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Model studies on polymer strip reinforced soil retaining walls
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Abstract.  Polymer strip (PS) reinforced soil retaining walls (RSRW) are in common use due to the associated construction
speed, ease of use, aesthetic appeal and low cost. It is quite significant to estimate the deformation behavior of this types of walls
before construction. In this study, firstly, a full-scale field model of PS-RSRW was constructed and instrumented. According to
the experimental result, the maximum measured displacements occurred at 30% of the height down from the top of the wall. The
maximum tensile loads in the reinforcements were measured at a distance of 40% of the wall height from the face of the wall.
Then, a two-dimensional (2D) finite element method (FEM) model was established and calibrated with experimental data from
the field model. The predicted displacements of the wall facing showed reasonable agreement with the measured deformations.
The reinforcement loads calculated from the validated FEM model were also compared with theoretical methods. Finally,
RSRW having different heights were numerically modeled with various combinations of materials utilized for filling and
reinforcement. The effects of parameters such as wall height (H), reinforcement length (L) and reinforcement interval (Sv) on
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the horizontal wall displacement and on the reinforcement loads are investigated through parametric analyses.
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1. Introduction

Reinforced soil retaining walls (RSRW) were first
developed and promoted by French engineer Henri Vidal in
1960s. RSRW have been used intensively since the
beginning of 1970s due to their resistance to corrosion and
other reactions, their flexibility, their easier and faster
construction, and lack of any need for large foundation
structures or concrete wall sections (Vidal 1969, Lee ef al.
1973, Whitcomb and Bell 1979).

RSRW are generally formed out of three structural units:
reinforcement to improve the tensile strength properties of
the bulk soil, fill material and facing elements to retain the
soil between the reinforcement layers (Holtz et al. 1997,
Holtz and Lee 2002). Horizontal reinforcements inside the
soil are utilized to reduce the lateral displacements that
occur as a result of axial loading on the granular fill
material (Kaya 2007). After 1980s, in particular,
reinforcement came to vary in design from inextensible
steel reinforcing strips to geotextiles, geogrids and
polymeric strips (Giiler 2006, Mahmood 2009, Liu ef al.
2017). Facing elements, which retain the fill material and
provide an aesthetic appearance, make no contribution to
the stability of the structure and can be composed of
prefabricated modular blocks, concrete panels, shotcrete,
metal plates, or timber. A connection between the facing
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elements and continuous reinforcement can be achieved
with non-point friction (Seed and Whitman 1970). The fill
to be used in the reinforced area should be of high quality,
and should meet the specifications for the construction of
roadway embankments, featuring low compressibility,
durability and drainage properties (Segrestin and Bastick
1988). It is known that thousands of RSRW have been
constructed over the past 30 years (Elias et al. 2001). All
above referenced studies have had an impact on the design
of RSRW.

RSRW technologies largely depend on the stress transfer
between the sliding soils to the reinforcement through
friction at the non-yielding soil-reinforcement interface
(Christopher et al. 1990, Jones 1996, Sawicki 2000,
Balaban and Onur 2018). Hence, the lateral thrust against
the facing elements are resisted with the help of
reinforcement tensile strength. The design of a RSRW
depends on the determination of the dimensions and
requirements of the reinforcements taking into account both
the external and internal failure mechanisms known as the
limit state (Segrestin and Bastick 1988, Leshchinsky and
Han 2004). Wall design is based on an examination of the
sliding mass and wall deflection around the wedge (external
stability) rupture, pulling outwards, and the elongation of
reinforcement (internal stability) (Altunbas et al 2017,
Kayadelen et al. 2018). In terms of stability, the
reinforcement type and strength parameters of the fill
material and the reinforcement are the most significant
criteria (Yang et al. 2013).

In recent years, model experiments have been carried
out to determine deformations, to examine the interface
behavior between soil and reinforcement, to interpret the
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facing effect and to improve existing design methods
(Bathurst et al. 2008, Castorina et al. 2015, Allen and
Bathurst 2014, Allen and Bathurst 2015, Allen and Bathurst
2018). Reinforcement loads could be predicted with the K-
Stiffness Method using large database of measured strains
(Bathurst et al. 2008) under working stress conditions. This
method has large emprical components including
reinforcement stiffness and facing stiffness and assumes a
triangular distribution of loads at constant vertical
reinforcement spacing. Allen and Bathurst (2015)
investigated the influence of parameters such as
reinforcement stiffness, facing stiffness, soil stiffness,
reinforcement spacing and facing batter on maximum
reinforcement load and proposed Simplified Stiffness
Method. The active earth pressure coefficient is used as an
index value and can be applied on the cohesive-frictional
backfill soils. Computation of maximum reinforcement
loads at the end of construction and over the design life are
the additional considerations.

