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Seismic Response and Potential Failure Mechanism of Wrap-Faced
Geosynthetic Reinforced Soil (GRS) Walls with Marginal Backfill

Abstract

Geosynthetic-reinforced soil (GRS) walls have become a widely adopted alternative to
conventional rigid retaining structures due to their cost-effectiveness and ease of construction in
difficult terrains, and higher flexibility. Among different fascia types popularly used, GRS walls
with wraparound fascia offer improved flexibility while enhancing local stability. With the
increasing unavailability of desired granular backfill, especially in the mountainous and hilly
terrains of north-eastern India, utilization of locally available marginal soils as reinforced fill
material is increasing to meet the demand. However, the response of such wrap-faced GRS wall,
especially under seismic scenarios as frequently encountered in earthquake prone zones, remain
quite unexplored. This study investigates and reports the response of wrap-faced GRS walls with
marginal backfill under static, pseudo-static, and dynamic conditions. In this context, finite
element analyses of GRS walls with wraparound fascia are carried out by incorporating variations
in reinforcement stiffness and cohesion of the marginal backfill cohesion. Under gravity loading,
a triangular wedge develops in the retained fill, while the reinforced fill exhibit a potential bilinear
failure mechanism, and that the GRS wall induce deep-seated shear strain concentrations within
the retained fill, thereby adding up to the stability of the system. Owing to the stress reversals and
redistributions by the flexible reinforcements and fascia, the strength reduction factor (SRF) from
the dynamic analysis are found to be more than 1.5 times higher than that of the static and pseudo-
static scenarios, thereby highlighting the conservativeness of the time-independent pseudo-static
designs. Compared to pseudo-static assessment, the time-history analysis of the flexible wrap-
faced GRS walls are found to reduce the lateral displacements by 30%-50%. In comparison to the
reinforcement stiffness, cohesion of the marginal backfill aids in the reduction of mobilized peak
reinforcement load by 1.4 times to that obtained from pseudo-static analyses. Crest accelerations
along the wall face is found to be amplified in the range of 2.5-4 when compared to the bottom of
the wall. Potential failure surfaces are found to form approximately 0.7 m from the wall face for
the bottom two-third of the wall for any combination of analyses type, backfill cohesion and
reinforcement stiffness, while noticeable differences are observed for the remaining height of the

wall. Although an average trend agreement might be noticed between the identified potential
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failure surfaces to that of Rankine’s active failure line, yet the notable differences aids in
identifying the vulnerable hotspots in such wrap-faced GRS walls and calls for a more scrutinized
design and rectification plans based on response assessments.

Keywords: Geosynthetic reinforced soil (GRS) walls; Wraparound fascia; Marginal backfill;
Reinforcement stiffness; Pseudo-static assessment; Dynamic time-history analysis; Potential

failure surface

1. INTRODUCTION

Reinforced soil (RS) wall structures have proved to be versatile alternatives to conventional
retaining walls, offering advantages of cost-efficiency, rapid construction, higher load-bearing
capacity, and optimized land utilization [1]. These structures comprise inclusions of natural or
artificial geomaterials such as metallic reinforcements or geosynthetics, in which the latter having
a preference for their durability, strength and resistance to environmental degradation, thereby
making them suitable for long-term applications. Geosynthetic reinforced soil (GRS) walls
employs the polymeric geosynthetics as the primary reinforcement, while the wall face can consist
of various alternate constructions such as concrete panels, modular blocks, segmental blocks or
even geosynthetic wraparounds. Based on the project requirement, wall height and its
functionality, the fascia type of the GRS wall can be suitably selected [2]. Based on the behavior
of bridge abutments, Lee and Wu [3] highlighted that GRS walls with wraparound fascia are a
viable alternative to conventional bridge abutments. The 180° wraparounds lead to a completely
flexible fascia system, where each geosynthetic layer wrap around consecutive lifts of reinforced
backfill soil with its wrap tail extending into the backfill providing anchorage to the wrap-face of
the GRS wall [4]. When properly designed, such wrap-faced GRS walls are also noted to perform
better under seismic action [5], whose responses have been investigated using various methods,
including experimental studies conducted with shake tables [6-9], analytical approaches such as
pseudo-static and pseudo-dynamic analyses [10-11], and numerical modeling techniques using
finite element and finite difference methods [12-16] mentioned that only a limited number of
numerical analyses have been performed to predict the performance of wrap-faced GRS walls.
Hence, in such case, numerical modeling is particularly valuable for simulating large-scale
prototypes that are practically taxing to conduct regular tests in the laboratory.

GRS wall consists of four main components: the reinforced backfill, the retained fill, the facing
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component, and the reinforcements. Granular backfill soils are recommended in GRS wall due to
their excellent drainage properties and high shear strength, ensuring optimal wall performance.
According to the Federal Highway Authority guideline FHWA-NHI-10-025 [17], British Standard
code BS8006-1 [18] and Indian Roads Congress IRC SP102 [19], coarser materials with less than
15% fines and 6% plasticity index (PI) are ideal for backfill in GRS walls. The National Concrete
and Masonry Association (NCMA) guideline [20] allows up to 35% of fines in a backfill material.
Backfill material comprising fines beyond the above-mentioned ranges is termed as ‘marginal
backfill soils’. In the hilly and mountainous regions, the scarcity of granular materials presents
logistical and cost challenges, leading to the increasing use of marginal soils as backfill. Many
regions in India, including the north-eastern region, have an abundance of tropical soils that can
be utilized as marginal soil fill. Marginal soils, though less ideal, offer significant economic and
environmental benefits by reducing the CO. emissions associated with hauling of granular
materials. Research studies demonstrate that transporting one ton of backfill generates 197.2 g of

COz per kilometer, while excavation and loading add an additional 0.386 kg per ton [21-22].

Quite a few researchers have worked on experimental and numerical fronts in assessing the
response of GRS walls with marginal or cohesive backfills. Liu et al. [23] reported the use of
higher reinforcement stiffness in marginal soil backfilled GRS wall that resulted in the reduction
of the long-term relative creep of reinforcements and backfill. Balakrishnan and Viswanadham
[24] reported that GRS walls constructed with marginal backfill and stronger equal-length geogrid
layers exhibit minimal surface settlement, face movement, and peak strains in reinforcement
layers. Rigorous shake table tests conducted on modular block-faced GRS walls with marginal
backfill revealed that such walls can endure intense shaking without any stability issues or signs
of imminent failure. The maximum deformations observed in such test models with cohesive
backfill were found to be less than half of those obtained in the sand-filled models [25]. Chehade
et al. [10] conducted pseudo-dynamic analysis of GRS wall with cohesive backfill soil and
investigated the influence of horizontal and vertical acceleration coefficients (kn and ky) on the
internal seismic stability of GRS wall with tension cracks in the backfill material. The output
showed that an increment in the soil strength parameters reduces the requirement of a
reinforcement with higher tensile capacity. Li and Yang [26] conducted seismic analysis of GRS

wall with cohesive backfill having tension cracks. The aim of the study was to assess the minimum
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tensile strength of reinforcement that is required to prevent failure, determined through a
combination of kinematic limit analysis and pseudo-dynamic loading. The output depicted that a
small increase in backfill cohesion significantly reduces the required reinforcement tensile
strength. It was also observed that a pseudo-dynamic analysis yielded less conservative estimates

when no amplification was considered.

