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ABSTRACT: Conventional analysis and design of reinforced soil walls assume that the reinforcement is
subjected to axial pullout. However, kinematics of reinforced soil structures demonstrates that the rein-
forcement is subjected to oblique pull. Mobilization of transverse force due to oblique pull depends on the
stiffness of backfill and the interface friction angle. Few studies demonstrated an improvement in the fac-
tor of safety against pullout by considering the mobilized transverse force for static and seismic loads. In
the present study the seismic stability of a reinforced soil wall is analyzed based on the coherent gravity
failure mechanism. A bi-linear failure surface is considered and the tensile force in the reinforcement due
to static and dynamic earth pressures quantified. Transverse force mobilized due to oblique displacement
of failure wedge is computed along with the improved pullout resistance of sheet reinforcement. Varia-
tions of modified factor of safety against pullout due to horizontal seismic coefficient, backfill stiffness
and oblique displacement are presented. Current study brings out the conservatism of existing seismic de-
sign and analysis methods based on consideration of axial pullout of reinforcement.

Keywords: Horizontal seismic coefficient, Transverse force, Oblique displacement, backfill stiffness,
pullout

1 INTRODUCTION

Geosynthetic reinforced soil walls have performed well during Northridge and Hyogoken-Nanbu earth-
quakes compared to other conventional retaining walls (Tatsuoka et al., 1997 and White and Holtz, 1997).
Tension developed in the reinforcement and displacement at the face of reinforced soil walls after con-
struction is much smaller than implied by current design methods. Failure occurs at a much higher load
than anticipated based on current design methods (Billiard and Wu, 1991). Rimoldi (1988) examined
eight case histories involving reinforced soil walls and slopes using extensible reinforcement and con-
cluded that the current design procedures are over conservative.

The conservatism in conventional design is provided because of uncertainties in construction control,
strength loss in extensible reinforcement and empirical design methods that do not consider rational inter-
actions between individual components of the wall system (Rowe and Ho, 1993). The static and seismic
performance of reinforced soil walls was monitored through instrumentation of in service walls and large
scale and laboratory scale model tests in centrifuge and shake table tests. The external and internal seis-
mic stability of reinforced soil walls and water-front structures subjected to horizontal and vertical seis-
mic accelerations and hydrodynamic forces were analysed for different modes of failure by horizontal
slice method (Choudhury et al. 2007). These studies quantified the length and strength of geosynthetic re-
inforcement required for the stability of reinforced soil wall and angle made by the critical failure wedge
with horizontal for cohesive and cohesion-less backfills.

The kinematics of failure of reinforced soil structures such as walls, embankments, slopes is such that
the failure surface intersects the reinforcement obliquely resulting in oblique pullout of reinforcement in-
stead of axial pull (Figure 1). Magnitude of oblique pull is maximum when wall reaches limit state of ser-
viceability due to excessive loading or seismic event, poor quality of backfill, inadequate bond strength
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between reinforcement and soil, insufficient connection strength and poor construction practices. This
oblique pull can be considered as a combination of transverse and axial pulls. Under the action of trans-
verse force or displacement, the soil beneath the reinforcement mobilizes additional normal stresses as the
reinforcement deforms transversely. As a result, a larger shear resistance is mobilized between reinforce-
ment — soil interface. Direct shear tests were conducted on sand samples reinforced with natural and syn-
thetic fibers, metal wires by Gray and Ohashi (1983).The fibers were aligned perpendicular and at differ-
ent inclinations to the failure plane and the results indicate that reinforcement increased the peak shear
strength and limited the post peak reduction of shear resistance in dense sand.

Madhav & Umashankar (2003a and b) studied the significance of subgrade stiffness on the transverse
pullout of inextensible sheet reinforcement (Figure 2) assuming linear and non-linear subgrade responses
respectively and full shear mobilization along the soil-reinforcement interface. The maximum transverse
displacement considered in the study was limited to 1% of length of reinforcement.
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Figure 1. Kinematics of reinforced embankments Figure 2 Reinforcement subjected to transverse force
(Madhav & Umashankar, 2003a) (Madhav & Umashankar, 2003a)

A generalized model for pullout of sheet reinforcement subjected to transverse downward pull upto
10% length of reinforcement was presented by Madhav & Manoj (2004). Analysis was carried out for ex-
tensible and inextensible reinforcement, rigid — plastic and elasto — plastic behaviour of sheet - backfill in-
terface, and linear and non-linear subgrade responses. Kumar and Madhav (2006) studied the response of
reinforcement subjected to transverse pull at an intermediate point. Pullout response of inextensible sheet
reinforcement subjected to oblique end force was studied by Shahu (2007). The horizontal component of
the oblique pullout force was found to increase by over 50% of the pure axial pullout capacity of the rein-
forcement for an obliquity of 60°.