Bourgeois et al. (2011) and Ehrlich and Mirmoradi
(2013) investigated the behavior of RSRW under static
loads by conducting full-scale experiments. The aim of the
studies was to understand the deformation behavior of
RSRW, both throughout the construction process and under
surcharge loadings, creating a large database of
experimental results from instrumented walls and
developing design methodologies for RSRW. Bathurst et al.
(2000) constructed experimental setups to compare the use
of different facing elements, aiming to determine the
performance of RSRW, aiming use of high-quality data for
the calibration of numerical models. The authors observed
that strain was lower in walls with more rigid facing
elements, while the highest loading values were identified
at the connection points of the wall. Hatami and Bathurst
(2005) constructed a more comprehensive database as part
of their effort to develop current and future design tools and
built experimental setups through which they investigated
the impact of changes in fill and reinforcement materials.

The limit loads, wall displacements and reinforcement
tension stresses were compared for each test. Abdelouhab et
al. (2011) carried out an experimental study to compare
geosynthetic reinforcement with metal reinforcements, and
stated that geosynthetic reinforcements offered twice the
benefit of their metal counterparts regarding wall stability
and adherence. The internal behavior of reinforced soil
masses is dependent on such parameters as soil friction,
cohesion, interface shear stiffness and reinforcement
strength, all of which are significant in wall design. The
authors also indicated that strength parameters of soil have
a higher impact on wall deformation than the reinforcement
strength parameters.

Numerical modeling methods were developed to expand
the limited database of physical data. The FEM model is
one of the most commonly used numerical modeling
approaches in the design and analysis of RSRW. FEM
model are validated through the calibration of computed
results with measured results of real reinforced retaining
wall. The researchers mentioned the significance of soil
strength parameters and they highlighted that the use of
high-quality materials, proper field inspections and accurate
wall measurements to increase the accuracy of numerical
modelling (Abdelouhab et al. 2011, Allen and Bathurst

2002, Bathurst et al. 2009, Cristelo et al. 2016, Hatami and
Bathurst 2005, Horpibulsuk et al. 2011, Kongkitkul et al.
2010, Mendonga et al. 2003, Riccio et al. 2014, Salem et al.
2018, Vieira et al. 2011, Yang et al. 2012, Yang et al. 2014,
Yu et al. 2015 and Yu et al. 2016, Song and Tian 2019).

Huang et al. (2009) constructed a full-scale RSRW and
performed finite element analyses to understand the effects
of loading conditions, reinforcement and soil properties,
and material models. In their study, three different soil
models were developed with welded wire mesh geogrid
reinforcements and the computed results were compared
with the front-face displacements, the loads on connections
and reinforcement strains. Bourgeois ef al. (2011) generated
a FEM model to assess deformation, displacement and
stress variations under larger loads, and illustrated the
importance of parameter prediction of the soil and
reinforcement in determining the deformation behavior of
RSRW. Ouria et al. (2016) investigated the performance of
retaining wall reinforced with carbon fiber reinforced
polymer using numerical model. The FEM used to
understand the deformation behaviour of RSRW was
verified with the experimental results of a reference wall.

In all the above mentioned studies, in general, the wall
height (H) varied between 2 to 4m, the reinforcement
length (L) was between 0.6 and 0.8 xH, and the
reinforcement interval (Sv) was between 0.4 and 1 m. The
slope of the front face was usually made an angle of 8° to
the vertical axis. The fill material, in general, had a unit
weight ranging from 16 to 20 kN/m? and an internal friction
angle varying between 30 to 38°. Reinforcement materials
with a tensile strength of 10 to 200 kN/m were chosen
(Bathurst et al. 2008, Allen and Bathurst 2014, Allen and
Bathurst 2015, Ouria ef al. 2016). Displacement gauges and
strain gauges were utilized to measure the wall
displacements and the strain in the reinforcement,
respectively. In order to ascertain the loads acting on the
reinforcements, extensometers and potentiometers were
used to identify the strain of the reinforced region.
Furthermore, settlement plates were applied for fill
subsidence. Due to the wall movement resulting from
surcharge load, vertical displacement diminished getting
further away from the wall. Still dependent on the applied
surcharge, the maximum movement of the wall outwards
was 2-4% of its height (H). The measured horizontal soil
stresses were lower than the theoretical earth pressures and
closer to the FEM model analysis results. From the FEM
model analyses, the maximum horizontal displacements
formed on the front face of the wall at the H/3 level were
ranged from 0.9 to 2.5% of its height (Christopher et al
1990, Fattah ef al. 2009). It was determined that strains on
the wall surface increased with wall depth, such that the
maximum unit deformations were formed on the wall front
and the strain effects generally increased with the depth up
to a certain limit (Collin 1997). When reinforcement
strength was increased, smaller displacements were
observed, and so it was recommended to use reinforcements
with a higher resistance.