The present study aims to investigate seismic response wrap-faced GRS wall with marginal
backfill. Static and pseudo-static response of GRS wall is also presented as benchmark analyses.
The study aims to develop a comprehensive understanding of the failure mechanisms, deformation
patterns, and stress distribution in GRS walls with marginal backfills subjected to seismic loading.
Based on the variations in reinforcement stiffness and backfill cohesion, the study explores the
behaviour of the GRS wall response of lateral wall face displacement, mobilized reinforcement

load, mobilized reinforcement strain, acceleration amplification and potential failure surface..

2. NUMERICAL MODELING OF WRAP-FACED GRS WALL
2.1. Finite Element Modeling

A two-dimensional finite element (FE) model is developed to study the seismic performance of a
wrap-faced GRS wall with the aid of RS2 module of Rocscience FE package (v11.024). The FE
model corroborates to a wrap-faced GRS wall constructed to safeguard an important building
structure located at the North East Police Academy (NEPA) in Shillong, Meghalaya, India. The
wall has a height of 6 m with a vertical face (without any batter angle). The backfill material is
considered placed at equal lifts of 0.3 m. The foundation of the model wall is considered extended
up to 10 m below the wall base. Geotechnical investigation of the virgin foundation soil material
from the worksite was carried out. The foundation soil is found to be having a unit weight (ys) of
22.6 kN/m3, internal friction angle (¢f) of 39°, cohesion (cr) of 176.58 kPa, and modulus of
elasticity (Er) of 80 MPa; the same properties have been used as input to the FE model. Geotextile
layers are used as primary reinforcement, which also acts as a wraparound face for each lift with
a wrap tail length of 0.6 m. As reported by Kilic et al. [25], to safely support a marginal backfill,
the length of reinforcement should prevail within the range 0.6H-0.8H, where H is the height of
the GRS wall. In accordance, in the present study, a 4.2 m length of reinforcement (i.e., 0.7H) is

used both at the worksite as well as in the FE model, as shown in Fig. 1.

5



152
153

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

=
tn
=)

3

)

9

<

9

° —
o

5 - 0.60
<

o o~ -

1  ——

X 0.60

9

3

hn
=
=

11.00}

18.50— = = -
Fig. 1. Finite element model of wrap-faced GRS wall considered in the present study (all

dimensions are in m)

2.2. Reinforced Backfill and Retained Fill Material Properties

As mentioned earlier, soils having percentage fines greater than 15% and P1 > 6 qualify as marginal
soils [17]. The particle size distribution assessment of the soil material used as reinforced backfill
in the present study revealed percentage fines greater than 15% and a P1 > 6, therefore qualifying
it as a marginal material [27]. Laboratory geotechnical investigations indicated the marginal
material to be having a unit weight () of 18 kN/m?, angle of internal friction (p,) of 44°, Poisson’s
ratio (v») of 0.3 and Young’s modulus (Ep) of 15 MPa. To investigate the influence of backfill
marginality on the response of the GRS wall, the backfill cohesion (cb) was varied from 5 kPa to
16 kPa. This approach follows the earlier study by Majumder et al. [28], which examined the
effectiveness of marginal fills with higher cohesion. Further, geotechnical investigation of the
retained fill material exhibited a unit weight (yr) of 17 kN/m3, internal friction angle (¢r) of 30°,
cohesion (cr) of 1 kPa, a Young’s modulus (Er) of 15 MPa, and a Poisson’s ratio (vr) of 0.3. Both
the reinforced backfill and retained fill soils are modelled as Mohr-Coulomb material following
non-associated flow rule in which no dilation is considered. Further, it is to be noted that the entire
analysis reported herein have considered the reinforced backfill and retained fills to be in dry state

without incorporating any hydraulic conditions.
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2.3. Geotextile Reinforcement

The geotextile reinforcement is modelled using isotropic linear-elastic ‘geosynthetic liner’
elements in Rocscience RS2 (v11.024). The geosynthetic elements are modeled as two-noded
linear elements, capable of carrying axial tensile forces. To account for the installation damage
and durability, the ultimate tensile strength (Tut) obtained from high-rate tensile loading tests of
virgin specimens are lowered to the design strength (Tq) with the aid of corresponding reduction
factors for installation damage and durability (RFip and RFp). The design strength (Tq) is further
adjusted for creep effects to obtain the unfactored design strength (Ta) with the aid of
corresponding reduction factor (RFcr) that reflects the field conditions under sustained static loads.
Finally, Tqo is divided by the overall safety factor (Fs)overan, Which includes both material and
structural safety factors, to arrive at the long-term tensile strength (Tits) of the geotextile
reinforcement [1], and the same can be calculated from Equation (1) and Equation (2) as follows:

_ T _Ta 1)
RFyp X RFop X RFy _ RFo

Tprs = —Tdo @
(Fs)overall

In this particular study, three different types of geotextile reinforcement are considered, namely
Wavin TR5000 HF, Wavin TR7000 HF, and Wavin TR10000, having the tensile stiffness (Er) of
810 kN/m, 1051 kN/m and 1420 kN/m, respectively, and ultimate tensile strengths (Tut) of 90

kN/m, 140 kKN/m, and 220 kN/m, respectively. The analysis considered a creep reduction factor

Tdo

(RFcr) of 1.6, an installation damage factor (RFip) of 1.05, a deterioration in service factor (RFp)
of 1, and an overall factor of safety (FS)overan Of 1.05. The properties of geotextile used in present
study is listed in Table 1.

Table 1: Geotextile reinforcement properties as used in the present study

Reinforcement type Tensile stiffness Long-term tensile strength
Er (KN/m) Tirs (KN/m)

Wavin TR5000 HF 810 51

Wavin TR7000 HF 1051 79

Wavin TR10000 1420 125
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2.4. Geotextile Reinforcement

Assessing the interface properties forms a crucial part as a proper interface modelling guides the
response of GRS walls through FE simulations. The soil-geotextile interface interaction can be
determined in the laboratory using direct shear or pull-out tests. The interaction mechanism
between geotextile and marginal fill soils have been successfully conducted through pull-out tests
by earlier researchers [29-31]. In the present study, the interface system is modeled using ‘joint’
property in RS2, in which the interface between the geotextile and backfill soil material is modeled
by Mohr-Coulomb (M-C) criteria that is described by the interfacial adhesion (cai) and angle of
interface friction (0i). Further, to describe the slippage of soil-geotextile interface, the shear
stiffness (ks) and normal stiffness (kn) are assessed as inputs. The peak interface friction angle (di)
is taken as 44°, the peak interface adhesion (cai) as 2.5 kPa, the shear stiffness (ks) as 10 MPa/m/m,
and the normal stiffness (k) as 100 MPa/m/m [32].