Pseudo-static seismic stability of reinforced soil wall was analyzed by Reddy et al. (2008) based on
horizontal slice method considering oblique displacement of failure wedge. Modified factors of safety
against pullout increased with increase of oblique displacement of failure wedge and increase of backfill
stiffness factor for different horizontal seismic coefficients. Pseudo-dynamic analysis of reinforced soil
wall subjected to oblique pull was carried out by Reddy et al. (2009) to account for the effects of time and
the body waves traveling through the reinforced soil wall.

Analysis of reinforced soil wall subjected to oblique pull and the improvement of factor of safety
against pullout was studied based on coherent gravity design for inextensible reinforcement and tieback
wedge method for extensible reinforcement by Kumar and Madhav (2008), Kumar and Madhav (2009)
and Kumar et al. (2014). The oblique displacement of failure wedge in reinforced soil wall drastically in-
creased the factor of safety against pullout. The mobilized transverse force increased the pullout re-
sistance and reduced the tension developed in the reinforcement. Response of inclined reinforcement sub-
jected to transverse force at shallow end was studied by Kumar and Madhav (2013) and quantified the
mobilized transverse force for different inclinations of reinforcement. Shahu and Hayashi (2009) analyzed
the extensible reinforcement subjected to oblique pull assuming elasto — plastic response of backfill and
reinforcement-soil interface shear stress. Analysis predicted the critical height for the pullout and tension
failure in a model reinforced soil wall constructed with extensible reinforcements and compared the re-
sults with Rankine’s method. Earlier studies indicate that the influence of oblique displacement on the
seismic stability of reinforced soil wall considering coherent gravity failure mechanism was not analyzed
and the present work brings out the significance of transverse force in the seismic stability reinforced soil
wall.
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2 PROBLEM DEFINITION AND ANALYSIS

A reinforced soil wall of height, H, retains granular backfill with an angle of shearing resistance, ¢ and
unit weight, y (Figure 3). Inextensible sheet reinforcement (n layers) of length, L and interface friction
angle, or are laid in the backfill. Reinforcement sheets have a uniform spacing of Sy = H/n in the backfill
with S,/2 spacing at the top and the bottom of the wall. Reinforced soil wall is designed to satisfy external
and internal stability requirements for static and seismic earth pressures.
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Figure 3 Oblique displacement of failure wedge — Coherent Gravity Method

2.1 Conventional seismic analysis

The location of maximum tensile force line in coherent gravity failure mechanism is bilinear in the
static and seismic analysis as shown in Figure 3 (Berg et al. 2009). Reinforcement layers are intersected
by the failure plane at different distances from the face of the wall dividing each layer into two parts, one
segment lying within the failure zone while the other (external) segment lies outside the failure zone. Le;
is the effective length of the i layer of reinforcement located outside the failure zone, at a depth, z;, from
the top of the wall.
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The active wedge is assumed to develop a dynamic inertia force, Pi, obtained as follows (Berg et al.
2009),
Pr= W, Kh “)

where W, is the weight of active wedge shown in Figure 4 and Ky is the horizontal seismic coefficient. P;
acts horizontally at the middle of the active wedge. This dynamic inertia force, P; increases the tension
developed in the reinforcement. In seismic design of RS wall each reinforcement layer is designed to
withstand a part of the horizontal dynamic force, P in addition to the static force.

Tension in each layer of reinforcement is obtained as follows

P -0 k.S .+—4—p “4)

where owi, ki and S,; are the modified vertical pressure, coefficient of active earth pressure and spacing of
reinforcement layers at i level. oy is the modified vertical stress on each reinforcement layer obtained
as the ratio of total vertical force on the reinforcement layer to the reduced area considering the eccen-
tricity of resultant load at each layer. In case of inextensible reinforcement the tensile strain in the rein-
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forcement is limited to 1% and the reinforcement layer reaches peak strength at strains lower than the
strain required for the backfill to reach its peak strength. Hence the strains are insufficient to generate ac-
tive stress state (ka) within the fill and the stress state within the reinforced mass varies from at rest state
1.e. ki = ko at the top of the reinforced soil wall reducing to the active state i.e. k; = ka at a depth of 6 m be-
low top of the backfill. The active state is assumed prevail below a depth of 6 m from top of the wall.

The seismic pullout resistance in each layer of sheet reinforcement is obtained from following equation

T,‘=27/ZiLei (0.8><tang0r) (5)

Berg et al. (2009) mentioned that seismic friction factor to be reduced to 80% of the static friction factor.
The conventional factor of safety, FS, is the ratio of total pullout resistance to the total tension mobilized
in all the layers of wall

Ti
=1
rs, L (©6)
z Pai
=1
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i

2.2 Analysis considering oblique/transverse pull

Oblique displacement of the active wedge depends on the outward movement of wall face produced by
sliding of soil within the active zone. This force causing sliding will in turn depend on intensity of earth-
quake load/external loads exerted on the wall. The magnitude of oblique displacement will also depend
on the relative rigidity of the wall face and strength of connections.