2. Scope and objective

The study aims to understand the deformation behavior
of PS RSRW under working stress conditions. A 3m high
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polymer strip reinforced retaining wall was constructed and
instrumented with pressure cells, potentiometers, and strain
gauges. After the wall construction process, the vertical load
was applied to the upper surface of the fill material and was
increased up to a final load of 20kPa. The location and
magnitude of the maximum loads acting reinforcements
were investigated. Measured loads on reinforcements were
checked using theoretical methods. The location and
magnitude of the horizontal displacement of facing
elements were also determined.

Two-dimensional numerical simulation of the field
model was created and the verification of the FEM Model
was carried out. After the necessary confirmations, the
effects of wall height (H), reinforcement length (L) and the
strength properties of the reinforcement and fill materials on
the maximum horizontal displacements and the tensile
stresses, were determined through parametric analyses. As a
result of parametric analysis, the effects of parameters such
as reinforcement stiffness, reinforcement length, filling
stiffness, wall height on the deformation behavior of the
reinforced wall are determined. We have made suggestions
that we think it will benefit the designers a lot about the
location and size of the maximum deformation and the
location and size of the load acting on the reinforcement.

3. Field model
3.1 Material properties

Drawing upon the guides (Collin 1997, AASHTO 2002,
Elias and Christopher 1996), mixtures of sand, gravel and
silt were formed granulometrically as the fill material (F)
and its index properties and shear strength parameters were
determined (see Table 1).

The fill material was a silty-sand with gravel, some
parameters were experimentally measured as elastic
modulus (E=32 MPa), Poisson’s ratio (v=0.3) and internal
friction angle (¢'=36°). The fill material was heavily
compacted to a relative density of 94%. After compaction,
it was aimed to achieve a bulk unit weight of 21.0 kN/m?,
based on the maximum dry unit weight and optimum water
content values of 19.0 kN/m® and 10%, respectively,
obtained from a standard Proctor test. The interface peak
and residual shear strength properties of the unreinforced
and reinforced filler material were determined in direct
shear test. For the reinforced fill case, as well as the current
conventional testing method for direct shear test, the
reinforcement is placed at the boundary between the lower
and upper boxes.

The wall was reinforced with polymer strips (PS) as a
relatively low resistant and extensible reinforcement
material that permit significant wall deformations,
especially under surcharge loads. PS were produced mainly
from polyethylene and polyamide coated polyester fiber.
Furthermore, PS supplied from local producers were used
for wall reinforcement. The properties of PS reinforcements
determined in the laboratory are presented in Table 2. The
length of the polymer strip reinforcements was selected as
70% of the wall height (Bilgin and Mansour 2014). The
reinforcement layers were laid horizontally and vertically at

Table 1 Index properties of fill material

Filler material Fli,ler Dra]l;l age
Gravel content (%) 15 100
Sand content (%) 70 -
Silt content (%) 15 -
Uniformity coefficient; C, 70.67 16.32
Coefficient of curvature; C, 1.23 1.09
Unit weight; y (kN/m?®) 21 22
Maximum dr(ykul\lr}lr;1 ;};elght, Y dry;max 19 20
Optimum water content; Wy (%) 10 -
Internal friction angle (*)  @'residual 36 38
@' peak 38 40

Table 2 Properties of polymer strip

Reinforcement material Polymer strip

Tensile strength (kN/m) 11.2
Strain (%) 13.4

Tensile strength @2% strain (kN) 2.1
Tensile strength @5% strain (kN) 34
Thickness (mm) 3.12

Internal friction angle of interface between

filler and reinforcement (°) 24

30 cm and 60 cm intervals, respectively.

Prefabricated modular blocks (60 cm in width, 60 cm in
height, and 10 cm thick) were used as facing elements. A
non-reinforced concrete foundation, 50 cm deep and 150
cm wide, was built to guide the installation of the concrete
blocks.

3.2 Design of field model and experimental procedure

A PS RSRW measuring 3.0 m in height, 5.0 m in depth
and 2.4 m in width was bordered on three sides (the back
and two sides) by compacted fill acting as if it were a real
rigid system. This arrangement was selected to ensure that
deformations were generated only on the facing elements.

The plan and the section views of the field model are
presented in Fig. 1. In the plan, a one-meter wide section in
the center was chosen as the instrumentation region (50 cm
wide areas at the margins were not instrumented) and for
each field test, 32 measurement devices were used in total.

