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A B S T R A C T

Natural soil slopes are often reinforced with nails to stabilize them against earthquake loading. Although pseudo-
static method is widely used in designing such slopes; it fails to provide important information such as de-
formation of slope, effect of soil-nail interface etc. A 2-D finite element model of typical nailed slope has been
prepared during this study using OpenSees to perform seismic analysis with due consideration to soil non-
linearity, pressure dependency of soil and separation-sliding at soil-nail interface. It is found that the soil-nail
interface modelling can significantly influence the permanent deformation of slope after seismic event. The
overburden pressure on the nail varies significantly during the earthquake loading and the variation is more
when sliding and separation is allowed at the soil-nail interface. It is also found that the model with fixed
interface leads to a perception of reinforced soil acting as a relatively rigid block, which results into an un-
conservative design from overall deformation perspective.

1. Introduction

The seismic stability of in-situ slopes and embankments is often
increased by reinforcing them with nails. During 1989 Loma Prieta
earthquake, nailed excavations, even in the vicinity of the earthquake
epicenter, in the San Francisco Bay area performed exceptionally well
although such performance was mainly attributed to the conservative
design and stability analysis [1].

Finite element (FE) analysis of slopes is becoming a standard
practice as compared to alternative conventional equilibrium methods
[2]. Zhang et al. [3] developed a 3-dimensional FE model for static
stability analysis of excavated steep slopes and found that there was
good agreement between predicted and observed movements. Wang
and Richwien [4] studied the soil-nail interface friction and found that
the mobilized friction between soil and nail depends upon the dilatancy
angle and the elastic parameters of soil. Ann et al. [5] performed 2-D
finite element analysis to back analyse the instrumented soil nailed
slopes under gravity loading. They felt need of higher order soil and
interface models to capture the behavior of nailed soil slopes. Fan and
Luo [6] carried out nonlinear finite element analysis, for static loading
to determine the optimum layout of nails in slope and found that nails
in the lower one-third part of slopes play important role in the stability
of slopes. Sahoo et al. [7] carried out 3-D finite element analysis of
small and steep nailed soil slopes subjected to earthquake loading using
software MIDAS GTS. Interface elements were provided at the soil-nail

interface. They studied effect of parameters such as nail inclination, nail
length, frequency amplification and slope angle on the seismic re-
sistance and failure mechanism. It was found that the inclined nails
offer more resistance to deformation than the horizontal nails. Effect of
nail length and amplification factor on the seismic resistance was found
to be negligible.

The effect of modelling interface between the nail and soil on the
seismic response of the soil-nail system has been explored in the present
study. This aspect has remained relatively unexplored in the previous
investigations, although it is expected to have significant impact on the
overall deformation response of nailed soil slopes. In addition to this, in
the conventional Pseudo-static design of nailed soil slopes, the over-
burden pressure on the nail is assumed to be constant. However, in
reality, during the seismic shaking this overburden pressure will vary.
Therefore, it becomes essential to study the variation of overburden
pressure on the nail and to see how far the assumption is reliable.

In this study, nonlinear finite element analysis of a typical nailed
soil slope subjected to earthquake loading has been carried using an
open source code OpenSees [8] to investigate the abovementioned is-
sues. Two cases of soil-nail interface modelling have been considered;
first with perfect bonding between soil and nail, and second with the
sliding and separation allowed at the soil-nail interface. Radiation
damping at the boundaries of the model has been incorporated by
providing Lysmer boundary [9]. Soil is assumed to be dry and cohe-
sionless, and analyzed under plane strain conditions. The effect of
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interface modelling on the overall deformation of slope has been dis-
cussed in detail.

2. Design of nailed soil slope considered in the study

Fig. 1 shows schematic of the 12 m high soil-slope considered in this
study. Soil profile of 62 m depth is rested on bed rock and it consists of
three layers; top 12 m of the profile consists of medium sand followed
by 20 m thick layer of medium-dense sand overlying 30 m thick layer of
dense sand. The inclination of slope from horizontal is 60°. The number
and length of the nail to be used in finite element model was obtained
after designing the slope using Michalowski's method [10,11] by con-
sidering 1940 Imperial valley earthquake loading recorded at CSMIP
station number 117 at El Centro site [11]. This method is based on the
kinematic limit analysis of geosynthetic reinforced slopes subjected to
earthquake loading. In the first step, the minimum strength of re-
inforcement required to keep slope just stable is worked out by per-
forming upper bound limit analysis, and assuming tensile failure of
reinforcement layers. While doing so a log-spiral failure surface which
is kinematically admissible is used in the analysis. In the next step, the
length of the reinforcement, for a given number of reinforcement layers,
is worked out by considering pull-out of some layers and rupture in
others. To calculate reinforcement length two types of failure surfaces
have been considered; one is rotational and the other sliding. The
maximum of two calculated lengths are used in design. Details of the
nails provided in the designed slope are given in Table 1.

