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Abstract

In India, Mechanically Stabilized Earth (MSE) walls are used extensively for flyovers in highways, slope protection works,
and railway and airport projects. Recently, many failures of MSE walls have been reported and these wall failures resulted in
excessive deformations or collapsed altogether. The primary causes could be insufficient or improper design and construction.
In particular, a focus on stability analysis and design is needed. This study focuses on detailed static and seismic stability
analysis taking into consideration the effect of various vital parameters. This study mainly aims at numerical modeling using
FEM and analytical calculations as per the guidelines of AASHTO, BS8006, and China railway code TB10025. Parametric
analysis has been carried out using a numerical tool GEOS5, considering the effect of soil type, wall-fascia inclination, the
vertical spacing between reinforcements, soil reinforcement interaction, the tensile strength of reinforcement, and surcharge
magnitude. Internal stability results of Modular Block Reinforced earth retaining wall (MBW) obtained from AASHTO, BS
8006, and China Railway code TB 10025 design guidelines, show that safety factors against pullout and rupture are in close
range. Backfill soil with well-graded gravel (GW), well-graded sand (SW), and poorly graded gravel (GP) has yielded good
results for internal stability. The Factor of Safety (FS) against pullout failure is reduced by 15-50%, as the inclination angle
increases from 50" to 90". FS values against pullout, rupture and slip are higher for a greater number of reinforcements. FS
values against pullout, rupture and slip are higher for a greater number of reinforcements. Pullout and slip resistance in the
reinforcement is independent of the tensile strength of the reinforcement. For lesser magnitudes of surcharge, FS against
pullout, slip, and rupture is maximum. The conclusions derived from the results of this study give a better idea of understand-
ing the behavior of the MSE wall associated with geotechnical materials.
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Introduction

Mechanically Stabilized Earth (MSE) walls are retaining
walls that can restrain lateral forces by providing alterna-
tive layers of reinforcement behind the facing wall, which
is compacted with soil to form an integral part to prevent
deformation. The shear stress developed on reinforce-
ment produces tension in reinforcement, which leads to
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confinement to the soil and results in a decrease in soil
deformation and an increase in the shear strength of the soil
[1]. MSE walls help in resisting horizontal and lateral deflec-
tions. In addition, these are relatively tolerable structures for
earthquakes [2]. Reinforced Earth Retaining walls are used
extensively because of their cost-effectiveness and ability to
withstand much larger differential settlements than conven-
tional reinforced concrete retaining walls. These walls are
composed of backfill, reinforcing elements, and facings. The
most common non-metallic reinforcements are geogrids,
explicitly designed to provide soil reinforcement. Some of
the advantages of MSE walls with geogrid reinforcement
are their durability, simplicity, and rapidity of construction
[3]. Failure of an MSE wall can be attributed to poor back-
fill, insufficient length and strength of the reinforcement,
inadequate provision of drainage, sudden drawdown of the
water table, and weak foundation soil [4]. The common
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and general methods of stability analysis are an analytical
method, limit equilibrium method, and numerical method
in which the limit equilibrium method considers the soil as
a perfectly plastic and rigid material [5].

Since the early 1970s, many MSE walls have been con-
structed worldwide. Recently, however, many failures of
MSE walls are being reported in most of the literature.
Wall failures mentioned in the literature resulted in exces-
sive deformations or collapsed completely. The primary
causes may be insufficient or improper design and con-
struction. In particular, a focus on stability analysis and
design is needed. In MSE walls, reinforcements retained
and reinforced fill soil, facing panels, and leveling pads
play a vital role in stability analysis. Most of the failures
are due to these parameters. Forensic engineers special-
izing in failures of MSE walls suggest that 1-3% failed
out of 2,00,000 walls worldwide [6]. Thus, approximately
4000 walls have problems as per data presented in [6].
Proper internal and external stability analysis checks
should be carried out to avoid these failures. Yang et al.
[7] carried out a seismic internal stability study of GRESs
under two-dimensional idealized conditions. The appropri-
ate strength and length of reinforcement of three-dimen-
sional GRESs are determined taking into account the
pseudo-static seismic loads in this analysis. The findings
are contrasted with ideal two-dimensional solutions and
presented in the form of stability charts for illustrative
and simple implementation purposes. Konnur et al. [8]

discussed the stability and wall movement of the new MSE
wall built on a main state highway in Central Texas using
the GEOS 2016 finite element (FE) analysis and slope sta-
bility limit equilibrium analysis (LE). Internal and external
stability checks are being carried out from the finite ele-
ment and limit equilibrium analysis with critical failure
surfaces and movement of the MSE wall.