A total of 24 strain gauges were placed on the PS
reinforcements to measure unit elongation; three
potentiometers were placed on the surface of facing
elements to measure the horizontal wall displacement; one
pressure cell was placed in the fill material to measure
vertical earth pressure, and four pressure cell were placed
on the facing elements to measure the horizontal earth
pressure. A 32-channel data logger was used to digitize the
data provided by the measurement instruments throughout
the experimental study, and the obtained data was converted
to the desired measurement units.

All horizontal movements and unit strain changes in the
reinforced zone were measured with Tokyo Sokki Kenkyujo



360 Mehmet R. Kahyaoglu and Mehmet Sahin
Steel Platg 20 kPa
+3.00
Drainage ]
Material _,
Facing
Elements |
g | ] .
g \Reinforcement
| /" Layers
Unreinforced
Zone B
§ =
:{ ]
a Reinforced gl - -
| Zone 7/ o - Potential Failure
. 7
. |8 1 V30 | 30eem) 30 ) aocm)
. . gl / 210¢m
w72 7 7 g
- . .
; 0o | Filler Material
o - -
>
200
| ® Potensiometer
Sect i Pressure Cell
View ® Strain Gauge B Strain Gauge # Potentiometer p- Pressure Cell

(a) Plan view

(b) Section view

Fig. 1 Schematic diagram of the test walls with instrumentation

12

=
[e2] [=}

Tensile Stress (kN/m)

o1 2 3 4 5 6 7 8

/ —o—PS

9 10 11 12 13 14

Strain (%)

Fig. 2 Strain gauge calibration

model PL-60-11-5L strain gauges, determining the loads
acting on the reinforcements. In the field model, 24 strain
gauges in total were placed, six for each of the four
reinforcement layers. The first strain gauge was placed at a
distance of 300 mm from the front face of the retaining
wall. A distance of 300 mm was left between two strain
gauges. The properties of strain gauges were 60 mm in
length, 120 ohms resistance, and 0.8% transverse sensitivity
with a capacity of £5000x10° strain. In order to prevent
strain gages placed on the reinforcement from being
damaged by the fill material during the test, polyethylene
tubes were used. The strain measurements of the strain
gages in polyethylene tubes were taken by means of small-
diameter cables passed through the fill material.

All strain gauges were elongated to obtain deformations
associated with the outward movement of the wall and the
cables were extended parallel to the front face in case of the

development of potential sliding planes from the reinforced
soil area.

In the field model, horizontal displacement
measurements were identified using the data from
potentiometers fixed vertically to a steel frame mounted on
the front-facing elements. To determine the horizontal
displacement of the front facing elements, potentiometers
were placed at 150 cm, 210 cm and 270 ¢cm from the bottom
of the wall, where they would be exposed to the greatest
horizontal displacements. For this purpose, potentiometer
with linear resistance—position transformers capable of
measuring up to 100 mm were used. The total station device
was also used in the topographic measurements, comprising
six vertical steel survey bars mounted on the wall face.
Measurements were taken at 10 survey points placed at
300 mm-intervals on the front face of the wall after each fill
construction and each surcharge increase.
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(c) General overview of wall and prefabricated front face elements

Fig. 3 Pictures taken from different stages of construction of the wall
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Fig. 4 Construction sequence

In the site model, five Tokyo Sokki Kenkyujo model
KDE-200KPA pressure cells were used; one placed at the
level of 220 cm above the wall base between the front
facing elements and the filler material to measure vertical
soil pressure, and the other four set on the facing elements
at the levels above the wall base of 80 ¢cm, 130 cm, 170 cm
and 220 cm to measure horizontal soil pressure.
Considering that the front face inclination, rubber pads were
placed between the pressure cells and the face elements. In
this way, both the pressure cells could be placed vertically
and they were prevented from being crushed between the
facing element and the moving soil.

One of the horizontal pressure gauges was positioned at
the same level as the vertical pressure gauge to determine
the ratio of lateral soil pressure to vertical soil pressure (K).
The pressure gauge had a capacity of 200 kPa and a strain
measurement limit of 672 x 107, The calibration coefficient
was 0.298 kPa/1x107°.

3.3 Calibration

It was necessary to calibrate the potantiometers, strain

gauges and pressure cells to be used during the field tests.
The calibration test of the strain gauges involved tensile
tests of the polymer strip samples measured with a strain
gauge utilizing a universal testing machine (UTM) by
applying constant rate of extension (%10strain/min=30
mm/min)(the width of the tested strip is 9cm, while the
length is 30 cm). The strain gauges were placed in the
middle lane of the PS specimens, and strain measurements
were taken at each strain rate. The load-strain curve for PS
at constant strain rates is shown in Fig. 2. The voltage
values obtained from the strain gauge were associated with
the elongation and the tensile stress on the polymer strip.