2.5. Meshing and Boundary Conditions

In the present study, 6-noded triangular elements are used to create the mesh to discretize the
developed FE model. Meshes with coarser sized elements fail to capture the accuracy of the
responses, while too finer mesh lead to increment of computational cost and accumulation of
integral errors. Hence, in the present study, the balance is achieved by discretizing the model with
an appropriate number of 4000 elements. Furthermore, at appropriate locations within the FE
model, e.g. locations expected of stress and strain concentrations, mesh refinement is carried out,

leading to a total of 8755 elements discretizing the entire FE model.

Defining boundary conditions forms an inevitable part of the FE model development. In the present
study, for the static and pseudo-static analyses, the far lateral boundaries of the FE model have
been provided with roller connections that restrict it from displacing in horizontal directions while
permitting to move in vertical direction to allow the possible settlements. Further, the bottommost
part of the model has been provided with a fixities that restrict movement in both vertical and
horizontal directions. The topmost layer of the retained fill and the GRS wall, as well as the face
of the wall, is free to displace and, hence, is devoid of any boundary fixities. In the case of dynamic
analysis, transmitting boundary conditions are applied to the left and right vertical faces of the wall

to allow earthquake waves to enter the model, while absorbent boundary conditions are imposed
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226  at the base to dissipate incoming waves and prevent reflection back into the model. A Rayleigh
227  damping of 2% is used for conducting the dynamic analysis.

228

229 2.6. Input Strong Motion

230  In the present study, the seismic analysis of the wrap-faced GRS wall with marginal backfill soil
231 is conducted by subjecting it to the 1995 Kobe motion recorded at the Kakogawa (CUE90) station
232 onJanuary 16, 1995. Based on the same input motion, pseudo-static analyses conducted for the
233 present study also uses the peak horizontal acceleration (PHA) of 0.344g. Fig. 2 shows the
234 acceleration-time history for Kobe earthquake motion that is applied at the base of the FE model,
235 along with its frequency domain decomposition. Table 1 provides the important strong motion
236  characteristics of the chosen input motion.
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240 Fig. 2. Strong motion signature of the 1995 Kobe motion (a) Acceleration-time history
241 (b) Frequency-domain response

242

243  Table 1 Strong motion characteristics of the 1995 Kobe earthquake motion

Parameter types Parameter Values

Amplitude Parameter Peak Acceleration (Q) 0.34

Peak Velocity (cm/s) 27.68

Peak Displacement (cm) 9.69

Acceleration RMS (g) 0.05

Arias Intensity (m/s) 1.69

Specific Energy Density (cm?/s) 1625.94

Sustained Maximum Acceleration (g) 0.27

Frequency parameters Predominant Period (s) 0.16

Mean Period (s) 0.54

Duration Parameter Time of Peak Acceleration (s) 6.93

Time of Peak Velocity (S) 5.84

Time of Peak Displacement (s) 11.41
244
245
246
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3. VALIDATION AND VERIFICATION STUDY

A validation study is conducted in regard to the performance of full-scale wrap-faced geosynthetic
reinforced soil (GRS) walls using the experimental work reported by Yu et al. [16]. In the reported
program, two 3.6 m high instrumented walls were constructed at the Royal Military College of
Canada (RMCC). Although both walls had the same geometry and backfill soil, one was reinforced
with a stiff welded wire mesh (WWM) while the other with a flexible biaxial polypropylene (PP)
geogrid. The walls, each 3.6 m high and 3.4 m wide at the face, were built using a wrap-faced
technique, with the reinforced soil zone plus backfill extending 5.65 m behind the wall as shown
in Fig. 3. Among the two walls, the one reinforced with PP geogrid is chosen for the present
validation study. Six layers of reinforcement were are used at a vertical spacing of 0.6 m, wherein
each reinforcement layer forms a wraparound over the sand backfill with a wrap tail length of 0.6
m. It is to be noted that the sand backfill was compacted in four numbers of 0.15 m lifts within
each of the geotextile wraparounds. The study evaluated vertical stresses at the base of GRS wall,
the axial strains in each reinforcement layer and the peak tensile load in the reinforcements
embedded within the backfill.

Yu et al. [16] also developed a numerical model of the GRS wall with the aid of the finite
difference package, FLAC 2D. The numerical model explicitly represented the soil, reinforcement
layers, and facing wraps as has been used in the experimental model. The backfill soil, having a
unit weight of 16.8 kN/m?3, was modeled using of a linear elastic-plastic model (with Mohr-
Coulomb failure criterion). The backfill zone had a Young’s modulus of 80 MPa, Poisson’s ratio
of 0.3, peak friction angle of 44°, dilation angle of 11°, and cohesion of 1 kPa. Within the facing
zone, the backfill was considered to be devoid of cohesion and dilation with a reduced magnitude
of Young’s modulus of 20 MPa and a residual friction angle of 35°. The PP geogrid reinforcement
was modeled using cable elements with initial tangent stiffness of 122 kN/m and ultimate tensile
strength of 14 kN/m, obtained from laboratory tensile and creep tests, respectively. The concrete
foundation was modeled as a linear elastic material with a Young’s modulus of 32 GPa, Poisson’s
ratio of 0.15, and unit weight of 22.9 kN/m3. The interface between concrete and soil was
considered to have a friction angle of 44°, dilation angle of 11°, adhesion of 1 kPa, normal stiffness
of 100 MPa/m, and shear stiffness of 10 MPa/m. Following the same parameters prescribed by Yu

et al. [16], Sharma and Prashant [15] developed a two-dimensional plane strain FE model of the
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same wrap-faced GRS wall using GiD v11 and OpenSees v2.5. The developed numerical model
was validated by comparing its predictions of facing deformation profiles and peak reinforcement

force profiles and with the corresponding experimental measurements by Yu et al. [16].