3. Finite element modelling of soil-nail system

The finite element model of the soil-nail system is described here
including material models, finite elements, meshing scheme, boundary
conditions, application of earthquake motion, nail-soil interface mod-
elling, verification of model, etc.

3.1. Soil and nail

The overall FE model of the nailed slope is shown in Fig. 2. The soil

domain is discretized using four-node quadrilateral elements with four
gauss points as shown in Fig. 2a. Each node of the element has two
translational degrees of freedom. The constitutive behavior of soil was
modeled using a pressure dependent multi-yield (nested yield surface)
material model proposed by Iwan [12], Mroz [13], and Prevost [14],
and modified later by Parra-Colmenares [15] and Yang [16]. It is a
nonlinear elastic-plastic material model that captures the essential
characteristics such as dilation (i.e., volume contraction or expansion
during shearing), cyclic mobility (i.e., non-flow liquefaction) of sand or
silt typically observed during monotonic or cyclic loading. The model
has been already calibrated and validated for cyclic loading by Elgamal
et al. [17] and Yang et al. [18]. Thus; it is expected to simulate the
seismic response of the soil well enough. The detailed description of
yield function, hardening rule, and flow rule of the constitutive model
can be found elsewhere [15,16]. Table 2 presents the relevant para-
meters and their values needed for the constitutive model of soil, which
were taken from typical values given in the OpenSees Manual [8,19].
The present study considers dry cohesionless soil. The maximum size of
element in the direction of propagation of wave was restricted to one
eighth to one tenth of the shortest wavelength expected to be traveling
through the soil medium [20]. The soil domain was analyzed assuming
plane-strain condition.

Nails are the discretely placed elements in three-dimensional (3D)
space. In the present study, two-dimensional (2D) plane strain model-
ling of nailed soil slope was carried out. Therefore, 3D nails were
converted to equivalent 2D nails using the equivalent plate approach
proposed by Al-Hussaini and Johnson [21]. In this approach, the nails
are replaced by a plate of equivalent axial stiffness. The equivalent axial
stiffness of plate is obtained using the following equation [22]:

=E E A
Ap n

n

p (1)

Where, An is cross sectional area of nail, Ap denotes the cross sectional
area of plate with width equal to the horizontal spacing (Sh) of nails, En
and Ep are the Young's modulus of the nails and plates, respectively.
The nails were considered to be linear-elastic under earthquake
shaking. Therefore, these were modeled as two-node elastic beam-

Nomenclature

An cross sectional area of nail
Ap cross sectional area of plate with width equal to spacing Sh

of nails
En modulus of elasticity of nail

Ep modulus of elasticity of plate
G shear modulus
KN normal penalty
KT tangential penalty
Sh horizontal spacing between nails
ρ density of soil

Dense sand

12 m

20 m

30 m

200 m

100 m

93.07 m

6.93 m

Medium-dense sand

Medium sandFacing 

Nail

Bed rock

Crest

Fig. 1. Schematic of the model used in the present study.
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column elements with three degrees of freedom, two translational and
one rotational at each node.

3.2. Soil-nail interface

In reality, separation and sliding can take place at the soil-nail in-
terface during earthquake shaking. In order to simulate such behavior,
interface elements were introduced at the soil-nail interface. In addition
to that, soil-nail interface was modeled as perfectly bonded, (i.e., no
separation and sliding) to study the interface effects on the slope re-
sponse. In the case of perfect contact, the soil nodes and the corre-
sponding nail nodes (at the same location) were connected by equal
degrees of freedom (DOF) constraint in both x and y directions. The nail

Table 1
Details of nail used in analysis.

Item

Total number of nails 5
Diameter (mm) 25
Length (m) 15
Horizontal spacing(m) 1
Vertical spacing(m) 2.4

1 2
u1

v1
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(d)

1

23

4
u1

v1

u2u3

v3

u4

v4

v2

A

B C

D
Radiation dampers

(a)

(b)
(c)

Toe Fig. 2. Finite element model of the nailed soil slope:
(a) soil-nailed slope model with element description;
(b) area element for soil; (c) frame element for nail;
(d) load-deformation relationships in soil-nail inter-
face.

Table 2
Soil parameters used in the analysis.

