, however, reinforced earth wall with a clay backfill developes horizontal
displacements more easily than reinforced earthwall with sand backfill.

e  Finite element model captures the behaviour of reinforced earth wall better in case of sand backfill.

e  FHWA design method underestimates tensile loads acting over reinforcements.

e  When the reinforcement stiffness is higher, tensile force is higher on geosynthetic,the horizontal
deformation and plate settlement is lower. The latter one is more obvious in case of sand backfill. Factor

of safety against slope stability is higher when reinforcement stiffness is higher.

e  As the reinforcement density increases, factor of safety against slope stability increases, and horizontal
displacements of reinforced earth wall decreases.
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