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a b s t r a c t

This paper examines in terms of seismic performance, the effectiveness of anchor reinforcement against

gravity retaining walls used to stabilize a dry homogenous fill slope in earthquake-prone environment.

Both analyzed stabilizing measures have the same design yield acceleration estimated from a limit

equilibrium approach. The earthquake-induced displacements are calculated using a sliding block

formulation of the equation of motion. Sliding failure along the base of the gravity retaining wall and

rotational failure of the soil active wedge behind the wall, as well as rotational failure of the slide mass

of the anchor-reinforced slope were considered in the present formulation. For the specific

characteristics of the analyzed fill slope and input horizontal ground motion, the slope reinforced

with anchors appears to experience vertical and horizontal seismic displacements at slope crest smaller

by 12% and respectively, 32% than the vertical and horizontal earthquake-induced deformations

estimated at the top of the active wedge behind the gravity retaining wall.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Gravity walls are widely used as earth retaining systems
supporting fill slopes adjacent to roads and residential areas built
on reclaimed land. The October 23, 2004 Chuetsu earthquake, one
of the largest recent seismic events in Japan, triggered numerous
landslides across Niigata Prefecture; several residential develop-
ments constructed on reclaimed land in Nagaoka city incurred
substantial damage to houses and roads due to earthquake-
induced failure of artificial fill slopes [1,2]. Fig. 1 is a map of the
damage in Takamachi-danchi residential area of Nagaoka city
showing the zones affected by earthquake-induced fill slope
failures. The tension cracks behind the gravity retaining walls
supporting the fill material, and the zones of deformed and
completely destroyed retaining walls (Fig. 1) were mapped during
a post-earthquake field reconnaissance survey a few days after the
Chuetsu earthquake, undertaken by an investigation team led by
Prof. Toshitaka Kamai of the Disaster Prevention Research
Institute, Kyoto University. The survey revealed that fill slope
failures were caused by the excessive seismic displacements of
the gravity retaining walls supporting the fill material (Fig. 2). The
structural damage to houses and roads associated with earth-
ll rights reserved.
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quake-induced ground failure in Takamachi-danchi covered only
those areas developed on fill slopes, whereas the structures
located on natural slopes did not experience any visible damage
during the Chuetsu earthquake.

During post-disaster investigations and discussions on poten-
tial mitigation measures related to the landslide damage in urban
areas prone to earthquakes, the potential effectiveness of ground
anchors to reinforce artificial fill slopes has been raised as an
alternative to the existing gravity retaining walls. With the
availability of modern execution technologies, reinforcement
systems involving permanent grouted anchors may provide better
technical and economical advantages compared to gravity retain-
ing walls. This paper addresses the technical aspect of this
problem by providing a comparative study on the seismic
behavior of the two stabilization techniques (i.e., gravity retaining
walls versus anchor reinforcements) applied to a dry homoge-
neous fill slope subjected to horizontal earthquake shaking. Both
stabilizing measures are assumed to be designed at the same
horizontal yield acceleration, which serves as basis of comparison
for the calculated earthquake-induced displacements.

The dynamic displacement analysis presented in this study is
based on the sliding block model originally developed by New-
mark [3] to investigate the seismic behavior of earth structures.
The sliding block approach has been extensively used in analyses
of the seismic performance of slopes along rotational or planar
failure surfaces in dry or saturated soils with or without
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Fig. 1. Map of Takamachi-danchi residential area showing the ground failure and gravity retaining wall damage during the October 23, 2004 Chuetsu earthquake, Niigata,

Japan.
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degradation of yield strength along the sliding surface [4–14].
Richards and Elms [15] and Whitman and Liao [16] employed the
Newmark procedure in evaluations of earthquake-induced dis-
placements of gravity retaining walls, and Kim et al. [17]
introduced a displacement approach for the seismic design of
quay walls based on the sliding block concept. Applications of the
Newmark model to the development of performance-based
design charts for geosynthetic-reinforced slopes subjected to
earthquake shaking have also been reported [18].

The Newmark model is basically a one-block translational or
rotational mechanism along a rigid-plastic sliding surface,
activated when the ground shaking acceleration exceeds a critical
level. Therefore, this rigid block approach lacks the ability of
modeling the seismic compliance of a soil slope or the dynamic
response of backfill behind a retaining wall and, consequently, the
associated effects on earthquake-induced displacements and
dynamic wall thrust [2,19–23]. However, despite this deficiency,
the Newmark sliding block concept is still widely used in
engineering practice even though finite-element commercial
software is currently available for the analysis of the seismic
behavior of earth retaining systems. One of the major short-
comings of a finite-element analysis when applied to rigorous
predictions of permanent deformations is the requirement for
sophisticated nonlinear elasto-plastic models that should be able
to account for the nonlinear inelastic behavior of the soil and of
the interfaces between the soil and the wall elements. The
parameters characterizing these constitutive models are derived
from specialized laboratory tests that are not readily available to
the practitioners. Furthermore, numerical instabilities may easily
occur in finite-element computations due to significant distor-
tions of the finite-element mesh in order to achieve relatively
moderate to large permanent deformations. Dynamic finite-
element meshes that would regenerate with progressive deforma-
tion to avoid excessive distortions are still in a development stage
and have not yet been implemented in commercial software. For
such reasons, the sliding block model still represents an attractive