The safety factors arising from both analyzes are com-
pared. Hulagabali et al. [9] compared the FEM results with
the analytical results of the MSE wall. The finite element
computer program, GEO5 FEM is used for numerical
model development and the GEO5 MSE (as per AASHTO)
is used for the analytical method. For horizontal and ver-
tical deformations, the MSE walls are evaluated with the
length of reinforcement. Geogrid reinforcements are tested
for safety factors in terms of pullout failure and rupture
and for three different backfill soils against the height of
the wall. The global safety factors obtained from the FEM
and AASHTO method are compared to each other for three
different soils with different lengths of reinforcement.
The main objective of this research paper is to study the
effect of different parameters such as., fill soil, wall fascia
inclination, vertical spacing between reinforcements, soil-
reinforcement interaction, tensile strength of reinforce-
ment and surcharge magnitude on the internal stability of
MBW under the static and seismic loading conditions. The
detailed flow chart for the present study is shown in Fig. 1.
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Fig. 1 Flow chart for the present study
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Modeling of MBWs using GEO5

In these walls, modular blocks are used one over the other as
facing panels. In this study, MBW is modeled using GEO5
software to analyze internal stability for different scenarios.
Various significant parameters are considered to analyze the
wall. GEOS is a powerful tool, which allows users to analyze
the wall in two and three-dimensional planes. It has also a
user-friendly graphical user interface, which helps design-
ers and researchers to solve complicated wall geometry in a
short duration of time and with maximum accuracy. Active
earth pressure calculations are being carried out using Cou-
lomb’s analysis. It enables the user to select appropriate wall
geometry and different types of terrain to suit field condi-
tions. Different soil types classified as per USCS are prede-
fined in the software and user-defined soil properties can be
included in the modeling. Surcharges in terms of variable,
accidental, and static can be used. Wall can also be analyzed
by applying external forces and moments. Pore water pres-
sures may be introduced in the analysis by the inclusion of a
water table in the backfill. Seismic analysis is carried out by
adopting the coefficient of horizontal and vertical accelera-
tion as 0.1 and 0.5. Seismic active earth pressure is based on
the Mononobe-Okabe method.

Internal stability analysis is carried out using AASHTO
[10] (Extensible-Straight Slip Surface), BS 8006 [11], and
TB 10025-2006 Railway China code [14] recommenda-
tions. For internal stability analysis, each reinforcement in
the reinforced block of the wall is checked against slip, pull-
out, and rupture. Parametric analysis is carried to study the
effect of various significant factors on the performance of the
wall. The following flow chart explains the research design
method adopted for the analytical study.

Geometry of Wall

For the analysis, a 20 m height modular block wall is con-
sidered. Details of wall geometry are given in Table 1. The
foundation or leveling pad used in the modeling is 1 m in
height, 5 m in width, and has an offset of 1 m. Backfill is
assumed to be horizontal. Detailed components of reinforced
earth wall and the geometry of the modular block wall are
shown in Fig. 2a, b, respectively.

Reinforcement Details

In this analysis, reinforcements of different tensile strength
are considered. In the parametric analysis, reinforcements of
varying tensile strength are considered to know their effect
on the wall behaviour. Reduction factors are considered
to incorporate creep, durability and installation damage.

Table 1 Details of MBW components used for analysis

Parameters Value Unit
Wall height 20 Meters
Block height 0.25 Meters
Block width 0.5 Meters
Number of blocks 80 -
Block offset (Wall facing inclina- 0 Meters
tion)
Foundation height 1 Meters
Foundation width 5 Meters
Foundation offset 1 Meters
Backfill inclination with the hori- 0 Degrees

zontal plane

Ultimate strength (7,,;,) of reinforcement is reduced by apply-
ing reduction factors to obtain long-term design strength
(T;rps) of reinforcement. Details of reinforcement are given
in Table 2.

Details of Backfill and Reinforced Soils

Backfill and reinforced soil properties are selected based on
the recommendations of AASHTO, FHWA and NCMA [13].
Six types of soils are considered which possess good angles
of internal friction and unit weight as shown in Table 3.
In the analysis of the wall, soil selected for both backfill
and reinforced block are the same. MSE wall require high-
quality backfill for durability, good drainage, compactability
and high shear transfer from the reinforcement. Cohesionless
materials are used and soils with high clay content are elimi-
nated. FHWA (1998) recommends the gradation limits for
backfill in the reinforcement zone as shown in Table 4 and
Table 5. Also, NCMA, 2012 recommends the selection of
backfill material as shown in Table 6. Particle size distribu-
tion curves for the considered backfills are shown in Fig. 3.

Modular Block Facing

Facings of MSE walls are covered with modular blocks
with plain concrete of unit weight of 23 kN/m?>. 80 blocks
are used which are arranged vertically one over the other.
Vertical thickness of each block is 250 mm and the width
is 500 mm. In the initial analysis, the offset of the block is
kept zero. Later, to know the effect of block offset on wall
performance, it is varied as 0.05, 0.10, 0.15 and 0.20 m.
For every change in block offset there is a change in wall-
facing inclination. Effect of offset and wall fascia inclination
on the internal stability of the wall is discussed in detail in
Sect. "Effect of the Wall-Facing Inclination".
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Fig.2 a Components of Reinforced Earth Wall. b Geometry of MBW used for analysis

Table 2 Description of different
reinforcements used for analysis

Table 3 Properties of backfill
soils used in the analysis
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Natural Soil]
() (b)
Type of Reinforcement T, (kKN/m) RFq RF, RFp FSync T, rps (kKN/m)
Extensible 63.8 1.72 1.1 1.25 1.5 18
92.1 1.72 1.1 1.25 1.5 26
138.1 1.72 1.1 1.25 1.5 39
184.1 1.72 1.1 1.25 1.5 52
Soil Properties Units Soil Types as per Unified Soil Classification System
(USCS)
SM* SP® SWe GM‘ GP* GwW!
Unit weight (y) kN/m? 18 18 20 19 20 21
Angle of internal friction (¢) Degrees 29 33 36 34 38 40
Cohesion (C) kN/m? 5 5 Zero 4 Zero Zero
Poisson’s ratio (1) - 0.3 0.28 0.28 0.30 0.20 0.20
Deformation modulus (E) MPa 10 25 37 70 145 320
Design bearing capacity kPa B<0.5m
175 160 195 250 260 325
B<lm
225 225 325 300 420 520
B<3m
300 390 520 400 550 650