3.4 Test wall construction and loading

The wall back side was covered with a 30 cm of fill
material and compressed with a hand-plate compactor, with
prefabricated front face elements placed in front. PS
reinforcements were placed on two compacted fill layers
(the distance between reinforcement layers, Sy was 60 cm).

The compaction process was carried out in two different
ways: heavy and light compaction. In order to minimize the
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deformation caused by horizontal earth pressure, 40 cm
from wall surface distance where the drainage material is
placed, only light compaction was applied. For the other
parts of the fill, heavy compaction was applied. Using a
hand compactor for each layer, the light compaction lasted
10 minutes and the heavy compaction lasted 30 minutes.
The wall construction process is demonstrated in Fig. 3.

A plate with a dimension of 1000 mm x 3000 mm X 5
mm was placed on the upper surface of the instrumented
filler material, and the surcharge load was applied to the
wall by means of a plastic tank (1000 mm wide x 3000 mm
long x 2000 mm deep) positioned on this steel plate
(considering the applied load, the load of steel plate is
neglected). The load was increased through the filling of the
tank with water at a constant flow rate, up to a final load of
20 kPa applied in 2 kPa increments every 24 hours. The
total construction time of the wall was 250 hours. Fig. 4
shows the development stages of the surcharge load.

4. Evaluation of the experimental data
4.1 Comparison of horizontal displacements

The horizontal displacements were measured at 1.5 m,

2.1 m and 2.7 m from the wall base. Fig. 5 shows the
change in horizontal displacement that occurred in the wall
accordingly the increase in the surcharge load. The site of
the maximum horizontal displacement was observed at a
point up approximately 70% of the wall height from the
base. The maximum displacement of the wall at 20 kPa
surcharge loading was approximately 69 mm corresponding
to 2.3% of the wall height.

The general trend in the variation of wall horizontal
displacements from the survey measurements and the
variation of the potentiometer measurements at points along
the height of the wall showed reasonable agreement (see
Fig. 6). The measured horizontal displacements identified
from the survey and the potentiometers were greater than
the strip elongations values, the latter does not consider the
global movements of the fill material.

4.2 Comparison of reinforcement strains

As a result of the tensile tests performed in the
laboratory, the stress strain values were determined by
means of the strain gage on the reinforcement. A calibration
coefficient is needed to convert these values to the true
global strain values determined as a result of the field test.
Thanks to this calibration coefficient, the true global strains
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via tensile tests in laboratory should be converted field
strain gauge readings (local strains). (Fig. 2) (Perkins and
Lapeyre 1997; Bathurst ef al. 2002). Calibration factor (CF)
of 2.24 was concluded for PS. This value is quite similar
with the reported literature. Strain gauge CFs from
laboratory tests on different geosynthetic products are given
as 1.25 up to a local strain of 4%, and which are 2.2 for
higher strains (Allen and Bathurst 2002).

Fig. 7 shows the variation of corrected reinforcement
elongations recorded under the surcharge load. Each jump
in the curves corresponds to a new surcharge load
application. This still increased up until the next load was
applied, but was followed by a decreasing rate time-
dependent deformation. As expected, after the removal of
the surcharge loading, it was observed that displacements in
each reinforcement layer were largely irrecoverable. It was
determined that the horizontal displacement value at the
third reinforcement layer was 4 to 5 times greater than that

observed for the lowest reinforcement level.

The 9% corrected strain value measured in the
reinforcement layers is considerably higher than the
elongation observed in the geosynthetic materials utilized in
RSRW. Won and Kim (2006) summarized that the
maximum deformation values as 2.3% in geogrids, 2.9% in
woven geotextiles and 9% in nonwoven geotextiles, which
corresponds to that of this study. With this elongation
advantage provided by the PS material, the reinforcements
can carry more loads.

In Fig. 8, the elongations recorded from the strain
gauges located on the third layer of polymer strip
reinforcement are shown. The time-dependent deformation
of the reinforcement layer was explicitly present in the data.
The most prolonged strain gage between the sliding surface
and the wall is seen as number 4, and the level of elongation
decreases when getting closer to the wall face. The lower
strain recorded close to the wall may be assignable to the
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mechanism of low load transfer between points with
relatively low deformation difference. The grains are
overlapping each other and forming arching towards the
wall surface. The elongation in the non-slip area was around
one-sixth of the maximum elongation.