The unstable wedge ABCD moves or slides along the failure surface ABC subjecting each reinforce-
ment layer to the transverse/oblique displacement. Along BC, the failure surface is vertical and the rein-
forcement is subjected to a transverse displacement, d. Along AB, the failure surface is inclined at an an-
gle a with the horizontal and the reinforcement is subjected to an oblique pull of J. The reinforcement at
the end of active zone is subjected to an oblique displacement, 6, and pull, Tt; (Figure 3). This oblique
displacement, 0, is resolved into transverse and horizontal components, dsina and dcosa respectively. The
resultant of the normal stresses that gets mobilized due to transverse displacement, dsina on either side of
failure plane at reinforcement — backfill interface is defined as transverse force, P; (Figure 4). In the pre-
sent work the effect of downward transverse force, P; developed in the passive zone is considered and ad-
ditional pullout resistance of reinforcement is evaluated.

The transverse force, P;, mobilized by a displacement, w;, at the free end in an inextensible reinforce-
ment is obtained by Madhav and Umashankar (2003a). Additional stresses generated below the rein-
forcement due to the displacement are represented by a set of Winkler springs with linear stress — dis-
placement response of the backfill. It is assumed that the shear resistance is fully mobilized (rigid-plastic)
along the reinforcement — soil interface. The transverse force, P, is evaluated by integrating the soil reac-
tions below the reinforcement as

L
P= [k, wdx (7)
0
where k; = initial tangent modulus of subgrade reaction, w = transverse displacement at distance, x, along
the length of reinforcement. The transverse force is normalized to obtain

* P
P =

®)
yD,L
where D, is the depth of embedment of the reinforcement layer below the ground level. The above equa-
tion is simplified as
* w 1
P =L ugwoax )
L o
where W is the normalized transverse displacement = w/wr, X is the normalized distance =x/L and u is
the relative subgrade stiffness factor obtained from the contact stress developed along the reinforcement-
soil interface due to the transverse displacement relative to the overburden pressure.
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Figure 4 Kinematics of deformation of reinforcement

Depth of reinforcement, z;, and effective length, L.;, of each reinforcement layer are different in a rein-
forced soil wall and are obtained as follows.
Normalized transverse displacement of the i layer is obtained as follows

H w S5
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2 L, L.
ei el
H ) sin
and for zi > —, Me o f 7 (12)
2 L ei L ei
Relative backfill stiffness factor of i layer
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In the above equation, pglobal - the global backfill stiffness factor of reinforced soil wall is the same as rel-
ative subgrade stiffness factor, pu defined by Madhav and Umashankar (2003a) and mentioned in equation
10. Substituting the above values of transverse displacement and relative subgrade stiffness factor in
equation 9, the normalized transverse force, P*; is obtained while the transverse force is evaluated from

*

Pl.:Pixyle.xLel. (14)

The increase in the seismic pullout resistance due to the mobilized transverse force, P; is obtained from

Top =272, L, (0.8xtan ¢, )+ P, tan ¢, (15)

Modified factor of safety considering the increased pullout resistance is obtained as
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3 RESULTS AND DISCUSSION

The variation of conventional factor of safety, FSc considering only axial pullout and the modified factor
of safety, FSt considering increase in pullout resistance due to oblique/transverse pull are quantified for
the following ranges of parameters. Seismic horizontal coefficient, kn: 0 to 1, length of reinforcement, L:
0.6H to 0.9H, angle of shearing resistance of backfill, ¢: 25° to 45°, interface friction angle, ¢.: 20° to
30°, number of reinforcement layers, n: 3 to 9, oblique displacement of failure wedge, 5: 0.001L to 0.05L
and global backfill stiffness factor, pe: 50 to 10000.

Variation of modified factor of safety considering the mobilized transverse force, FSt for different
oblique displacements, 9O, is presented in Figure 5. Factor safety increases by 147% with increase of
oblique displacement, 8 from 0.001L to 0.05L for different horizontal seismic coefficients, ki ranging
from 0 to 1. This clearly brings out the improved seismic performance of reinforced soil walls subjected
severe shaking or displacements compared with conventional concrete retaining walls. Modified factor of
safety, FSt decreased by 104% with increase of horizontal seismic coefficient, kn from 0 to 1 for a given
oblique displacement. The increase of horizontal seismic coefficient increases the tension developed in
the reinforcement. Modified factor of safety, FSt increased by 35% with increase of global backfill stiff-
ness factor, pg from 50 to 10000 for different horizontal seismic coefficients, ki ranging from 0 to 1 (Fig-
ure 6). Global backfill stiffness factor is other significant parameter influencing the improvement of seis-
mic stability of reinforced soil wall. Modified factor of safety, FSt decreases by 104% with increase of
horizontal seismic coefficient, kn from O to 1 for a given global backfill stiffness factor.
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Figure 5 Variation of modified factor of safety, FSt Figure 6 Variation of modified factor of safety, FSt
with oblique displacement, o - Effect of Kj with global backfill stiffness factor, p, - Effect of Ky,