ARTICLE IN PRESS

A.C. Trandafir et al. / Soil Dynamics and Earthquake Engineering 29 (2009) 428–437430
option when performing quantitative preliminary assessments of
earthquake-induced permanent displacements, since it requires
only fundamental design information (e.g., geometry of the
problem), a minimum number of material properties (i.e., unit
weight and shear strength parameters), and involves a robust
computational process.
2. Sliding block formulation for fill slope supported by gravity
wall

The geometry of the analyzed fill slope and gravity retaining
wall is presented in Fig. 3 as a typical cross section from
Takamachi-danchi residential area of Nagaoka city, Niigata
Prefecture, Japan, which was severely damaged by the October
23, 2004 Chuetsu earthquake (Figs. 1 and 2). A retaining wall of
height Hw ¼ 5.4 m is used to hold back the earth and maintain a
Fig. 2. Gravity retaining wall in Takamachi-danchi residential area damaged

during the October 23, 2004 Chuetsu earthquake, Niigata, Japan.
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Fig. 3. Forces considered in the seismic sliding block analy
difference in the elevation of the ground surface which has a
height H ¼ 7.6 m from the wall base. The case of a dry
homogeneous fill is considered herein with a unit weight g ¼ 17
kN/m3, an internal angle of friction f ¼ 271 and a cohesion
c ¼ 10 kPa. The gravity retaining wall (Fig. 3) has a base friction
angle fb ¼ 281, and a unit weight gb ¼ 23 kN/m3 yielding a wall
weight Ww ¼ 220.4 kN.

The forces shown in Fig. 3 are the weight (Ww) and the
horizontal inertia force (kWw) of the gravity retaining wall, the
weight (W) and the horizontal inertia force (kW) of the active soil
wedge behind the wall, and the normal (Nw) and resistant (Tw)
forces along the base of gravity retaining wall. The forces acting on
an individual soil column of width dx within the active wedge
(Fig. 3) are the normal (N) and resistant (T) forces along the base
of the column, the column weight (dW), the inertia force of the
column (k(dW)), the left side vertical (VL) and horizontal (XL)
forces, and the right side vertical (VR) and horizontal (XR) forces. In
Fig. 3, a represents the angle of the column base with horizontal,
and b ¼ 61 is the inclination angle of the back of the wall to
vertical. Parameter k in the expression of inertia forces represents
the coefficient of horizontal earthquake acceleration (Fig. 3).

2.1. Assumptions

Similar with Richards and Elms [15], the basic assumption of
the analysis is that the retaining wall and the soil active wedge
behind the wall (Fig. 3) act as rigid bodies, and during motion, the
shear strength is fully mobilized along the base of the wall, as well
as along the failure surface of the active wedge. As illustrated in
Fig. 4, a base sliding mechanism associated with translational
failure is considered for the analyzed gravity retaining wall. This
assumption conforms to the situation in Takamachi-danchi area
where field investigations indicate a stiff foundation soil under-
lying the gravity retaining walls [2]. Furthermore, additional
examinations of failed gravity retaining walls in Takamachi-
danchi area after the October 23, 2004 Chuetsu seismic event,
revealed significant translational wall movements during the
earthquake. For the active soil wedge behind the wall, a rotational
failure mechanism along a circular slip surface is considered
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within the fill slope.
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(Fig. 4). As shown later in this paper, the same type of rotational
failure will also be considered for the slide mass of the fill slope
reinforced with anchors. Hence, a unique failure mechanism
adopted for both categories of sliding soil masses (i.e., active
wedge behind a gravity retaining wall and failure mass of an
anchor-reinforced slope) enables us to perform a comparison of
the earthquake-induced displacements associated with the two
stabilization techniques (i.e., gravity retaining walls and anchors)
investigated in this study.

Another assumption made in the analysis is that during the
earthquake, wall displacements occur only outwards (or away)
from the backfill, and the active wedge experiences only down-
slope movement (Fig. 4). This assumption is reasonable for most
cases encountered since very high yield accelerations must be
exceeded by the ground shaking acceleration in order to cause
wall movements towards the backfill and upslope displacements
of the sliding soil wedge (which in this case would become a
passive wedge) behind the wall.