4.3 Comparison of tension stresses

The K-stiffness method Bathurst et al. (2008) was
applied to predict the maximum load acting on
reinforcements of RSRW. There are some complexities for
the determination of the stiffness parameters of both the fill
material and the facing. In order to overcome the
shortcomings of this method, Allen and Bathurst (2015) and
Allen and Bathurst (2018) developed a Simplified Stiffness
method. In the proposed formula, the maximum
reinforcement load is dependent on wall height, unit weight
of fill material, active lateral earth pressure coefficient,
reinforcement vertical spacing, load distribution factor and

influence factors including cohesion of fill material,
stiffness of both reinforcement and facing, and face batter.
Allen and Bathurst (2015) developed a formulation that can
calculate the load distribution factor and influence factors.

The values of the tensile stresses calculated along the
reinforcement length after application of the 20 kPa load are
shown in Fig. 9. Tensile stresses were determined using the
strain values measured from each strain gauges. Since the
calibration test can determine which strain value
corresponds to the tensile stress value, the value from each
strain gauge reading was converted to tensile stress value
(Walters et al. 2002). The secant slope of the load-strain
curve from a constant-rate of tensile test (Fig. 2) is used to
define the reinforcement stiffness. The reinforcement load
is estimated from the reinforcement stiffness value and
corrected strain.

The maximum tensile stress was identified at the third
reinforcement layer, occurring at a distance of 1.2 m from
the wall face corresponding to 40% of the wall height. In
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general, the results obtained from the measurement devices
indicated that the existing stresses in the PS were lower than
the design stresses resulting from the deformations
following the wall construction after the surcharge load
application.

As clearly be seen in Fig. 9, at the second reinforcement
layer, the tensile stress value was quite low. Furthermore,
the reinforcement in the upper layers functioned more
effectively, and was also exposed to higher tensile stress. It
was seen that the highest tensile stress (6.3 kN/m) acting on
the reinforcement was lower than the utilized reinforcement
tensile strength (10 kN/m).

The data provided by five pressure cells was used to
predict the lateral earth pressure coefficient (K) and the
earth pressure distribution. The K value was measured from
the lateral and vertical pressure gauges placed at the level of
220 cm above the wall base. The back calculated active K
(ranging from 0.18 to 0.22) was lower than the Coulomb K,
(ranging from 0.26 to 0.31).

By using the proposed theoretical methods (Simplified
Stiffness Method and K-Stiffness Method) to determine the
reinforcement loads, the maximum tensile stress values
occurring at the reinforcement levels were calculated. On
Figure 10, there are maximum reinforcement loads at the
2nd, 3rd and 4th reinforcement levels calculated using the
elongation values obtained from field strain gage
measurements. In addition, the load values determined from
the pressure cell measurements at the positions of the
pressure cells are also plotted on the graph. These
reinforcement loads determined as a result of the field
measurements and the reinforcement loads calculated using
the formulations of the theoretical methods are given
comparatively in Figure 10. The measured reinforcement
loads for the top 60% of the wall height were in accordance
with the loads of the Simplified Stiffness method, while the
theoretical methods significantly overestimate the
reinforcement loads, particularly close the wall base. Yang
et al. (2013) and Yu et al. (2016) reported similar trends.

5. Finite element analyses
5.1 Numerical model

The 3 m-high RSRW constructed in the field was
simulated with 2D plane strain analyses using the Plaxis 2D
software program (Plaxis 2D 2004). For the FEM model, a
system was designed consisting of four basic elements —
front facing elements, polymer reinforcement, fill material
and natural soil.

5.2 Parameters

The behavior of the natural soil and the drainage
material were represented by the Mohr-Coulomb material
model, while the behavior of the fill material was
represented by the Hardening Soil model. The
reinforcements were modelled with flexible geogrid
elements. Also, three-node beam elements (plates) with
normal stiffness and flexural rigidity were used to model
the facing elements. The rest of details for soil and wall

Table 3 Parameters of materials in finite element analyses

Parameter Value Unit
Material Model Hardening Soil -
Material Behavior Drained -
Unit Weight (y) 21 kN/m?
Tangent Stiffness, E™ 32000 kN/m?
Secant Stiffness, E™'s 32000 kN/m?
Unloading Stiffness,
Backfill e 96000 KN/m?
Material
ateria Poisson’s Ratio (v) 0.300 -
Effectlv(ecgoheswn 1 KN/m2
Effective Friction Angle
R 36 °
¢)
Dilatancy Angle () 0 °
Interface Rigidity
0.67 -
(Rimer)
Material Model Mohr-Coulomb -
Material Behavior Drained kN/m?
Unit Weight (y) 18 kN/m?
Elastic Modulus (Eqer) 13000 kN/m?
Natural Soil Poisson’s Ratio (v) 0.30 kN/m?
atural ot Effective Cohesion 1 )
Effective Frlf:tlon Angle 31 KN/m?
¢)
Dilatancy Angle () 1 °
Interface Rigidity
0.67 °
(Rimer)
Material Model Linear Elastic -
Reinforcement
Axial Stiffness (EA) 10 kN/m
Material Model Linear Elastic -
Facing Axial Stiffness (EA) 7250%10° kN/m
Elements  plexyral Rigidity (EI) 2500%10* kNm?*/m
Poisson’s Ratio (v) 0.2 -