4SM Silty Sand

5SP Poorly Graded Sand
°SW Well Graded Sand
4GM Silty Gravel

°GP Poorly Graded Gravel
'GW Well Graded Gravel
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Table 4 Gradation requirements
(FHWA 1998) [12]

US Sieve size Percent

passing

(%)

4 inches (102 mm) 100
No. 40 (0.425 mm)  0-60
No. 200 (0.075 mm) 0-15

Table 5 Other backfill properties requirements

Static and Seismic Analyses

Wall analysis is carried out for both static and seismic analy-
sis. Wall may be built in earthquake-prone areas, where the
magnitude of the earthquake may be very high. To incorporate
the effect of least to high magnitude seismic effects, pseudo-
dynamic analysis with varying horizontal and vertical coef-
ficient of earthquakes are considered for analysis. Seismic

Property Requirement
Angle of friction (AASHTO T 236) >34°
Plasticity Index, PI (AASHTO T 90) PI<6%

Soundness (AASHTO T 104)

The material shall be substantially free of shale or other soft, poor

durability particles. The material shall have a magnesium sulphate
soundness loss of less than 30% after four cycles

Table 6 Selection of backfill material as per NCMA recommendations (NCMA, 2012)

Unified Soil Classification Effective angle of
shearing resistance

Shear strength when
compacted and satu-

Frost-heave potential Comments

©) rated
GW, GP 37-42 Excellent to good Low Recommended for backfill
GM, SW, SP 33-40 Excellent to good Moderate Recommended for backfill
GC, SM, SC, ML, CL 25-32 Good to fair Moderate to High Recommended for backfill with additional
criteria
MH, CH, OH, OL N/A Poor High Generally, not Recommended for backfill
Pt N/A Poor High Not Recommended for backfill
Fig. 3 Particle size distributi Coarse Medium
g article size distribution #40 #4200 SILT/CLAY

curves of backfill soils consid- 100 &
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coefficients considered for the analysis are 0.1 to 0.5. Seismic
coefficients may be defined for the horizontal and/or vertical
directions. The seismic coefficients are dimensionless coef-
ficients that represent the (maximum) earthquake accelera-
tion as a fraction of the acceleration due to gravity. If seismic
coefficients are defined, a seismic force will be applied to the
reinforced block as follows:

to 10%. For, this analysis, the vertical spacing of reinforce-
ments of 0.05H (20 reinforcement layers) is considered. It
is observed from Fig. 5, that pullout resistance in the top
reinforcement layers is less compared to the bottom layers.

Results obtained for the three guidelines are in good
agreement except for slight changes for the middle portion of
the wall, as the failure pattern assumed are different. Maxi-

Seismic force = Seismic coefficient X block weight = seismic coefficient X area of block X unit weight of the block.

The horizontal seismic coefficient is always positive. The
vertical seismic coefficient may be either positive or negative.
A positive vertical seismic coefficient represents a vertical
seismic force directed downwards. A negative vertical seismic
coefficient represents a vertical seismic force directed upwards.
The effect of a vertical seismic force is less obvious. A vertical
seismic coefficient may either decrease or increase the safety
factor since the vertical seismic force affects the normal stress,
and hence the shear strength.

Internal Stability Analyses as per AASHTO,
BS 8006 and TB 10025

MBW is analyzed for internal stability using three significant
recommendations given by AASHTO, BS 8006 and China
Railway code TB 10025. This study is carried out for the pur-
pose of validation, such that further parametric analysis can be
carried out using any of the above methods. Location of failure
surface in the above recommendations varies according to the
assumptions made. In AASHTO guidelines, failure surface
pattern for extensible (Geotextile or Geogrid) and inextensible
(Steel) reinforcements are different. For extensible reinforce-
ment assumed failure pattern is shown in Fig. 4a BS 8006,
which considers a two-part wedge analysis for internal stabil-
ity calculations as shown in Fig. 4b. Failure wedge recom-
mended by China railway code TB 10025 is shown in Fig. 4c.
In AASHTO guidelines, the failure surface is inclined at an
angle =45+ /2 with the horizontal. Failure surface divides
the reinforced block into active and passive zones. AASHTO
method is also called as tie-back wedge methods, where the
failure surface linearly increases from the bottom to the top
of the wall. surcharge with magnitude 100 kPa is considered.
AASHTO guidelines work on the principle of straight slip
surface, whereas, BS 8006 and TB 10025 works on coherent
method and its modified form. FS against pullout failure as
shown in Fig. 5 and rupture as shown in Fig. 6 are calculated
for both static and seismic analysis.