T:
N}
n
¥

< 5.65 -

Fig. 3. Finite element model of the wrap-faced GRS wall used for the validation study (all

dimensions are in m)

Following the details provided by Yu et al. [16], in the present validation-cum-verification study,
the finite element model of the GRS wall with flexible biaxial polypropylene (PP) geogrid is
developed in RS2. The outcomes of the present study, in terms of the vertical stresses on the
foundation and reinforcement loads are compared with the previous studies. Fig. 4 and Fig. 5
present the vertical stresses at the base of the wall, normalized by (unit weight of backfill x wall
height), and profile of the peak reinforcement force at each layer, respectively, obtained from the
present study. As can be observed from the figures, the predictions from the present numerical
analysis are found to be in reasonable agreement with the experimental findings by Yu et al. [16]
and are in excellent agreement with the numerical findings reported by Yu et al. [16] and later by
Sharma and Prashant [15]; rather the present numerical findings are observed to be in better
agreement than that reported by Sharma and Prashant [15].
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4. RESULTS AND DISCUSSIONS

As per the standard guidelines, a granular backfill is an ideal choice for a GRS wall. However, as
described earlier, the use of marginal soils as a backfill in the GRS walls have gained popularity
out of the necessity. Given such a situation, it is important to understand the influence of that
specific parameter that transduces the soil to be marginal, i.e. backfill cohesion. Further, it is well
established that the reinforcement stiffness plays an influencing role in the altering the response of
GRS walls when a granular backfill is used. It would be interesting to note that if there is a similar
influence when the backfill turns out to be marginal. Hence, in the present study, the response of
a GRS wall is discussed due to simultaneous variations in the backfill cohesion (5 kPa, 10 kPa and
16 kPa) and reinforcement stiffness (as mentioned in Table 1). It is to be noted that all the
reinforcements of the GRS wall are considered of same length and stiffness for a given model

representation.

4.1. Stability of the GRS Wall with Marginal Backfill under Static, Pseudo-

Static and Dynamic Loading Scenarios
The present study mainly focuses on the response of the wrap-faced GRS wall with marginal
backfill soils under dynamic conditions. In this context, as a benchmarking, static and pseudo-
static analyses are also conducted to understand the corresponding stability aspects, and assess
their differences with that obtained from subsequent dynamic analysis. Figure 6 shows the
influence of backfill cohesion and reinforcement stiffness on the vertical displacement contours of
the GRS walls under static condition. It can be noted that for all the combination of the influencing
parameters, two distinct zones of vertical displacement are formed in the GRS wall: one in the
reinforced backfill and the other in the retained fill. A distinct triangular wedge is formed in the
retained fill for each case; however, the magnitude of deformation within the contour zone
increases with an increase in ¢, and a decrease in Er. The retained soil exhibits wider zones of
deformation when the ¢y is larger, which is attributed to the effect of backfill cohesion on soil—
reinforcement interaction within the reinforced fill. With an increase in cp, the soil-reinforcement
interaction is reduced, allowing higher relative displacement in the reinforced backfill and,
subsequently, more profound vertical deformation contours in the retained fill. Conversely, with

an increase in Eg, the reinforcement becomes stiffer and more effective in controlling lateral
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displacement, leading to a significant reduction in both the magnitude and extent of vertical
deformation within the retained fill. Importantly, the inclination angle of the contours remains
unchanged, indicating that the overall failure mechanism and geometry of the deformation wedge
are not altered, but the severity and spread of deformation are strongly influenced by the combined

effect of ¢ and Er.

Further, it is noticed that the angle of vertical displacement contours in the retained fill zone is
nearly 45°. With the friction angle of the retained fill being 30°, according to Rankine’s active
earth pressure theory, if the retained fill is subjected to active failure without any GRS wall support,
the inclination of the failure plane would be approximately (45 + ¢,/2), i.e. 60° with the horizontal.
However, the present analysis shows a much flatter inclination of about 45°, which deviates
significantly from the theoretical prediction. This difference indicates the restraining influence of
the GRS wall system. The reinforcement layers reduce the lateral soil movement and redistribute
stresses within the retained fill. Consequently, the deformation contours do not follow the classical
active failure pattern, rather flatten out due to the confining and reinforcing effects of the wall.
This implies that the GRS wall alters the natural failure mechanism by reducing mobilized shear
strains and enhancing stability, leading to a modified deformation profile that is governed more by

soil-reinforcement interaction than by soil shear strength alone.

The displacement contours within the reinforced backfill are observed to extend until the bottom
of the wall, which is expected, since the entire wrapped fascia undergoes outward displacement.
With a decrease in the backfill cohesion (cb) and an increase in the reinforcement stiffness (Er),
both the extent and magnitude of the displacements are considerably reduced. The reinforcement
layers play a crucial role in confining soil movement, thereby restricting the outward spread of
displacements toward the fascia. Unlike the retained fill, which develops a triangular wedge-
shaped deformation pattern typical of a homogeneous soil mass, the reinforced backfill exhibits a
distinct bilinear contour pattern. This bilinear nature arises due to soil-reinforcement interaction:
one zone is influenced primarily by the outward displacement of the fascia, while the other is
controlled by the anchorage and confinement imparted by the reinforcement layers. The transition
between these two zones gives rise to the bilinear form, which highlights the efficiency of

reinforcement in redistributing stresses and controlling deformations throughout the backfill. This
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369  makes the deformation mechanism of the reinforced backfill fundamentally different from that of

370 the retained fill and clearly demonstrates the stabilizing effect of reinforcement.
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375  Fig. 6. Vertical displacement contours of the wrap-faced GRS wall under static analysis (a) ¢, =5
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379  displacement contour legends

380
381 The maximum shear strain contours are presented at the critical stability stage for static and
382  pseudo-static analyses, illustrating the influence of cohesion (cb) and reinforcement stiffness (Er),

383 asshown in Fig. 7 and Fig. 8, respectively. The changes of the contour magnitude increments and
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decrements are consistent with that discussed for the wvertical displacement contours.
Reinforcement stiffness has a more pronounced effect on reducing both the vertical displacement
and the maximum shear strain magnitudes in the retained fill and reinforced fill zones. Due to the
stiffness contrast between the reinforced and retained fill, the maximum shear strain band is
mobilized at the interface and extends into the retained fill. However, the presence of
reinforcement within the reinforced zone distributes the shear stress more evenly, preventing a
distinct shear strain band from developing in this region. The backfill cohesion (cp) exerts a

stronger influence on increasing the stability compared to reinforcement stiffness (Er).
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Fig. 7. Maximum shear strain contours under static analysis: (a) ¢, = 5 kPa, Er=810 kN/m (b) ¢y

=10 kPa, Er =810 kN/m (c) b) c» = 16 kPa, Er =810 kN/m (d) c» = 5 kPa, Er =1051 kN/m (e) cb
=5 kPa, Er =1420 KN/m (f) maximum shear strain contour legends
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From a finite element-based analysis, the stability of a GRS wall can be analyzed using the
‘strength reduction technique’ that culminates in the assessment of the strength reduction factor
(SRF) [33] that is an equivalent to the factor of safety (FoS) found in the limit equilibrium analysis
[34]. This involves an iterative reduction of the initially considered soil shear strength parameters
by a certain factor until the GRS wall reaches a limiting state of failure. Firstly, the FE program
assesses the stability of the GRS wall utilizing the initial shear strength parameters (c and ¢). If
the GRS wall is found to be stable, the initial shear strength parameters are reduced to new
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magnitudes ¢"" and ¢ ™" with the aid of a trial factor F™"' and stability of the GRS wall is further
checked. This process is iteratively repeated with different magnitudes of adjusted F™ (as per
Equations 3 and 4) until the limiting state of failure is reached. For each SRF trial increment, RS2
executes a finite element stress analysis and monitors the convergence. If the model is stable (i.e.
it if converges), the SRF is increased, whereas if it fails to converge, the bracket is set between the
last converged SRF and the first failed SRF. Thus, the SRF analysis method in the RS2 FEM

follows a bracketing approach with incremental stepping and convergence checks.
Cc

CTrial — il (3)
' tan
e = grctan (Wiﬁ) .