facing, the locations of reinforcement layers were the same
as in the field model. All of the parameters and their values
used in the finite element analysis, consisting of 15-node
triangular elements, are presented in Table 3.

There have been many earlier carried out to define the
stiffness values of geosynthetic reinforcements considering
strain-dependent properties. The technical manual of the
polymer strips details the ultimate tensile strength, ultimate
strain and the geogrid elements (reinforcements) were
modelled accordingly with an axial stiffness (EA). Three
pairs of nodes of interface elements were preferred to use
for simulating the interactions between the soil, the
reinforcement and the facing element. Plaxis 2D was used
to model the contact between soil and different materials
through interface elements with elastoplastic behavior,
which was created by considering friction angle, cohesion
and dilatability of the soil (Plaxis 2012).

Among the values in Table 3, unit weight, modulus of
elasticity, poison ratio and internal friction angle parameters
are the values of the materials used in filed model studies.
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Table 4 Maximum tensile stress change on reinforcements (comparison of reinforcement loads)

Reinforcement Calculated Tensile Stress Measured Tensile Stress
Layer along Reinforcement Length (kN/m) along Reinforcement Length (kN/m)
4 4.57 4.45
3 6.36 6.30
2 2.94 2.90
1 2.25 Not Available

(@)

Material

Facing

Section view of the system

(b) Finite element mesh

Fig. 11 Finite element model
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Fig. 12 Measured and calculated horizontal displacements of wall face

These values are determined in the laboratory. Only the
Rinter value was constantly changed during the calibration of
the FEM model results with the field tets values. The Rinter
value, which provides the necessary verification, is included
in the Table 3.

Initially, Riner value of the facing element-filling
material were employed to be 0.3 (Damians et al. 2015).
Considering the work of Damians et al. (2015), the Riner
value of the reinforcement-fill material was chosen as 0.67
for the first meter of reinforcement length. And for the
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H=4.2m

Max. Horizontal Displacement/Wall Height (%)
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Fig. 13 Parameter effects on horizontal deformation of the wall

remaining length, a value of 1.0 indicating the perfect bond
between the reinforcement and the soil was chosen. As
mentioned in the work of Yu et al. (2015), the length of
interface for each reinforcement layer was extended by
0.50m to avoid stresses at the reinforcement end points.

5.3 Verification of the model

A stage construction process was taken into account to
attain accurate horizontal displacements. The analysis
involved 25 different calculation steps that included the
geostatic system state, the excavation of the area where the
reinforced earth retaining wall was to be constructed, the
spread of each 60 cm-thick fill material in two layers, the
placement of the reinforcement and facing elements, the fill
material and the 20 kN/m? surcharge load application. In the
FEM model, the model limits were 50m in both vertical and
horizontal direction, being 3 times the height of the wall so
as to minimize the boundary effect. A cross section of the
constructed FEM model is given in Fig. 11.

The refinement of the finite element mesh, the elasticity
modulus of the fill material, the interface stiffness of the fill
material-reinforcement and the interface stiffness of the
facing element—fill material values were adjusted to concur
with the wall horizontal displacement and reinforcement

strain values of the FEM model and the measured values
throughout the conducted field tests. The results of the
analyses, and the tensile stress distributions acting along the
length of the reinforcement layers are given in Table 4.

Table 4 presents a comparison of measured and
numerical tensile stresses. The numerically predicted tensile
loads in the reinforcements indicate in accordance with the
measured values at field model and the overall stress
distribution is in accordance with other published
experimental results as well (Yang et al. 2013, Kim and
Won 2005).

After the construction stages and the application of the
surcharge load, the displacements of the wall and the
stresses acting on the reinforcement layers were calculated.
At the construction stage, the maximum horizontal wall
deformation was approximately 39 cm, and increased to
66 cm when the surcharge load was applied.