Parameters Layer 1 Layer 2 Layer 3

Soil type Medium sand Medium-dense
sand

Dense sand

(Dr =
35%−65%)

(Dr =
65%−85%)

(Dr =
85%−100%)

Unit weight (kN/m3) 19 20 21
Poisson's ratio 0.33 0.35 0.35
Shear modulus (kPa)a 7.5 × 104 1.0 × 105 1.3 × 105

Bulk modulus (kPa)a 2.0 × 105 3.0 × 105 3.9 × 105

Friction angle (°) 33 37 40
Peak shear strain 0.1 0.1 0.1
Phase transformation (°)

angle
27 27 27

contracb 0.07 0.05 0.03
dilat1c 0.4 0.6 0.8
dilat2d 2 3 5

Note:
a At reference mean effective confining pressure of 80 kPa.
b contrac is a non-negative constant defining the rate of shearing induced volume

contraction.
c dilat1 and
d dilat2 are non-negative constants defining the rate of shear induced volume increase.
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nodes were treated as master nodes and corresponding soil nodes were
treated as slave nodes, as shown in Fig. 3a.

For the case where separation and sliding were allowed, the soil-nail
interfaces were modeled using node-to-node zero-length frictional
contact elements available in OpenSees [8]. The formulation of these
elements is based on penalty method. The zero-length frictional contact
elements cannot be connected directly between the nail and soil ele-
ment because these work only between the two nodes sharing the same
space and with the same numbers of DOF [8]. The nodes of soil ele-
ments at the soil-nail interface had two DOF and the nodes of nails had
three DOF. Therefore, a set of dummy nodes with two DOF each were
introduced at all the interfaces as shown in Fig. 3b. The interface ele-
ments were connected between the soil nodes and the corresponding
dummy nodes, and the dummy nodes were connected to the

corresponding nail nodes using equal-DOF constraints in both the x and
y directions. For proper simulation of the interface behavior, the master
and slave nodes were identified while defining interface element as well
as equal DOF constraints. The master and slave node assignment is
depicted in Fig. 3b.

The interface element works on the Mohr-Coulomb friction law,
expressed in terms of force, which is given as under:

= +T C Nμ (2)

Where, T is the limiting tangential force at node, C is the total cohesion
(summed over the tributary area for node, in present work it is zero), μ
is friction coefficient at soil-nail interface and N is normal force at node.
The sliding at soil-nail interface takes place when driving shear force t
at a node reaches the limiting shear force T. The law simulates rigid-
plastic sliding with no penetration. These constraints of no penetration
and rigid-plastic sliding are enforced by penalty method. In penalty
method, the constraints are fulfilled by defining certain stiffness in
normal and tangential direction at contact surface between two bodies.
When two bodies come in contact, normal stiffness (or stiffness coeffi-
cient, or normal penalty) KN offers resistance to the penetration of one
body into another. To have zero penetration, the value of KN should be
infinity. However, this causes numerical instability. Hence, to avoid
numerical instability, certain finite but very large value of KN is con-
sidered in the analysis which results into some (very small) penetration.
The role of KN in interface element has been depicted in Fig. 2d. Si-
milarly, the constraint of rigid-plastic slip is fulfilled by tangential

Me

Me

Se

Nail

Soil

Face

Me: Master node in equal DOF constraint

Se: Slave node in equal DOF constraint

Se

Me

(c)

Si

Me

Soil

Nail

Mi

Se: Slave node in equal DOF constraint

Soil

Me: Master node in equal DOF constraint

Si, Se

Dummy 

nodes

Mi: Master node in interface element

Si: Slave node in interface element

Mi, Se

(b)

Se

Me

Soil

Nail
Se

Se: Slave node in equal DOF constraint

Soil

Me: Master node in equal DOF constraint

(a)

Fig. 3. Interface modelling (a) Soil-nail perfect bonding con-
nectivity; (b) Soil-nail separation and sliding allowed (c) Facing-
soil-nail connectivity.

Table 3
Parameters used in the analysis for interface elements.

Nail numbera KN (kPa) KT (kPa) μb

1 ×7.80 104
×1.56 104 0.4

2 ×1.35 105
×2.70 104 0.4

3 ×1.74 105
×3.48 104 0.4

4 ×2.06 105
×4.12 104 0.4

5 ×2.34 105
×4.68 104 0.4

Note: a nails have been numbered from top to bottom: = ( )μ ϕtanb 2
3

.
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penalty KT. Again, to have rigid-plastic slip, the value of KT should be
infinity. However, as mentioned above, this results in numerical in-
stability. Hence, some finite but very large value of KT is selected by
allowing some (very small) sliding, prior to rigid-plastic slip, as shown
in Fig. 2d. There is no hard and fast rule to select values of these
coefficients. They depend on number of parameters such as geometry of
problem, type of loading, materials in contact, etc. Hence, these values
need to be obtained by iteration. In present study, to begin with, the
stiffness of the soil (i.e., modulus of elasticity, E) at the depth where
interface element is located has been taken as initial guess for both
coefficients [23,24]. For the next iterations the value of KT is kept
constant and that of KN is varied. This goes on until the penetration
criterion is fulfilled. That is, the penetration at nodes reduces to the
allowable penetration (in present case it is 0.5 mm). Next to this,
iterations are carried out by keeping final value of KN obtained in
previous iteration constant and varying KT until the convergence for
sliding is achieved. In the present study, typically twenty iterations
were carried out to obtain the acceptable values of KN and KT, which are
listed in Table 3.