The final magnitude of the trial factor which leads to achieving the limiting state of failure is
considered as the critical SRF for the given GRS wall. As a typical example, Fig. 9 shows evolution
of the trial SRF and the corresponding maximum total displacement of the model. It is to be noted
that the displacements corresponding to the strength reduction technique are artefacts and has no
direct bearing to the actual displacement undergone by the GRS wall with the actual (initial) shear
strength parameters. It has only been used in this study for the sake of plotting the evolution of
SRF. In this plot, the black markers exhibit the SRFs for which the FE model does not succumb to
failure, while the red markers exhibit the SRFs for which the model fails i.e. the corresponding

analysis does not converge to the numerical solution [35].

Figure 10 highlights the SRF obtained from static, pseudo-static and dynamic analyses of wrap-
face GRS walls with varying backfill cohesion and reinforcement stiffness. The dynamic SRF is
evaluated at the PGA of the input motion, corresponding to a time instant of 7 s. It can be seen that
the magnitude of SRF is higher in the case of dynamic analysis compared with the benchmark
(static) analysis. This increase can be accredited to the additional system stiffness mobilized under
dynamic loading, where the repeated cyclic stresses enhance the interlocking between soil particles
and reinforcement layers. The induced dynamic stresses promote a densification effect in the
reinforced soil mass, which, in turn, improves its resistance to shear deformation. Moreover, the
flexible nature of the GRS wall allows it to accommodate and redistribute the dynamic loads more
effectively, thereby mobilizing greater confinement and reducing the extent of localized failure

mechanisms. As a result, the system exhibits an improved overall stability response under dynamic
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conditions, reflected in the higher SRF values when compared to static analysis. The results
indicate that an increase in cp leads to a consistent rise in SRF across all analyses, demonstrating
the significant role of soil cohesion in improving system stability by reducing lateral earth pressure.
In contrast, the influence of reinforcement stiffness (Er) on SRF is found to be minimal, suggesting
that cohesion governs the stability response more dominantly under all analysis conditions.
Furthermore, it is illustrated that dynamic time-history analysis yields higher SRF values. Stress
reversals, as observed under time-history analysis, can render stability to a GRS wall structure or
can even lead to its failure because of stress accumulation. As observed in this study, the SRF
under dynamic scenario indicates a more stable GRS wall structure that can be attributed to (a) the
flexibility of the wraparound fascia GRS wall by itself exercises damping that aids in lessening of
the dynamic effects and (b) the reduction of the dynamic effects due to the increased interfacial

interaction marginal soil and geotextile reinforcement.
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Fig. 9. Critical shear strength reduction factor for a typical wrap-faced GRS wall with ¢, = 5 kPa
and Er = 810 kN/m
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Fig. 10. SRF for varied cohesion of marginal soil and reinforcement stiffness

4.2. Lateral Face Displacement of GRS Wall with Marginal Backfill

The lateral face displacement of the GRS wall with marginal backfill under static, pseudo-static
and dynamic conditions is computed for all the nine combinations of backfill cohesion and
geotextile stiffness. Fig. 11 (a) illustrates a typical representation of the wall-face displacement,
indicated with the aid of displacement vectors. Table 2 presents the peak displacement obtained
from each of the cases. The results from the static analysis indicate that variation of both backfill
cohesion and reinforcement stiffness have a negligible reduction effect on the in wall face
displacement, the maximum change in displacement being 5 mm. This reduction is attributed to
the enhanced shear strength provided by the cohesive soil and is in accordance to the established
earth pressure theories highlighting the influence of backfill cohesion on the active earth pressure

coefficient and active lateral stresses transferred on the retaining wall [36].

In comparison to the static response, the pseudo-static analyses resulted in a recognizably higher
wall face displacement, which is attributed to the high additional pseudo-static force considered in

the entire model. In contrary to the static response, the influence of backfill cohesion and
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reinforcement stiffness are more prominent. For the same reinforcement stiffness, an increase in
backfill cohesion have resulted in the increase in wall face displacement. This finding is in contrary
to the conventional estimates of active earth pressure coefficient (Ka) in a standard gravity retaining
wall with a cohesive-frictional backfill subjected to pseudo-static or pseudo-dynamic forces
[36,37]. In such case, under limit equilibrium analyses scenarios, it is established that K, decreases
with the increase in backfill cohesion, thereby decreasing the lateral thrust on the wall face.
However, in contrary to the rigid retaining walls for which the earlier findings are established, the
GRS walls possesses substantial flexibility that can sustain more deformations and, hence,
accommodate deformation-induced mechanisms and strength mobilizations. In this regard, an
increase in the lateral stresses transferred to the wall under pseudo-static condition is noted in terms
of the increased lateral displacement of the wall fascia. Further, it may be noted that the present
study does to account any water-induced hydraulic scenarios and the marginal backfill is
considered be completely dry. It is established by Lou et al. [38] that when water effects are not
considered, marginal soil backfills with high cohesion exhibit brittle behavior at the micro-
structural level. Once the cohesion bond is surpassed, the soil loses strength, leading to greater
deformation. Additionally, marginal soils with high cohesion exhibit lower interface friction with
geosynthetics compared to the granular soils with low cohesion. Consequently, due to the presence
of fine particles, the mobilization of tensile forces at the soil-geosynthetic interface is hindered
that reduces effectiveness of the reinforcement and results in higher wall face displacement with
increase in cohesion. The above discussions are portrayed in Fig. 11 (b) through the variation in
the fascia displacement of the wrap-faced GRS wall for various combinations of backfill cohesion
and reinforcement stiffness. It can be noted that, in contrary to Fig. 11(a), Fig. 11(b) shows
recognizable deviations in the wall-face displacement under various conditions as discussed,
especially for ¢, = 5 kPa while the difference in the fascia displacement profile decreases with the

increase in backfill cohesion.