FS Against Pullout Failure
In the middle portion of the wall (from height 5 m to 15 m),

percentage difference in pullout safety factors is around 5

@ Springer

mum safety factor for pullout resistance for static analysis is
observed to be 138. For seismic analysis, the coefficients of
the earthquake are considered as 0.1 and 0.5. It is observed
that FS obtained with a seismic coefficient 0.1 are almost
the same as static analysis. Whereas pullout safety factors
w.r.t seismic coefficient of 0.5 are less. From Fig. 5b, it is
seen that safety factors for pullout failure with a seismic
coefficient of 0.1 are 30.30, 31.92 and 26.42 for AASHTO,
BS 8006 and TB 10025 respectively for the 10" layer. For a
seismic coefficient of 0.5, safety factors obtained are 12.23,
12.88 and 10.66 for AASHTO, BS 8006 and TB 10025,
respectively.

FS Against Rupture

It is understood that, from AASHTO guidelines, the failure
wedge pattern varies linearly from the bottom to the top of
the wall. Because of this assumed pattern, FS for rupture is
also varying linearly, except for some minor variations in the
topmost and bottom layer as shown in Fig. 6.

This variation may be due to lesser and very high over-
burden pressure at the top and bottom layer respectively.
Also, it is observed that safety factors from the three guide-
lines for rupture are in good agreement except in the top
portion of the wall. It may be due to assumed failure patterns
in these recommendations. Ultimate tensile strength of rein-
forcement is taken as 184.1 kN/m. Wall with more reinforce-
ments gives better safety factors against rupture compared
to lesser reinforcements. From the Fig. 5, it is observed that
the tensile safety factor as per BS 8006 and TB 10025 codes,
has taken slight deviation from the AASHTO guidelines at
the top 25% of the wall. It is also observed that there is a
sudden increase in FS against rupture at the bottom layer as
shown in Fig. 6. This deviation is due to the restraint at the
bottom layer.

Observations and Discussions

Results obtained from the most widely used design guide-
lines for the internal stability of MBW show that safety
factors against pullout and rupture are in close range.
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Factor of Safety against Pullout Failure
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Fig.5 FS against pullout failure as per AASHTO, BS 8006 and TB 10025 a Static Analysis b Seismic Analysis

Factor of Safety against Rupture

0 1 2 3 4 5 6
1 1 1 " 1 1 1
E o4
2
8 Coherent [e]
Z'm' P Gravity Method
a 5+
[e] . .
- Straight Slip
£ Method
(<]
L 104
E
c
Re]
T 151 20 Layers
ﬁ —0— AASHTHO
= P\ —A— BS 8006
‘g" 20 - —#— TB 10025

Fig.6 FS against rupture as per AASHTO, BS 8006 and TB 10025

Pullout resistance decreases gradually from the top to
the bottom of the wall. It is maximum in the bottom lay-
ers, as overburden pressure in the bottom layers will be
maximum. Whereas rupture is minimum in the bottom
layers of the wall and more in the top layers. For the
higher reinforcements in the reinforced soil zone, safety
factors for tensile and pullout failure obtained are more.
This is due to different assumptions made only in internal
stability analysis. In this section, a validation study has
been carried out, which helps to carry out the parametric
study further.

@ Springer

Parametric Studies on Internal Stability
of MBWs

After a successful validation study, key parameters for the
design of modular block walls are identified and detailed
parametric analysis is carried out. Parameters considered to
study the internal stability analysis of a wall under static and
seismic conditions are filled soil types, wall-facing inclina-
tion, vertical spacing of reinforcements, soil-reinforcement
interaction, tensile strength of reinforcement and surcharge
on the backfill of the wall.

Effect of Fill Soil Type

Internal stability of the wall is carried out by considering
the length of the reinforcements as 14 m and vertical spac-
ing between reinforcements as 2.5 m. Backfill is assumed
to be horizontal. As discussed earlier, internal stability
can be carried out using many popular guidelines such as
AASHTO, BS 8006, TB 10025 China Code, and FHWA.
In this analysis, AASHTO recommendation are considered
for internal stability checks. FS against pullout and slip for
different backfill soils are presented in Fig. 7. FS against
rupture resistance is presented in Fig. 8.

FS against Pullout Failure

Reinforcements are numbered from bottom to top of the wall
in increasing order (1-8) as is seen in Fig. 7. Pull-out resist-
ance is maximum in reinforcement number 1, as total over-
burden stress is maximum at the bottom layer, whereas at the
top layer (reinforcement #8) pull-out resistance is very less
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because of lesser overburden pressure. The maximum safety
factor against pullout failure is near 29 in the bottom rein-
forcement for static conditions. Even in this case, the earth-
quakes have a significant effect on the pullout resistance. In
reinforcement number #1, FS against pull-out resistance is
near 27 for an earthquake efficiency of 0.5. FS against pull-
out failure has gradually increased from the top to the bot-
tom of the wall. FS against slip gradually increased from the
bottom to the top of the wall. In the middle reinforcements,
the difference between static and seismic pullout safety fac-
tor is higher compared with end reinforcements as shown
in Fig. 7e, f. FS safety for pullout failure depends on both
reinforcement and backfill properties. Pullout safety factor
in the MSE wall is mobilized due to the interaction between
the reinforcement and the backfill soil. It is the combina-
tion of frictional and passive resistance. Pullout resistance is
directly related to interface shear strength parameters (Inter-
face friction angle and cohesion).