3.3. Facing-soil-nail connectivity

The face has also been modeled as elastic beam-column elements
with three degrees of freedom as mentioned above. In the analysis, it is
assumed that the nails are firmly fixed to the facing. The fixity between
nails and facing has been modeled by defining equal degree of freedom
constraints between nail nodes and the corresponding facing nodes in

both x- and y-directions [25], as shown in Fig. 3c. The facing is assumed
to be 300 mm thick (i.e., permanent facing of 200 mm and temporary
facing of 100 mm) and having longitudinal and transverse reinforce-
ment [26]. The modulus of elasticity for facing element is taken to be
2.24 × 107 kPa [27].

3.4. Boundary conditions and application of ground motion

The analysis has been carried out in four steps to properly imitate
the in-situ condition of soil slope and to consider the radiation damping
of soil properly. In the first step, gravity analysis was carried out for the
self-weight of the soil-nail model to develop the desired confining
pressure to all the soil elements. In this step, the soil was assumed to
behave as linear elastic material and the side boundaries (AB and CD in
Fig. 2a) of the soil-nail model were horizontally restrained and verti-
cally free, whereas base boundary (BC in Fig. 2a) was fixed in both the
directions. With these boundary conditions, the soil constitutive model
was switched from linear-elastic to elasto-plastic, and then equilibrium
state under gravity was obtained iteratively. The reaction forces at the
boundary nodes were obtained at the end of this step. In the third step,
these reaction forces were statically applied at the respective boundary
nodes, and the boundary restraints were removed completely. This state
of the model was assumed as the initial condition of the soil-nail system
for seismic analysis. In the final step, Lysmer-Kuhlemeyer's [9] radia-
tion dampers were added at the boundary nodes, and the earthquake
motion was applied at the base nodes(BC in Fig. 2a) as equivalent nodal
shear force proportional to the velocity of incident seismic wave by
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following the method proposed by Joyner and Chen [28]. The radiation
dampers were zero-length elements with two nodes; one node was
connected to the boundary soil node and the other node was fixed in
space. The coefficients of the horizontal and vertical dampers at the side

boundaries were estimated as ρv Ap and ρv As , where, ρ, vs, vp are, re-
spectively, the mass density, shear wave velocity and longitudinal wave
velocity of soil outside the computational domain, and A is the tribu-
tary area of the node. Similarly, the coefficients of the horizontal and
vertical dampers at the base boundaries were estimated as ρv As and
ρv Ap .

4. Verification and validation

OpenSees finite element analysis (FEA) has been verified with
equivalent 1-D linear analysis using commercial software SHAKE2000
[29]. For verification purpose, free field analyses have been carried out
in both OpenSees and SHAKE2000. The motion was applied at the base
in both models. The objective was to verify the effectiveness of radia-
tion boundaries and the mesh size considered in OpenSees model and
the time step considered for the analysis. The soil was assumed to be-
have as linear-elastic material in both OpenSees and SHAKE2000. The
north-south component of horizontal acceleration (PGA = 0.348 g)
recorded at El-Centro during 1940 Imperial Valley earthquake was used
as input motion for the verification. Peak horizontal acceleration profile
across the depth obtained from both of the models has been compared
in Fig. 4a, which shows good agreement. Acceleration response his-
tories obtained from OpenSees and SHAKE2000 analyses for a node at
ground surface are also compared in Fig. 4b. Fig. 4 shows that there is
good agreement between OpenSees and SHAKE2000 results.