Fig. 11(c) highlights the fascia displacement of the wrap-face GRS wall under the chosen seismic
motion. It may be noticed from Table 2 that the peak displacement from a nonlinear time-history
analysis does not reflect a set pattern of variation with the changes in backfill cohesion. This is
attributed to the fact that under the externally applied seismic inertial motion, the entire GRS wall

system exhibits the development and evolution of seismicity induced stresses and strains over the

22



505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

time as well; hence, the mobilized stresses are stated to evolve in both space and time.
Consequently, a set pattern in the chance of evolution is not decipherable. However, it is well
observed from Table 2 that the magnitude of the peak wall face displacement from the dynamic
analysis is noticeably lesser than that obtained from the pseudo-static analysis, and the same is
reflected in Fig. 11(c). This is attributed to the time-independent higher magnitude of lateral thrust
transferred to the GRS system by considering the constant pseudo-static force to be 0.344g.
However, for the dynamic analysis, the peak of the input motion (i.e. 0.344q) occurs only for a
particular time-instant. As a result, the energy transferred by the time-dependent dynamic motion
(proportional to the area under the input motion curve) is quite lesser than a constant pseudo-static
scenario with 0.344g acting over the same time duration as that of the input motion. Further, owing
to the stress reversals taking place in the dynamic motion, the lateral swinging motion developed
in the wrap-faced GRS wall leads to energy dissipation. Additionally, higher strains induced in the
GRS system under the dynamic condition also induces higher magnitudes of internal damping in
the system [1]. In lieu of these developments, in comparison to pseudo-static responses, the
maximum lateral displacement of the wall fascia is observed to be approximately 30%-50% lesser
in case of dynamic analysis. The portrayal of the wall face displacement under the dynamic
condition is illustrated in the Fig. 11(d). From the responses in each type of analyses and with
marginal backfill having different cohesion magnitudes, it can be well noted that an increment of
reinforcement stiffness lead to a reduction in the lateral displacement of the wall face that is
attributed to the higher passive resistance induced by the geotextile reinforcement beyond the

location of the potential failure plane.

Table 2 Maximum lateral displacement of the GRS wall face for varying reinforcement stiffness
and backfill cohesion

Maximum lateral displacement of GRS fascia (mm)

Backfill cohesion
(cv) (kPa)

Reinforcement stiffness
(Er) (KN/m)

5 10 16

810 | 1051 | 1420 810 1051 | 1420 810 1051 | 1420

Static analysis 66 64 64 64 63 62 62 62 61
Pseudo-static analysis 297 303 225 360 355 348 379 371 378
Dynamic analysis 205 208 187 194 208 202 206 202 200
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534  Fig. 11 Lateral displacement of the wrap-faced GRS wall highlighting (a) typical displacement
535 vectors and observations from (b) static analysis (c) pseudo-static analysis and (d) dynamic

536  analysis.
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4.3. Mobilized Peak Reinforcement Load in GRS Wall with Marginal Backfill
Fig. 12 illustrates the profile of mobilized peak geotextile reinforcement along the wall height for
varying backfill cohesion, reinforcement stiffness and analysis types. As noted earlier, under static
analysis scenario, an increase in backfill soil cohesion results only in an insignificant reduction in
mobilized reinforcement load, thereby indicating that the stress transfer mechanisms between the
soil and geotextile reinforcement do not significantly alter under static conditions. In pseudo-static
analysis, reinforcement load increases due to the additional seismic forces applied as inertial forces
on the reinforced soil structure. These forces, represented by a seismic coefficient, increase the
lateral earth pressure acting on the wall [39]. This results in higher mobilization of reinforcement
load to resist the increased stresses. Marginal backfill soils, particularly those with higher
cohesion, may exhibit brittle failure under combined static and seismic forces. Once the cohesion
bond is overcome, the soil loses significant strength, increasing the dependence on the
reinforcement for stability. Moreover, the seismic forces act as an acceleration multiplier,
simulating amplified inertial effects, which further escalate the stress levels and load mobilization

in the reinforcement.

In the dynamic analysis, a substantial reduction in reinforcement load mobilization is observed
with increasing soil cohesion. This reduction is attributed to the behavior of cohesive soils, which
exhibit the ability to dissipate dynamic loads over repeated loading cycles [1,40]. Additionally, the
interaction at the soil-geotextile interface plays a critical role, as the fine particles in cohesive soils
can reduce interface friction and tension mobilization [41,42], further influencing the load transfer
to the reinforcement under dynamic conditions. It is noted for all the cases of analyses that an
increment in the reinforcement stiffness leads to a notable increase in the mobilized reinforcement
load that eventually changes the wall face horizontal deformation pattern, which is in tune to the

findings reported in existing literature [43].
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Fig. 12. Profile of peak reinforcement load in the GRS wall with marginal backfill having cohesion
of (a) 5 kPa (b) 10 kPa (c) 16 kPa

Fig. 13(a-c) depicts the time-history of peak mobilized load in the reinforcements of stiffness 1420
kN/m embedded in the marginal backfill of GRS wall having a backfill cohesion of 5 kPa, 10 kPa,
and 16 kPa, respectively. It is noted that the maximum reinforcement load was mobilized across
all layers within 15 seconds when subjected to the input motion. This is attributed to the fact that
the peak ground acceleration (PGA) of the chosen 1995 Kobe strong motion occurs during this
time-frame that imposes higher dynamic forces on the GRS wall structure. Fig. 13(d) summarizes
that backfill cohesion significantly influences reinforcement load mobilization, indicated by

notably varied profiles of peak load along the depth of the wall.
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Fig. 13 Temporal evolution of peak reinforcement load in the GRS wall with marginal backfill

having cohesion of (a) 5 kPa (b) 10 kPa (c) 16 kPa, and (d) comparative profile of peak

reinforcement load with variation of backfill cohesion of GRS wall with Eg = 1420 kN/m
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4.4. Acceleration Amplification Profile of GRS Wall with Marginal Backfill