FS against Slip Along the Reinforcements Slip resistance
observed from Fig. 7a—f, is maximum near the top of the
wall and less in the bottom layers of the wall. Slip resistance
depends upon the slip failure surface assumed as per Tie
back wedge method used by AASHTO. The portion of rein-
forcements in the active zone is responsible for slip resist-
ance as shown in Fig. 4a. Failure surface has a triangular
distribution that increases from the bottom to the top of the
wall. As it is seen from Fig. 4a, the percentage of reinforce-
ments involved in the active zone for slip resistance is maxi-
mum in the upper portion of the wall and less in the bottom
portion of the wall. From Fig. 7a—f, it is observed that the
maximum safety factor against slip is nearly 30, for rein-
forcement #8 (top layer) with well-graded gravel as backfill.
In reinforcement #8, the least safety factor against slip is
nearly 10, for a seismic coefficient of 0.5, for all types of
backfill. Slip resistance decreases towards the bottom of the
wall with safety factor values ranging from 1 to 5, at rein-
forcement #1, for both static and seismic conditions, with all
six types of backfill soil.

FS against Rupture

Ultimate tensile strength of the reinforcement is taken as
184.1 kN/m. FS against rupture mainly depends upon the
tensile strength of reinforcements. In this study, the greater
interaction between backfill and reinforcement, the higher is
the safety factor for rupture. As, the angle of shearing resist-
ance of soil increases, the safety factor for rupture increases.
For well-graded gravel as backfill, the highest safety factor
against rupture is recorded at almost 1.7. Denser reinforce-
ments will have better resistance against rupture, which is
discussed in later sections. Resistance to rupture should be
greater than 1.5. In static loading conditions, more safety

Offset

i

Offset

Fig.9 Definition of offset used in the analysis

Table 7 Offsets and inclination angles used for analysis

Offset used (m) 0 0.05 0.10 0.15 0.20
Angle of inclination (f, °) 90 80 70 60 50

factors are achieved. But safety factors against rupture
decreases for seismic conditions. Especially for a seismic
coefficient of 0.4 and 0.5, a safety factor is less than 0.5 for
all backfill types as seen from Fig. 8a—f FS against Rupture
is minimum at the bottom reinforcement layers of the wall.
Rupture capacity of reinforcement depends upon the failure
surface assumed during the analysis. It also depends upon
the ultimate and long-term design tensile strength of the
reinforcement. As it is seen from Fig. 8a—f, factor of safety
against rupture is not much affected by the backfill material,
as it is mainly dependent upon the tensile strength of the
reinforcement.

Effect of the Wall-Facing Inclination

Wall-facing inclination is achieved by changing the offset
between two consecutive modular blocks. ‘Offset’ is the dis-
tance between the outer edge of the two consecutive blocks
as explained in Fig. 9. Details of offset used in the analysis
are shown in Table 7 and Fig. 10. Wall fascia inclination
should be given based on the site profile. Backfill soil is
considered as Well Graded Gravel (GW). Tensile strength
of reinforcement, length and spacing are 184.1 kN/m, 0.7H
and 0.125H, respectively. Coefficient of interaction is 0.85.
Surcharge of 100 kPa is applied on the horizontal backfill.

FS Against Pullout Failure

Figure 11a, b, present FS results obtained for pullout fail-
ure resistance obtained for seismic coefficients of 0.5. It
is observed from the results, FS against pullout failure is
maximum at the bottom layers. It is understood that pull-
out resistance is directly proportional to effective vertical
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Fig. 11 FS against pullout failure with different wall-facing angles a Static Analysis b Seismic Analysis (k;, & k,=0.5)

overburden pressure. Maximum FS against pullout failure
is observed to be 250 at reinforcement #1 with wall incli-
nation, #=50° and static loading condition. As the facing
angle decreases FS against pullout failure increases. Very
minimum resistance for pullout capacity is observed in
the top layers of the wall. When the inclination of wall
facing start reduces from 90°, percentage distribution of
reinforcements in the passive zone will be maximum and
minimum in the active zone. Hence, it is seen from the
results that, lesser the wall-facing angle, greater is the
pullout resistance. For a seismic coefficient of 0.5, the
maximum FS against pullout failure is 170. As observed
from Fig. 11a, b, FS for pullout failure is maximum for
wall with = 50°, and minimum for wall with vertical face

(B=90").

FS Against Rupture As shown in Fig. 12, for a wall with
a facing angle =50, FS against rupture is maximum at
the top layers and gradually decreases in the bottom lay-
ers. Maximum FS against rupture was observed to be 15 in

@ Springer

reinforcement #7 at the top portion of the wall with a facing
angle of 50° and static loading conditions.

Slight variation in the FS against rupture among eight
reinforcement layers is observed for walls with facing angle
of 60" and 50°. It is also observed that there is an almost con-
stant distribution of rupture among all eight layers for wall
fascia angles of 90°, 80" and 70" for both static and seismic
loads. At the bottom portion of the wall, the percentage of
reinforcements in the passive zone is maximum. Therefore,
the safety factor against rupture is maximum at the bottom
layers. Throughout the height of the wall, FS against rupture
is almost constant for wall fascia inclination of 90", 80" and
70°. For p= 50" and 60°, there is a decrease in FS against
rupture.