In addition to this, validation of the OpenSees finite element ana-
lysis (FEA) has been done with the results of the shaking table tests on
cohesionless soil conducted by Hong et al. [30]. They conducted a
series of tests on 80° and 90° nailed slopes of height 0.7 m. For the
validation purpose, 90° slope with horizontal nails of length 0.4 m has
been considered. The relative density of the sand used in the Shaking
Table test was 61.8%, which corresponds to the medium dense sand.
The shear modulus and bulk modulus used in FEA are calculated from
the dynamic modulus of elasticity given in the article. Other con-
stitutive parameters have been taken from OpenSees reference manual
corresponding to medium sand. The geometry of domain and the
properties of nails and facing are kept the same as in shaking table test.
The earthquake motion considered in both shaking table test and FEA is
the east-west component of 1999 Chi-Chi Earthquake at observatory
station TCU 074. In FEA the earthquake motion is applied at the base
nodes as uniform excitation to simulate the mode of application of
motion in shaking table test. Normal and tangential dashpots are pro-
vided at the side boundaries of the model to take care of radiation
damping. To compute the dashpot coefficients shear modulus, density
and Poisson ratio of mild steel, which represents the sidewall material
of container in shaking table test, has been considered ( i.e., G = 7.8 ×
107 kPa, ρ = 78 kN/m3, μ = 0.3). The motion has been applied as
mentioned by by Hong et al. [30]. The plots of normalized facing dis-
placement (by height of slope) obtained from FEA have been compared
with those from shaking table test as shown in Fig. 5. Elevations in FEA
plots correspond to nail head positions, which are close to those con-
sidered in the test. Two cases of soil-nail interface modelling considered
in the present study are: no separation and sliding (NoSS) between nail
and soil and; allowing the separation and sliding (SS) between nail and
soil. It is observed from Fig. 5 that the normalized facing displacements
in NoSS case are much smaller than those in shaking table test. Com-
parison of plots at the end of third sequence shows that the normalized
displacements in NoSS case are about 71–82% smaller than those from
shaking table test. On the other hand, the facing displacements in SS
case are just 2–22% smaller than those in shaking table test. In addition
to this, the peak normalized displacement in SS case is just 5% smaller
than that in test. This implies that modelling of soil-nail interface in
FEA as perfectly bonded significantly underestimates the deformation.
The discrepancy in the shaking table test plots and SS plots could be
attributed to the relatively crude selection of the material parameters
for sand in FE simulation due to their unavailability in the article by
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Hong et al. [30]. In addition, there could be some difference, though
only a little, in the energy absorption and reflection at the side
boundaries in FEA and shaking table test. Taking into account above
constraints it can be concluded that the results obtained from OpenSees
simulation for SS case are acceptable.

5. Overall deformation and failure pattern considering interface
effect

The seismic FE analyses have been carried out for nailed slope with
two different conditions of soil-nail interface, NoSS and SS. The slope
considered in the analysis has inclination of 60° and it is analyzed for
the south-east component of 1940 Imperial Valley earthquake (M 6.9)
motion. The input motion has duration of 53.74 s and Peak Ground
Acceleration (PGA) of 0.348 g. A part of input acceleration record is
shown in Fig. 6. The input motion has been applied at nodes at the base
of the model.

5.1. Acceleration amplification

In reality, the frequencies ranging from 0.1 to 25 Hz are of interest
as they only contribute to the seismic response of structure [28].
However, in case of finite element analysis higher modes of frequencies
get induced into the analysis as a part of discretization. i.e., these higher
modes of frequencies are just artificial [31,32]. These artificial higher
modes of frequencies severely affect the acceleration response of the
system. However, their effect on displacement response is negligible
[31]. Hence, to get the correct acceleration response the frequencies
higher than 25 Hz need to be damped out. In the present study, this has
been achieved by using Newmark Integration Method and selecting the
corresponding parameters as per the “unconditionally stable” criterion
[32].

The PGA for the input motion occurs at 2.12 s. The seismic response
of the nailed slope can be significant around this time. Hence, accel-
eration time records at Toe and Crest have been considered and com-
pared for a time span up to 5 s for both NoSS and SS case, as shown in
Fig. 6. From this figure, it is clear that both horizontal and vertical

acceleration reach their maximum value at around 2.4 s, as expected in
both cases. In NoSS case, absolute maximum horizontal acceleration at
Toe and Crest is 0.35 g and 0.34 g, respectively, indicating that am-
plification factor is around 1. However, in SS case, the absolute max-
imum horizontal acceleration at Toe and Crest is 0.53 g and 0.67 g,
respectively. This shows that the corresponding amplification factors
are 1.52 and 1.91, respectively. In NoSS case, the maximum vertical
acceleration at Toe and Crest is 0.35 g and 0.68 g, respectively.
Whereas, the maximum vertical acceleration at Toe and Crest is 0.48 g
and 1.13 g, respectively, in SS case. From above discussion it is clear
that amplification is more in SS case. In addition to this, the amplifi-
cation factors for vertical acceleration at Crest are larger than rest of all.
This is so because when vertically propagating shear wave reaches Toe
of slope, facing experiences horizontal jerk at the Toe. This jerk causes
both outward and downward movement of the upper part of facing. It is
similar to a ladder resting against a wall and moved at base horizon-
tally. In this case, the top of ladder moves both downward and outward
even though base is moved horizontally only. Same physics follows in
case of facing in present study. This phenomenon continues as wave
propagates upward. Anchorage effect of nails prevents lateral dis-
placement of facing. However, contribution of nails to prevent vertical
movement of facing is small. It means that facing is relatively free to
move in vertical direction. This freedom is more at the top part of fa-
cing. Owing to all above mentioned reasons, though applied input
motion is horizontal, facing experiences big vertical movement, and
results into high vertical accelerations at Crest This implies that the
vertical acceleration should also be given due importance in stability
analysis of such slopes.