Krishna and Latha [7] conducted a series of shake table tests on wrap-faced GRS wall concluded
that seismic response of GRS wall are affected by base motion parameters, reinforcement
configuration and surcharge load. It was found that acceleration amplification towards the crest of
a GRS wall is more when a smaller number of reinforcement layer is used in wall system. Kilic et
al. [25] conducted shake table experiments on GRS walls and observed that the maximum peak
amplification values occurred at the top blocks. An amplification factor greater than 3 was found
to induce additional stress on the GRS wall, potentially affecting its stability and deformation. Fig.
14 exhibits the representative acceleration time-histories recorded at the GRS wall fascia in few of
the reinforcement layers, including the bottommost and topmost ones and corresponding
acceleration time-history at points A1, A2, A3 and A4. Based on the acceleration-time histories in
all the reinforcements, the amplification factor at various heights is estimated with respect to the
acceleration-time history recorded at the bottom of the wall. Fig. 15 illustrates the assessed profiles
of acceleration amplification factor (AAF) at the wall face as well as at the end of reinforcement
(confined within the marginal backfill), indicating progressively higher amplification towards the
top of the wall attributed to the reduction in confinement along the upper stretches of the wall. It
can be noted that the AAF along the wall face are higher than that obtained along the end of
reinforcement, which is attributed to the fact that the fascia has more flexibility to movement and,
hence, contribute to the higher amplifications of earthquake motion propagating from bottom to
the top of the GRS wall. It can be noted that the AAF at the upper portions of the GRS wall face
exceeds the magnitude of 3, thereby inducing additional stresses in the GRS wall. It can be also
comprehended from Fig. 15 that the AAF profiles obtained for GRS wall with backfill cohesions
of 10 kPa and 16 kPa are very similar, both qualitatively and quantitatively, with only minor
deviations in trends and magnitudes. This behavior is attributed to the fact that once a sufficient
cohesion level is reached, the soil gains enough shear strength to resist further significant changes
in dynamic response. Additional increases in cohesion have a negligible effect on acceleration
amplification as the reinforced soil system already develops adequate resistance against seismic
loading. Minor deviations, as noted, may still occur due to local variations in soil-reinforcement

interaction and distribution in reinforcement loads and strains.
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4.5. Peak Reinforcement Strains in GRS Wall with Marginal Backfill

Figures 16, 17, and 18 illustrate the peak strain developed in the geotextile reinforcement at
different time instants as the GRA wall with backfill cohesion of 5 kPa, 10 kPa and 16 kPa,
respectively, is subjected to 1995 Kobe earthquake motion. The results indicate that an increase in
backfill cohesion and reinforcement stiffness reduces the maximum reinforcement strain.
Furthermore, the findings show that the maximum reinforcement strain occurs within the first 15
seconds of the Kobe 1995 motion for all reinforcement layers. However, it may be interestingly
noted that the strain magnitude is lower in the upper layers, and the peak reinforcement strain
occurs in lesser time duration in these layers. This behavior is attributed to the upward propagation
of seismic waves, causing the top layers to experience motion and deformation earlier due to their
proximity to the free surface. Additionally, higher amplification in the uppermost layers, combined
with lower overburden pressure, leads to a greater tendency for reinforcement pullout. In contrast,
the strain magnitude is significantly higher in the bottom two-thirds of the wall, where greater
confinement and stress accumulation result in higher reinforcement strain. As shown in Figures
16, 17, and 18, the reinforcement strain increases nonlinearly over time until it reaches its peak
and then transitions to a residual state. This behavior qualitatively follows the applied earthquake
ground motions that typically exhibit a high-intensity shaking at the beginning followed by a
gradual reduction in amplitude. As the seismic loading decreases, the reinforcement strain
stabilizes to its residual state, thereby indicating a permanent deformation in the reinforcement at
the end of the shaking.
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Fig. 16 Temporal evolution of peak reinforcement strain in the GRS wall with marginal backfill
having cohesion of 5 kPa and reinforcement stiffness of (a) 810 kN/m (b) 1051 kN/m (c) 1420
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4.6. Potential Failure Plane in GRS Wall with Marginal Backfill

The potential failure surface in any retention structure is typically determined from the locations
of maximum shear strain or plastic strain developed in the backfill and the reinforcements [44]. In
GRS walls, while the reinforced zone is treated as a single block in external stability analysis,
internal stability assessment necessitates evaluating the potential failure surface within the
reinforced zone. This is critical to identify the reinforcement carrying the maximum axial load and
its typology of failure, thereby indexing the reinforcement having the potential to failure. Such
evaluations are important for optimizing the tensile strength of reinforcement layers, ensuring
efficient material use, and avoiding overdesign, which could lead to unnecessary economic issues.
In general, the locus of the peak strains occurring in the reinforcement layers coincide with the
peak load developed in the corresponding reinforcement layers [45]. Hence, under dynamic
conditions, it is a common practice to identify the potential failure line following the locus of the

peak reinforcement load developed in various geosynthetic reinforcement layers [44-46].

The lateral stress at the PGA (i.e. 7 second time instant) of the Kobe 1995 earthquake motion is
considered to illustrate the stress concentration pattern within the GRS wall system. As shown in
Fig. 19, the concentration of lateral stresses is most prominent in the bottom half of the GRS wall
fascia. This is primarily because the lower portion of the wall carries the highest overburden
pressure from the retained and reinforced fill above it, in addition to the inertial forces generated
during seismic loading. The combined effect of these vertical and horizontal forces leads to higher
confinement and greater stress transfer toward the fascia in this zone. As the height increases
toward the top half of the wall, the magnitude of overburden pressure decreases. Consequently,
the lateral stress concentration diminishes in this region, as less soil mass contributes to seismic
inertial loading and confinement is relatively lesser. A second zone of stress concentration is
observed near the interface between the reinforced fill and the retained fill. This arises due to the
stiffness contrast between the two zones: the reinforced fill, being confined by reinforcement,
resists lateral deformation more effectively, while the retained fill undergoes relatively larger
displacements. This differential movement generates stress concentration along the interface,

reflecting the transfer of seismic-induced forces across the boundary.
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Fig. 19. Lateral stress distribution from dynamic analysis of a GRS wall with ¢, = 10 kPa and Er
= 1420 KN/m at PGA (i.e. at 7" second time instant)

Following the established guideline, in the present study, Fig. 20 illustrates the potential failure
surfaces recognized by following the locus of the peak reinforcement load trajectories for GRS
walls, with various combinations of backfill cohesion and reinforcement stiffness, developed under
various types of analyses. It can be noted from Fig. 20 that across all analyses and variations in
backfill and reinforcement materials, the bottom one-third of the wall consistently indicates the
locus of peak reinforcement load, i.e. the potential failure plane, situated near the wall fascia (0.7
m from wall face). This is primarily due to tensile failure in the reinforcements caused by
significant overburden pressure. Additionally, the flexible behavior of the wraparound face allows
stress to be released at the wall face, while the restrained portions of the reinforcement relatively

away from the face sustain higher stresses.

At the uppermost layers, the potential failure surface again shifts closer to the wall face. This
behavior is attributed to the cohesive nature of marginal backfill soils, which tend to generate
tensile crack at the top of the wall if reinforcement is not provided. Consequently, the maximum

reinforcement load is mobilized nearer the face as representatively shown in Fig. 21 for a GRS
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wall with varying backfill cohesion and reinforced by geosynthetics of stiffness 1420 KN/m. Fig.
21(d) shows that the potential failure surfaces developed in the GRS wall. It may be comprehended
that the variation in backfill cohesion does not significantly alter the potential failure surface, while
reinforcement stiffness is found to have recognizable influence (as shown in Fig. 20). In the mid-
height section of the GRS wall, the potential failure surface is found slightly far from the wall face,
which is attributed to the reduction in overburden stress due to the relaxation induced by the

outward flexible deformation of the wrap-face.