FS against Slip Along the Reinforcements As it is seen
from Fig. 13, when the wall face is gradually inclined, the
slip resistance of reinforcements reduces by 5 to 6%. For
p=50", slip resistance is very less compared with f=90".
For static loading conditions, maximum slip resistance is
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observed to be 28, in reinforcement #8 as seen in Fig. 13a forcement #8, for a seismic coefficient of 0.5 and minimum
and Fig. 13b for wall with #=90°. Whereas minimum FS  FS observed at reinforcement #1, with a value less than 1.
for slip is observed for =50 at reinforcement #1 (Bottom

layer). From Fig. 12b, it is seen that FS for slip is 9 at rein-
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Fig. 12 FS against rupture with different wall-facing angles a Static Analysis b Seismic Analysis (k;, & k,=0.5)
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Fig. 13 FS against slip with different wall facing angles a Static Analysis b Seismic Analysis (k;, & k,=0.5)
Table 8 Details of vertical spacing of reinforcements used in the analysis
Vertical spacing 0.125H=2.5m 0.1H=2m 0.075H=15m 0.05H=1m
No. of Reinforcements 8 10 14 20
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Effect of Reinforcement Spacing

Reinforcements are used with four different vertical spac-
ing (S,). In the total height of 20 m wall, the vertical spac-
ing of reinforcements and the number of reinforcements are
considered as shown in Table 8. Modular block properties
are kept the same as in the previous analysis. Backfill soil
is considered as well-graded gravel (GW). Ultimate tensile
strength of reinforcement and length are 184.1 kN/m and
0.7H, respectively. Coefficient of interaction is 0.85. Sur-
charge of 100 kPa is applied on the horizontal backfill.
Internal stability analysis is carried out to determine the
FS against pullout failure, rupture and slip. Failure slip sur-
face is considered as per tie back wedge method. Static and

Number of Reinforcement Layers

seismic effects are compared for the pullout failure of rein-
forcements. Figure 14a, shows the results of the safety factor
for pullout failure with static and seismic analysis with k;,
& k,=0.1. Figure 14b, shows the comparison of FS against
pullout failure obtained from seismic coefficients of 0.2 and
0.3. Similarly, Fig. 14c, shows the pullout safety factors
obtained from seismic coefficients of 0.4 and 0.5.

FS Against Pullout Failure
From Fig. 14a, the maximum FS for pullout failure obtained
are 150 with reinforcement spacing (S,) of 0.05H, 100 for

S,=0.075H, 70 for §,=0.1H and 60 for S,=0.05H. From
the results of Fig. 14a, it is clear that there is a 15 to 20%
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Fig. 14 Pullout resistance for wall with varying S, of reinforcements a Static and Seismic, k; & k,=0.1 b Seismic, k, & k,=0.2 and 0.3 ¢ Seis-

mic, k, & k,=0.4 and 0.5

@ Springer



International Journal of Geosynthetics and Ground Engineering

(2023) 9:31

Page150f20 31

decrease in the FS against pullout failure because of a seis-
mic coefficient of 0.1. From Fig. 14b, due to the seismic
coefficients of 0.2 and 0.3, there is a difference in the result
of pullout resistance of 12 to 13%. Maximum pullout resist-
ance obtained from seismic coefficients of 0.4 and 0.5 are
less compared with static and lesser seismic coefficients.
FS against Pullout failure obtained are 15% lesser for the
seismic coefficient of 0.5 when compared with a seismic
coefficient of 0.4.

FS Against Rupture From Fig. 15, maximum FS against
rupture observed is 1.6 at reinforcement #7, with a tensile
strength of reinforcement 184.1 kN/m. There is a difference
of 25% in FS against rupture in between different tensile
strength of reinforcement. FS against Rupture is maximum
at the top portion of the wall. From Fig. 15a—d, it is seen that
resistance for rupture is more with the increase in vertical

Factor of Safety against Rupture

spacing (S,) of reinforcements. For seismic conditions, there
was very little change in the values compared with static
conditions. At the bottom layer, the deviation is more in the
case of reinforcement with ultimate tensile strength 184.1
kN/m as seen in Fig. 15c. FS against rupture is more than 8
for ultimate tensile strength 184.1 kN/m and reinforcement
spacing, S, =0.05H.

FS against Slip Along the Reinforcements From Fig. 16,
maximum slip resistance for reinforcement with vertical
spacing, S,=0.125H, 0.1H, 0.075H and 0.05H are 34, 43,
55 and 72, respectively. Slip resistance is maximum at the
bottom part of the wall as the passive zone to resist slip will
be more. Slip resistance values for reinforcements of differ-
ent tensile strength remained the same as shown in Fig. 16.

Factor of Safety against Rupture
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Factor of Safety against Slip along the reinforcement
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Fig. 16 FS against slip for wall with varying S, of reinforcements

Table 9 Coefficient of interaction (C;) values

S.no Backfill Soil @ 1) C;

1 GW 40° 37.05° 0.9
2 GP 38° 35.11° 0.9
3 GM 340 28.350 0.8
4 SW 36° 31.9° 0.85
5 SP 330 28.9° 0.85
6 SM 290 240 0.8
7 Clay (Not suitable for backfill) 0.6

Effect of Soil-Reinforcement Interaction

For this analysis, reinforcements of length, L=0.7H and
S,=0.05H are considered. Ultimate tensile strength of

Factor of safety against Pullout Failure

reinforcement is 184.1 kN/m and a surcharge of 100 kPa
is adopted in this analysis. Interaction between soil and
reinforcement plays a vital role in the performance of the
MBW wall, especially during the resistance against pull-
out. Coefficient of interaction is given by, C;,=tan d/tan ¢;
where, 6 = angle of friction between soil and reinforcement,
¢ = Angle of internal friction of backfill soil. Softer the soil,
the lesser will be interaction coefficient.