5.2. Overall deformation

To study the overall deformation of slope, the deformation contours
have been shown in Fig. 7 at two time steps 2.12 s and 53.74 s. The
deformations at these times have been considered because the input
motion had peak acceleration at 2.12 s and the total duration of input
motion was 53.74 s. The deformation is considered significant at 2.12 s
and permanent deformation is expected to occur at 53.74 s. From Fig. 7,

a)

b)

NoSS

(m)

(m)

NoSS

SS

SS

Fig. 7. Deformation contours: (a) NoSS and SS at 2.12 s; (b) NoSS and SS at 53.74 s.
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it is clear that the deformation is much smaller in case of NoSS com-
pared to SS case. The value of maximum displacement at 2.12 s is found
to be 0.10 m and 0.17 m for NoSS and SS case, respectively. Whereas at
the end of seismic shaking, i.e., at 53.74 s, the maximum displacement
is found to be 0.60 m and 0.27 m for SS and NoSS case, respectively. It
means that the maximum displacement in case of SS case is about 2.25
times greater than that in case of NoSS. In NoSS case, the deformation is
mainly observed in a local region near the facing. This could be at-
tributed to the increase in the stiffness of reinforced soil mass due to the

large interface strength artificially induced by the perfect bonding be-
tween soil and nail.

5.3. Toe and Crest displacements

The variation of horizontal and vertical displacements, during
shaking, at the Toe and Crest of slope has been shown in Fig. 8. The
displacements at the end of seismic shaking are given in Table 4. Fig. 8a
indicates that the horizontal displacement at Toe is almost same in both
NoSS and SS cases. This is attributed to the significant resistance offered
by facing to the horizontal movement at toe in both NoSS and SS case.
This can be justified with the help of Fig. 9a which gives the horizontal
displacement along the base of slope (i.e., along a horizontal plane
passing through toe) at the end of seismic shaking. In addition to this,
Fig. 9a shows that at a distance of 0.66 m behind the toe the horizontal
displacement in case of SS is about 1.3 times that in NoSS case. This
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Fig. 8. Toe and Crest displacements: (a) Horizontal (i.e., X) displacements at Toe; (b)
Horizontal (i.e., X) displacements at Crest; (c) Vertical (i.e., Y) displacements at Toe; (d)
Vertical (i.e., Y) displacements at Crest.

Table 4
Displacements at Toe and Crest at the end of seismic shaking.

Displacement component NoSS SS

Horizontal displacement at toe (m) 0.032 0.033
Vertical displacement at toe (m) 0.137 0.197
Horizontal displacement at crest (m) 0.053 0.204
Vertical displacement at crest (m) 0.125 0.098
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Fig. 9. Displacements at the base of slope: a) Horizontal displacements; b) Vertical dis-
placements.
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difference goes on reducing and becomes zero at a distance of about
11 m. Beyond this distance the horizontal displacement is more or less
same in both cases. This implies that the interface modelling has sig-
nificant effect on the horizontal displacement along the base except at
the toe. From Table 4 it is clear that the vertical toe displacement in SS
case is 1.4 times that in NoSS case. The variation in vertical displace-
ment behind the toe is much smaller in NoSS case than in SS case, as
shown in Fig. 9b, implying that the reinforced soil mass behaves more
like a rigid block in NoSS case. A sudden increase in the vertical dis-
placement, behind toe up to a distance of 5 m, is observed in SS case
implying relatively flexible behavior of reinforced soil mass in this case.
From Table 4 it is clear that the horizontal displacement of crest in SS
case is about 4 times that in NoSS case. This is mainly because of the
sliding of soil mass at soil-nail interface in SS case, which keeps the
simulated soil mass relatively flexible and deformable. However, the
vertical displacement of crest for SS case is about 0.8 times that in NoSS
case. This is due to significantly larger horizontal movement at crest, in
SS case, which in turn suppresses vertical movement to some extent.