The effect of length of reinforcement on conventional and modified factors of safety for horizontal
seismic coefficient, ki varying from 0 to 1 is presented in Figure 7 for ¢ = 30°, ¢r = 25°, n =6, p = 1000
and 6 = 0.01L. Increase of horizontal seismic coefficient, kn from 0 to 1 increases the horizontal seismic
inertia force in the sliding wedge and tension developed in the reinforcement layers and decreases the fac-
tors of safety (FSc and FSt). The increase of length of reinforcement, L from 0.6H to 0.9H increases the
effective length and pullout resistance of reinforcement. Factors of safety increase by about 89% and 79%
with increase of length of reinforcement, L from 0.6H to 0.9H for a horizontal seismic coefficient, kn = 0
and 1 respectively. The effect of increase of length of reinforcement is more predominant in static stabil-
ity of reinforced soil wall (kn = 0) and decreases marginally with increase of horizontal seismic coeffi-
cient, kn from 0 to 1. Modified factor of safety, FSt obtained by considering the transverse force increases
by about 22% compared with conventional factor of safety, FS. for the length of reinforcement, L ranging
from 0.6H to 0.9H and horizontal seismic coefficient, ki from 0 to 1. Conventional and modified factors
of safety, FSc and FSt decrease by 85% and 204% with increase of horizontal seismic coefficient, kn
from 0 to 1 for an angle of shearing resistance of backfill, ¢ = 25° and 45° respectively (Figure 8). The
increase of angle of shearing resistance, ¢ from 25° to 45° decreases the tension developed in the rein-
forcement and factors of safety increased by 140% and 46% for horizontal seismic coefficient, kn = 0 and
1 respectively. Modified factor of safety, FSt obtained by considering the increased pullout resistance due
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to transverse force increases by about 23% for different angles of shearing resistance of backfill and hori-
zontal seismic coefficients.
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Factors of safety decrease by 110% and 104% with increase of horizontal seismic coefficient, ki from
0 to 1 for the number of reinforcement layers n = 3 and 9 respectively (Figure 9). The increase of number
of reinforcement layers in the reinforced fill from 3 to 9 increases the factors of safety by 191% and 199%
respectively for horizontal seismic coefficient, ky = 0 and 1. The increase of number of reinforcement lay-
ers in reinforced fill improved the factor of safety against pullout in extreme seismic events. Modified
factor of safety, FSt increases by 22% over the conventional factor of safety, FS¢ for the number of rein-
forcement layers, n varying from 3 to 9 and horizontal seismic coefficient, ky from 0 to 1. The conven-
tional and modified factors of safety decrease by 104% with increase of horizontal seismic coefficient, kn
from O to 1 for the interface friction angle, . ranging from 20° to 30° (Figure 10). The increase of inter-
face friction angle between backfill and reinforcement increases the pullout resistance of reinforcement
and transverse force mobilized due to oblique pull. The conventional factor of safety, FS. and modified
factor of safety, FSt, increase by 59% and 66% respectively with increase of interface friction angle, ¢r
from 20° to 30° and horizontal seismic coefficient, ki, from 0 to 1. The construction of reinforced soil wall
with higher interface friction between reinforcement and soil improves the factor of safety against pullout
during earthquakes.
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4 CONCLUSION

Seismic stability of reinforced soil wall subjected to axial and oblique pullout is analyzed based on coher-
ent gravity method and the modified factor of safety against pullout is quantified considering the mobi-
lized transverse force. Modified factor of safety increases by 147% with increase of oblique displacement,
0 from 0.001L to 0.05L and by 35% with increase of global backfill stiffness factor, p from 50 to 10000.
These results highlight the hidden conservatism in the reinforced soil walls which is not accounted for in
the conventional static and seismic analysis and design of these structures. Modified factor of safety con-
sidering the oblique pullout is about 22% higher than the conventional factor of safety from axial pullout
for a global backfill stiffness factor, p, = 1000, oblique displacement, & = 0.01L and interface friction an-
gle, ¢r = 25°. Conventional and modified factors of safety increase with increase of length of reinforce-
ment, angle of shearing resistance of backfill, interface friction angle between reinforcement and soil,
number of reinforcement layers and decreased with horizontal seismic coefficient.
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