This coefficient varies for different types of soil. Val-
ues used in this study are tabulated in Table 9. Interaction
between soil and reinforcements depends upon the percent-
age of fines in the backfill soils. From the Table 9, Coef-
ficient of interaction (C;) values considered for analysis are
0.9, 0.85, 0.8 and 0.6. For clayey soil, the value of the coef-
ficient of interaction (C;) is taken as 0.6. But clay cannot be
considered as backfill soil as per the recommendations of
AASHTO and FHWA. Percentage fines in the clayey soil
will be more and permeability is very less. Drainage is a big
concern in the case of clayey soil, which can be the cause
for wall failure.

Effect of ‘'C; on FS Against Pullout Failure

Maximum FS for pullout failure is around 60. Seismic coef-
ficient of 0.5 is considered for analysis. For seismic analy-
sis resistance for pullout is reduced by 30 to 35%. From
Fig. 17a, it is clear that FS against pullout failure is very less
for C; value 0.6 (for clayey backfill). Maximum resistance for
20 layers wall system, with a value greater than 100. All the
curves converge at the bottom of the wall. Pullout resistance
is maximum at the bottom layers as the overburden pres-
sure is maximum. Top four reinforcement layers are more
critical for seismic conditions to resist pullout loads with a

Factor of safety against slip along the reinforcement
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Fig. 17 a Effect of C; on FS against pullout failure (20 layers) b Effect of C4 on FS against slip (Seismic, k;, & k,=0.4 and 0.5)
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coefficient of interaction values of 0.90, 0.85, 0.8 and 0.6.
Bottom 50% of reinforcements are safe against pullout fail-
ure. Figure 17a, shows that pullout resistance is maximum
for the reinforcements with the highest ‘C;” value. To obtain
a good representation of pullout resistance values x-axis is
considered with a logarithmic scale. Gravel and sand, as
backfill are the most suitable soil to get better interaction
with reinforcement to achieve higher pullout resistance.

Effect of the ‘C,,’ on FS Against Slip along the Reinforce-
ments Coefficient of direct slip C,;, is considered as 0.7, 0.8
and 0.9. FS against slip is minimum at the bottom reinforce-
ment layers and maximum at the top layers. Slip resistance
is directly proportional to the angle of internal friction of
backfill soil and C,, value. From Fig. 17b, it can be seen that
earthquake has a significant effect on slip resistance. Coef-
ficient of direct slip value of 0.9, shows higher safety factors
against slip. For granular soils, the value of the coefficient
of direct slip is greater than 0.8. Slip resistance offered by
reinforcements also depends upon the internal water present
in the reinforced block. The percentage difference is greater
than 150% between static and seismic load (k, & k,=0.4
and 0.5) as seen in Fig. 17b.

Effect of Tensile Strength of Reinforcement

Internal stability of a wall with respect to different tensile
strength values of reinforcements, FS against pullout failure
and slip are same for all four different tensile strength of
reinforcements, whereas FS against rupture differs as tensile
strength used in the analysis are different.

FS Against Pullout Failure

Pullout resistance in the reinforcement is independent of
the tensile strength of the reinforcement. FS against pull-
out loads mainly depends upon the force developed in the
reinforcement and pullout resistance in the reinforcement.
For all four tensile strength of reinforcement values, pullout
resistance and forces in the reinforcement remains the same.

FS Against Slip along the Reinforcements As is seen from
Fig. 18, FS against slip varies for an increase in a number
of reinforcements. Whereas for all four selected tensile
strength of reinforcement values FS against slip remains
same. This safety factor depends upon the resisting horizon-
tal force along the reinforcement and driving active hori-
zontal force. These parameters are independent of values of
tensile strength of reinforcement. The variation in Fig. 18 is
due to the adaption of a different number of reinforcement
layers.

Factor of Safety against Slip along the reinforcement
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Fig. 18 FS against slip for different tensile strengths of reinforcement
(8, 10, 14 & 20 Layers)

Factor of Safety against Rupture
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Fig. 19 FS against rupture for different tensile strength of reinforce-
ment

FS Against Rupture FS against rupture is determined by
dividing the tensile strength of the reinforcement with
the force developed in the reinforcement. Since four rein-
forcements are used with varying tensile strength values,
FS against rupture varies for different tensile strength of
reinforcement values. 20 reinforcement layers are used as
shown in Fig. 19. Static and seismic scenarios are com-
pared. Seismic coefficient of 0.5 is taken for compari-
son. Due to seismic conditions, there is a decrease in FS
against rupture by 85-90%. Maximum safety factor for
rupture is observed to be nearly 8 with tensile strength
184.1 kN/m for static condition. At the 1st layer (extreme
bottom layer), FS against rupture due to static and seis-
mic loading conditions are very close. This may be due
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to more overburden pressure at the bottom layer. In addi-
tion, bottom layers are attached with levelling pads, due
to which, they are not subjected to excess tension loads.