It is a common practice to design the GRS walls based on the internal stability analysis conducted
with an assumed failure surface passing through the reinforcement, and in most cases, the
Rankine’s failure surface for the active state is used for the assessment [47]. It may be clearly
noted from Fig. 21(d) that the potential failure surface obtained from dynamic analysis is
approximate with Rankine’s triangular wedge failure theory. Not only for the dynamic analysis, it
may be noted from Fig. 20 that the potential failure surface for the pseudo-static analysis is also
approximately matching with the commonly assumed Rankine’s failure surface even though the
location of failure pattern does not follow the exact triangular wedge failure. Even the failure
surface developed through the GRS wall does not ideally follow the Rankine’s failure surface
which is more suitable for the backfill soils without any other composite inclusions. Hence, the
conventional practice of conducting internal stability analysis of GRS wall considering a Rankine
failure surface based on the frictional characteristics of the backfill [5] needs modification,

especially for a wrap-faced GRS wall structure, that too from an analysis perspective.
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6 CONCLUSIONS

This study conducted two-dimensional numerical simulations to analyze the effects of parametric

variations in reinforced zone backfill soil cohesion and reinforcement stiffness. The seismic

analysis of wraparound-face GRS walls with marginal backfill soils focused on key factors

influencing wall stability, wall face deformation, reinforcement force, acceleration amplification

along wall height and reinforcement strain under static, pseudo-static, and dynamic conditions.

The findings show the critical role of reinforcement stiffness and backfill cohesion in seismic

performance. Based on the present study, the following conclusions can be drawn:

Due to the outward movement of the wrap-faced GRS wall, under gravity loading
condition, the retained fill exhibits a triangular failure wedge whose inclination is
substantially flatter (45° from the present study in comparison to 60° from Rankine’s
theory), owing to the alteration of the natural failure mechanism and the constraint
provided by the GRS wall itself. On the other hand, the reinforced fill exhibit a potential
bilinear failure mechanism due to the stabilizing effect from the embedded geotextile
reinforcements.

Reinforcements of higher stiffness leads to distribution of shear stress in the reinforced fill,
thereby restraining the displacement in the GRS wall. At the critical stability stage during
pseudo-static loading, the presence of wrap-faced GRS wall confines the maximum shear
strain bands deep within the retained fill.

Compared to static analyses, the dynamic time-history analyses approximately exhibits an
approximately 1.5 times higher SRF (computed just beyond the time to PGA). This is
phenomenological system stability is attributed to stress reversals, cyclic interlocking,
energy dissipation, and redistribution of stresses within the reinforced marginal backfill. In
comparison to the reinforcement stiffness, cohesion of the marginal backfill is found to be
more influential in enhancing the stability under dynamic conditions.

Under pseudo-static conditions with PGA-based time-independent acceleration
coefficients, even if the wrap-faced GRS wall exhibit a substantial stress-based failure
marked by SRF < 1, yet the dynamic time-history analysis can exhibit sufficiently high
SRF owing to the cyclic stress reversals, stress redistribution within the reinforced fill and

momentary occurrence of PGA. This understanding further renders the conservativeness
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of pseudo-static analysis in design practices, often leading to cumbersome and
uneconomical designs.

Under static conditions, wall-face displacement is minimally affected by backfill cohesion
or reinforcement stiffness, with a maximum variation of only 5 mm, reflecting the limited
influence of marginal backfill strength parameter on lateral deformation. Due to additional
inertial forces, pseudo-static assessment expectedly shows higher lateral displacement of
the wall. The displacement magnitude is found to be prominently influenced by the change
in reinforcement stiffness, although the effect gets diminished at higher magnitudes of
marginal backfill cohesion.

Due to internal damping of the flexible wrap-faced GRS wall system, the maximum lateral
displacements of the fascia gets reduced by at least 30%-50% of that observed in
comparison to the corresponding pseudo-static analysis. This finding highlights the
conservativeness of the pseudo-static assessments towards the response of flexible wrap-
faced GRS wall.

Although an increase in the mobilized peak reinforcement load is noted with the increase
in reinforcement stiffness under pseudo-static loading, yet the variability is only marginal
in case of dynamic assessment. Rather, under dynamic conditions, a three times increment
in the marginal backfill cohesion is found to effectively reduce the mobilization of peak
reinforcement load by approximately 1.4 times through energy dissipation and reduced
friction mobilized at the soil-geosythentic interface.

A noticeable amplification of peak acceleration, in the range of 2.5-4, is noted from the
bottom to the crest of the wrap-faced GRS walls. The AAF achieves higher values along
the wall face, nearly 1.5-2 times of that at the reinforcement ends, which is primarily
attributed to the reduced confinement and greater fascia flexibility. The influence of the
backfill cohesion on the variability of AAF is more prominent over the ones at the
reinforcement ends.

Increment in the cohesion of the marginal backfill and the reinforcement stiffness reduces
the peak reinforcement strain. For any parametric state considered, the peak strains in any
of the reinforcement layer consistently mobilized within the first 15 seconds of the Kobe

1995 motion, i.e. soon after the time to PGA of the input motion.
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« Higher amplification and lower overburden in the upper layers lead to earlier and lower
peak strain, whereas the bottom two-thirds of the wall experience greater confinement and
stress accumulation, resulting in higher strain that follows a nonlinear time history before
stabilizing to a residual state.

« Potential failure surfaces are identified as the locus of the maximum shear strains or peak
reinforcement load developed in the reinforcements. It is found to consistently develop at
the bottom one-third of the wall, situated near the wall face (approximately 0.7 m from the
face) across all analysis types, primarily due to achieving the tensile capacity of the
reinforcement under combined overburden and seismic loading. For the upper one-third of
the wall height, the potential failure surface takes different loci, depending on the type of
analyses, backfill cohesion and the reinforcement stiffness.

e The potential failure surfaces identified under pseudo-static and dynamic time-history
analyses exhibit an average agreement to the alignment of Rankine’s active failure line,
thereby indicating that the latter can be considered for a preliminary design and analysis.
However, the stark differences between the potential failure surfaces identified for the GRS
walls under static, pseudo-static and dynamic analyses calls for greater scrutiny on the
response of such walls so that their potential failure and their corresponding vulnerable
hotspots can be prudently captured. Such a step would aid proper and detailed design,
rectification or restoration measures to be adopted for wrap-faced GRS walls with marginal
backfill.
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