5.4. Facing displacement

Fig. 10 shows the displacement of facing at the end of seismic
shaking for both SS and NoSS case. Both the plots are observed to be

straight. It means that the facing has displaced but not deformed,
during shaking. This could be attributed to relatively stronger facing
considered in the present analysis. In reality, as well, facing is about
300 mm thick (i.e., permanent facing of 200 mm and temporary facing
of 100 mm) and having longitudinal and transverse reinforcement [26]
which in turn makes it stronger. From Fig. 10, it is clear that the dis-
placement of facing is significant when separation and sliding is al-
lowed at soil-nail interface. Horizontal displacement is found to be
significant at top whereas vertical displacement is observed to be sig-
nificant at bottom (i.e., a kind of sinking). This type of sinking of facing
bottom was also observed during centrifuge testing of nailed slopes
conducted by Tufenkjian and Vucetic [33]. The overburden pressure on
the topmost nail is small due to which larger horizontal displacement of
facing takes place. Moving down towards the bottom of facing the
overburden pressure on the nail increases significantly, this in turn
reduces horizontal displacement of facing. The displacement of facing is
found to be very small when there is perfect bonding between soil and
nail. Owing to this, the displacement plot for NoSS case is as if it co-
incides with the initial position of facing.

5.5. Nature of failure pattern in terms of shear stress ratio (SSR)

Shear stress ratio is defined as the ratio of shear stress to the peak

a) NoSS

b) SS

I

A
C D

B

E F

II

G

Fig. 11. Shear stress ratios for NoSS and SS at 2.12 s.
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shear strength at the current confining pressure. It varies between 0 and
1. When its value becomes 1, it means that the full peak shear strength
is mobilized and material can be assumed to have failed in shear.
Contours for the SSR values in the model domain have been shown in
Figs. 11 and 12 for both types of interfaces to understand the degree of
shear strength mobilized. SSR is considered at time 2.12 s in Fig. 11 and
at 53.74 s in Fig. 12, respectively. At 2.12 s shear strength is fully
mobilized only in the vicinity of facing, in NoSS case, as shown in
Fig. 11a. Further, in NoSS case the zone of shear strength mobilization
becomes broad at nail-3 and nail-4. In the region of nail heads, the SSR
varies from 0 to 0.47, for NoSS case, implying that the soil mass in this
region has reserved strength. From Fig. 11b it is observed that in SS
case, the SSR is above 0.5 for most of the reinforced soil mass and is
equal to 1 along the slope facing. In addition to this, in the region of nail
tails the SSR ranges from 0.70 to 1 implying that there could be sub-
sidence of soil mass in this region. In NoSS case, the zone in which SSR
is about 1 gets reduced in size and is shifted towards the facing of slope.
It means that failure zone shifted from global to local and involved less
soil mass. Being perfectly bonded the stiffness of the nails contributes to
the overall stiffness of the soil surrounding it, which in turn results into
increase in the apparent shear strength of the soil in the vicinity of nail.
Fig. 12a shows that the shear strength has been mobilized in the area
comprising about one-third nail length from the facing of slope in NoSS
case. In addition to this, in the vicinity of the tails of the third and
fourth nails SSR is observed to be 1. SSR around the bottommost nail

except at its tail is less than 1 in NoSS case. In SS case, the shear
strength is mobilized all along the nail length except in the close vici-
nity of facing as observed in Fig. 12b.

For some region below the nailed soil mass, SSR is observed to be 1
at 53. 74 s, implying the local failure (i.e., small compression) of soil
mass in this region. As the nailed soil mass behaves monolithically,
during shaking vertical component of inertial force of this mass will try
to compress the subsoil cyclically. Owing to this, subsoil will have local
failure (i.e., small compression). This can be justified from comparison
of shear stress ratios at 2.12 s and 53.74 s.

5.6. Two wedge failure mechanism

A two wedge failure mechanism, wedge I and wedge II, as shown in
Fig. 11 b is observed in the present study. The failure surface DE is
parallel to the facing Hong et al. [30] performed a series of shaking
table tests on nailed soil slopes and found a similar failure surface. A
failure zone encompassed by wedge I was observed during the experi-
mental study conducted by other researchers [33,30]. The failure sur-
face ABCD observed in present study is a little different from that ob-
served by Tufenkjian and Vucetic [33] and Hong et al. [30]. They
observed a straight failure surface AD emerging at toe and passing
though bottom nail(s) without a discontinuity surface BC as observed in
present study. In present work, nails are relatively long (L/H = 1.25).
Owing to this, whole nailed soil mass behaves as a single unit and slides

a) NoSS 

b) SS 

Fig. 12. Shear stress ratios for NoSS and SS at 53.74 s.
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on the bottom nail. This might be the reason, due to which failure
surface at the bottom have not been developed through nails.