Effect of Surcharge

To check the internal stability of the wall with respect to
incremental surcharge loads, reinforcement with tensile
strength 92.1 kN/m is considered. Well-graded gravel is
considered as a backfill. 8 reinforcements are adopted with
a vertical spacing of 0.125H to check the effect of surcharge
on the internal stability such as., pullout safety factor, FS
against slip and rupture.

FS Against Pullout Failure

From Fig. 20a, static loading and seismic coefficient of 0.1
is compared for different surcharge loads. Maximum pullout
safety factor is near to 60 for surcharge load of 50 kPa. Per-
centage decrease in pullout safety factor due to an increase in
surcharge loads is 10-12%. There is no significant decrease
in pullout safety factors obtained for the seismic coefficient
of 0.1. Percentage decrease in pullout safety factors due to
the seismic coefficient of 0.1 compared with static loading
condition is 3-5% as shown in Fig. 20a). At reinforcement
#1 (bottom layer of the wall) pullout resistance is maximum.
At reinforcement #1, the pullout safety factor for a surcharge
of 200 kPa is nearly 44. This value is reduced by 4-5% with
the influence of higher seismic coefficients. At the top layer,
the pullout safety factor with respect to different surcharge
loads have very close values for both static and seismic
loading conditions. Pullout FS has increased by 63% from

Factor of Safety against Pullout Failure
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reinforcement #2 to reinforcement #1 for seismic coefficient
0.4 and 0.5 as seen in Fig. 20b.

FS Against Rupture From Fig. 21a, it is observed that maxi-
mum FS for rupture is achieved for a surcharge load of
50 kPa. This FS has been reduced due to the increase in
the surcharge loads. FS against rupture has increased with
a greater number of reinforcements. As shown in Fig. 21a,
for lesser vertical spacing of reinforcements (0.05H), FS for
tensile or rupture resistance are very high, even for greater
surcharge magnitudes.

FS against Slip Along the Reinforcements From Fig. 21b,
a maximum safety factor against slip is observed for sur-
charge load of 50 kPa. It is maximum at the top layers and
less at the bottom layers. Percentage change in safety factor
against slip due to an increase in surcharge load is 10 to
12%. In Fig. 21b, the percentage decrease in FS against slip
due to an increase in surcharge loads is 20-25%. Maximum
FS against slip is 33 at the top reinforcement layer. Bottom
layers show very less FS for slip.

Conclusions

Following are the conclusions drawn from the parametric
study considering the effect of soil type, wall-fascia inclina-
tion, vertical spacing between reinforcements, soil reinforce-
ment interaction, the tensile strength of reinforcement and
surcharge magnitude.

Factor of Safety against Pullout Failure
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Fig. 20 FS against pullout failure for different q values a Static and Seismic, k;, & k,=0.1 b Seismic Analysis, k;, & k,=0.4 and 0.5
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Fig.21 a FS against rupture for different surcharge b FS against slip for different surcharge

e Internal stability results obtained from AASHTO, BS
8006 and China Railway code TB 10025 design guide-
lines for internal stability of MBW, shows that safety fac-
tors against pullout and rupture are in close range. There
is a variation of 10 to 15% between these standard codes.

e Factor of safety against pullout and slip resistance are
higher for backfill with GW. Backfill with SP or GM
shows very close values for a factor of safety against
pullout and slip resistance. Also, backfill with SW or GP
shows nearly the same values of factor of safety against
pullout and slip resistance. With an increase in seismic
coefficient values by 0.1, pullout and slip resistance val-
ues are reduced by 4-5%. FS against rupture is independ-
ent of backfill soil, as the safety factors obtained for all
soils are very close.

e FS against pullout failure is reduced by 15-50%, as the
inclination angle increases from 50° to 90°. FS against
rupture is reduced by 25-50% due to an increase in incli-
nation angle. For higher inclination angles there is not
much influence of seismic effect on rupture. When the
wall face is gradually inclined slip resistance is reduced
by 5 to 6%. For =50, slip resistance is very less com-
pared with #=90".

e For a greater coefficient of interaction between soil-rein-
forcement, higher are the pullout failure safety factors.
Soil-panel friction coefficient can be maintained at least
0.6 to minimize the wall fascia deformations. The coeffi-
cient of interaction between soil reinforcement and coef-
ficient of direct slip can be a minimum of 0.9 to achieve
greater resistance against pullout and slip.

e Pullout and slip resistance in the reinforcement is inde-
pendent of the tensile strength of the reinforcement. FS
against rupture is maximum for higher tensile strength of

reinforcement values. With the increase in magnitudes of
surcharge FS against overturning and sliding of the wall
facing and reinforced block decreases. For lesser magni-
tudes of surcharge, FS against pullout, slip and rupture
are maximum.

Thus, the recommendations derived from the results of
this study give a better idea of understanding the behavior
of the MSE wall associated with geotechnical materials. For
researchers, this study helps to uncover areas in the MSE
wall stability analysis. This research will be beneficial to
MSE wall designers for the selection of appropriate materi-
als in a design.
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