After the application of the surcharge loading, the
deformation of the potential slip surface was approximately
half of the horizontal displacement seen at the top of the
wall. After a certain distance, however, no horizontal soil
deformation was seen. In Fig. 12, the horizontal
displacements values on the wall face are given. The
overlap of the measured and calculated values was realized
and the validation of the FEM model was completed.
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Fig. 14 Parameter effects on tensile stresses of the wall

6. Parametric analyses

Various parametric analyses on validated FEM model
were carried out for collapses of RSRW at different heights
with different filler material and reinforcement properties.
The effects of such parameters as wall height (H), the
strength of the reinforcement and fill materials, and
reinforcement length (L) on horizontal displacements in the
wall were investigated. In this parametric study, comprising

96 finite element analyses, four different wall heights (H),
three different reinforcement lengths (L), three different
reinforcement strengths (EA) and two different fill
materials were used. The parameter properties used in the
analyses are presented in Table 5.

36 degrees, which is one of the two internal friction
angle terms given in the Table 5, is the in-situ internal
friction angle value of compacted fill material used in the
field model. The purpose of using this 36 degree value and



Model studies on polymer strip reinforced soil retaining walls 369

Table 5 Parameters used in the numerical analyses

Values
H=6.0m
Wall Height H=54m
(m) H=42m
H=3.0m
L=10H
Reinforcement L=0.7H
Length L=05H
L=04H
Fill Material Friction ¢’=32°
Angle (¢") 0= 36°
EA=10kN/m
Reinforcement B
Tensile Strength (EA) EA=20kN/m
EA =30 kN/m

a lower value as 32 degrees in parametric analysis is to see
the effects of fill materials that are not properly compacted.
The most important reason observed for the failure of earth
retaining walls that we have experienced in our country is
the fill material that has not been compacted enough.

The effects of the length (L) on horizontal deformation
are summarized for four different wall heights (H) in Fig.
13. Based on Fig. 13, as the length of the reinforcement
material was increased, the horizontal deformations on the
walls decreased, and this effect disappeared at lengths
longer than 70% of the wall height. Fig. 13 shows that an
increase in L/H ratio from 0.4 to 0.7 caused a 40%
reduction in horizontal deformations. When the same
reinforcement and fill materials were utilized, increment in
wall height increased the horizontal deformations; however,
the ratio of the maximum horizontal deformation to wall
height was reduced. Also lower horizontal wall
deformations will be seen with an increase in the stiffness
of fill material.

In addition, it was observed that a decrease in horizontal
deformation occurs when the reinforcement length reaches
the boundary of the Rankine failure plane. Hence, both the
location of the Rankine failure plane and reinforcement
length has a significant effect on horizontal deformation
(Kibria et al. 2014).

The effects of reinforcement stiffness (EA) on
horizontal deformation are investigated for four different
wall heights and for friction angle of 32° and 36°
respectively. The maximum horizontal deformations were
decreased in case of the increase in tensile strength of the
reinforcement. At the situation that parameters of fill
material and reinforcement length no changes, horizontal
deformation decreased 35% due to an increase in
reinforcement stiffness.

Furthermore, the effects of the strength parameters of
the filler and reinforcement materials on the loads acting on
the reinforcements are given in Fig. 14 at a standard
reinforcement length of 0.7H. As shown in Fig. 14, an
increase in stiffness of fill material resulted in lower load
values on the reinforcements. The maximum reinforcement

loads were found to be on 0.6H from the wall base, at a
distance of 0.4H from the face of the wall. An increase in
reinforcement stiffness caused a 15% reduction on
maximum load on the layer of 0.6H.

7. Conclusions

Within this paper, field model tests that focus on the
deformation behavior of PS-RSRW were discussed in
detail. The tensile stresses occurred on reinforcements and
the wall horizontal displacements were measured. The
impact of wall height, stiffness and length of reinforcement,
and stiffness fill materials on the behavior of RSRW were
investigated with calibrated FEM model. The following
conclusions were achieved:

* The estimated horizontal displacements by FEM model
resulted in accordance with measured horizontal
displacements.

* The maximum horizontal displacement on the front
face of the wall was observed at 70% of the wall height
from the wall base with a variation of 1.9-3.1% of the wall
height.

e The maximum reinforcement loads, were found to be
on 60% of the wall height from the wall base, occurred at a
distance of 40% of the wall height from the face of the wall.

* The measured and the numerically predicted active
lateral earth pressure coefficient was lower than the
Coulomb active lateral earth pressure coefficient. The
theoretical methods significantly overestimate the tensile
loads, especially close the wall base.

* When the same reinforcement and fill materials were
utilized, increment in wall height increased the horizontal
deformations; however, the ratio of the maximum
horizontal deformation to wall height was reduced.

* The maximum horizontal deformations were decreased
in the case of an increase in tensile strength of the
reinforcement.
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