In conventional pseudo-static analysis of nailed slopes, bi-linear
failure surface is assumed, i.e., German method [34,35,36]; CALTRANS
(computer program SNAIL [37]) etc. Out of these two methods German
method assumes a failure surface similar to DE and parallel to facing. In
CALTRANS failure surface is assumed similar to ADF (with no dis-
continuity BC). Present analysis supports the failure surface assumed in
the German method more closely than that assumed in CALTRANS.

6. Effect of interface modelling on variation of overburden
pressure

During stability analysis of nailed soil slopes, the value of over-
burden pressure along the nail length is to be known to determine the
pull-out capacity of nails. In pseudo-static method of analysis, the
overburden pressure on the nail is generally assumed to be constant
[38]. However, for the seismic condition such assumption may or may
not be valid because the vertical stress at any point in the soil mass can
vary during seismic shaking. Therefore, the effect of seismic shaking on
the vertical stress along the nail length has been analyzed for the same
model of soil-nail system.

As the shaking goes on, the overburden pressure at each node may
vary. It can either increase above the gravity overburden pressure or
decrease below it due to vertical acceleration components. Thus, each
node will have a maximum and a minimum value of overburden
pressure over the duration of shaking. The maximum and minimum
overburden pressure envelopes for both NoSS and SS cases for the third
nail (Nail-3) have been plotted in Fig. 13a as a typical case and com-
pared with gravity overburden pressure envelope (Gr). The maximum
and minimum overburden pressure envelopes are the locus of max-
imum and minimum overburden pressure values, respectively, at each
node along nail length. There are total five nails in the model and have
been numbered from top to bottom. Thus, Nail-3 is at the mid height of
the slope. Similar comparison was made for remaining four nails as
well. As expected the Maximum and Minimum overburden pressure

envelopes were on higher and lower side of the gravity overburden
pressure (Gr) envelope, respectively. The fluctuation in overburden
pressure along the nail length was found to be more in case of SS than
that in case of NoSS. This can be attributed to the relatively large
movement of soil mass in case of SS owing to the sliding and separation
at the soil-nail interface. In addition to this, the fluctuation is more at
the facing, probably because of the large movement of soil mass due to
less confinement there. Moving away from the facing the confinement
becomes significant, because of which the fluctuation in the overburden
pressure reduces. From Fig. 13a it is observed that beyond a distance of
about 7 m from the facing, the Minimum overburden pressure envel-
opes for both cases move closer to the gravity overburden pressure
envelope. This will help to increase the pull-out capacity of the nail.
Near the facing, the minimum overburden pressure is found to be zero.
This is attributed to the loosening and failure of the soil mass around
the nail in this region.

The time variation of the average overburden pressure over the nail
length has been compared with the gravity overburden pressure (Gr) in
Fig. 13b. Significant reduction in the average overburden pressure
around the nails for a short duration can lead to large displacement of
facing-nail system, i.e., the facing-nail system may experience large
outward movement. For all the nails the average overburden pressure
exceeds the gravity overburden pressure, except for a small duration in
early part of loading. The decrease in average overburden pressure
below gravity overburden pressure results into a small outward
movement of facing-nail system. This outward displacement of facing-
nail system is observed in Fig. 10.

The authors’ feel that the SS represents more realistic behavior of
nailed soil slopes and hence, the results obtained from the same should
be used as basis for the stability analysis of nailed soil slopes subjected
to earthquake loading. Pseudo-static method is a widely used method
for seismic stability analysis of reinforced slopes. In this method the
overburden pressure on the nail is assumed to be constant and equal to
the gravity overburden pressure. With the help of Fig. 13, it can be said
that this assumption may lead to a relatively conservative design, but it
is acceptable from practical point of view. In the present study only
horizontal motion was considered. If vertical motion is also in-
corporated the situation may be different.

7. Conclusions

The soil-nail interface modelling is found to play important role in
displacement based analysis of nailed soil slope. It is observed that the
deformation of slope is significantly more when sliding and separation
is allowed. The displacement of facing is observed to be significant at
the top in SS case whereas it is very small in NoSS case. By referring to
the experimental studies carried out in past by other researchers and
findings in the present study; it can be said that the NoSS case fails to
simulate the facing displacement. In addition to this, the failure surface
observed in the present study is close to the bi-linear failure surface
assumed in the German method. Hence, authors recommend use of the
German method in the pseudo-static analysis of nailed soil slopes. It is
found that vertical acceleration at toe as well as crest is significantly
large. Hence, it should be given due weightage in pseudo static analysis
by selecting appropriate vertical seismic coefficient. Overburden pres-
sure on the nail is found to have large variation during the shaking.
Again this variation is more in case of SS. The performed analysis based
on horizontal seismic excitation indicates that in pseudo-static method
the overburden pressure on the nail can be conveniently assumed equal
to the gravity overburden pressure although it is a relatively con-
servative.
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