In the present investigation, a smooth wall–backfill interface is
considered, implying that the wall thrust P acts normal to the
wall–backfill interface, therefore, making an angle b with the
horizontal (Fig. 4). The height of the line of action for thrust P is
taken as Hw/3 from the wall base (Fig. 4), and assumed to not vary
during the earthquake. Although this is not the real case, it will be
demonstrated later that for the objective of the particular
analyzed problem, this assumption is quite reasonable. Finally,
the assumption that the retaining wall and the active wedge are in
permanent contact during motion involves P40 during the
earthquake shaking. This condition will also be examined later
in the paper.
2.2. Equation of motion

The parameter of motion for the gravity retaining wall with a
basal sliding mechanism is the horizontal displacement sAh of
point A defining the bottom-right corner of the wall in Fig. 4.
Referring to the forces shown in Figs. 3 and 4, the relative
acceleration €sAh of the retaining wall may be derived from the
Newton’s second law of motion on the horizontal direction:

Ww

g
€sAh ¼ P cos bþ kWw � Tw, (1)

where g represents the gravitational acceleration.
At sliding, the frictional resistance developed along the wall

base is fully mobilized, thus

Tw ¼ Nw tan fb ¼ ðWw � P sin bÞ tan fb. (2)

By substituting Tw in Eq. (1) with the expression given in Eq. (2),
and rearranging Eq. (1), we obtain

€sAh ¼
P

Ww

cosðfb � bÞ
cos fb

þ k� tan fb

� �
g. (3)

For the rotational failure mechanism depicted in Fig. 4, the
parameter of motion of the active wedge behind the retaining wall
is the rotation y of the center of gravity about the pole O of the slip
circle. The angular acceleration of the active wedge (€y) is derived from
the difference between the driving moment (given by forces kW, W

and P) and the resisting moment (given by resistant force T along
failure surface) about the pole O of the slip circle (Figs. 3 and 4):

W

g
R2

cg
€y ¼ kWRcgv þWRcgh � Pd� R

X
T , (4)

where Rcg represents the distance from the pole of the slip circle to
the center of gravity of the active wedge, Rcgv and Rcgh are the vertical
and horizontal projections of Rcg, d is the perpendicular distance from
the pole of the slip circle to the line of action of wall thrust P, and R is
the radius of the slip circle. During motion, the available soil shear
strength is fully mobilized along the sliding surface, thus the resistant
force (T) at the base of an individual soil column within the active
wedge (Fig. 3) is given by the Mohr–Coulomb failure criterion

T ¼ N tan fþ
c dx

cos a
. (5)

By making the assumption that VL ¼ VR ¼ 0 as in Bishop’s
simplified method of slices for slope stability analysis, the normal
force (N) can be derived from the vertical force equilibrium equation
of the soil column (Fig. 3):

N cos aþ T sin a� dW ¼ 0. (6)

Eqs. (5) and (6) lead to an explicit expression of T for each
individual column within the active wedge, which can be used to
estimate the quantity ST in Eq. (4) representing the total resistant
force developed along the failure surface.

As shown in Fig. 4, point A on the gravity retaining wall and
point A at the bottom of the active wedge have the same
horizontal displacement, hence the motion parameters sAh and y
can be linked by the following equation:

sAh ¼ Ry cos aA, (7)

where aA is the angle with the horizontal made by the tangent at
the failure surface in point A (of the active wedge). A similar form
of Eq. (7) may be obtained in terms of accelerations (€sAh and €y),
which combined with Eqs. (3) and (4) renders the following
expression:

€y
g

W
R2

cg

d
þWw

cos fb

cosðfb � bÞ
R cos aA

" #
¼ k W

Rcgv

d

�

þWw
cos fb

cosðfb � bÞ

�
þ W

Rcgh

d
�Ww

sin fb

cosðfb � bÞ
�

R

d

X
T

� �
. (8)

Based on Eq. (8), the closed-form solution of the angular
acceleration can be obtained:

€y ¼ Cwða� kygÞ, (9)
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where a represents the earthquake acceleration (a ¼ kg), ky

designates the yield coefficient of the retaining wall–active wedge
system, and Cw is a constant defined as

Cw ¼
WðRcgv=dÞ þWwðcos fb= cosðfb � bÞÞ

WðR2
cg=dÞ þWwðcos fb= cosðfb � bÞÞR cos aA

. (10)

When an increasing earthquake acceleration reaches the value
of yield acceleration (kyg) no displacement occurs but the shear
strength developed along the base of the retaining wall and the
failure surface of the active wedge is fully mobilized, i.e., the
retaining wall–active wedge system is in a state of limit
equilibrium. The yield coefficient (ky) can be easily obtained from
Eq. (8) by setting €y ¼ 0 and k ¼ ky. The expression of ky derived in
this manner together with Eqs. (5) and (6) can be incorporated
into a computer code, and an automatic search procedure can be
employed to locate the critical failure surface of the active wedge
associated with the minimum value of ky. In this study, however,
another approach will be used to determine ky, as described in the
next section.

The step by step numerical integration procedure to calculate
the permanent rotation (y) induced by a seismic excitation, given
the expression of the angular acceleration, is described in detail
elsewhere [12]. Based on the value of y at the end of earthquake
shaking, the vertical and horizontal permanent displacements of
point B at the top of the active wedge in Fig. 4 can be determined
by the equations below:

sBv ¼ Ry sin aB, (11)

sBh ¼ Ry cos aB, (12)

where sBv and sBh are the vertical and horizontal displacements of
point B in Fig. 4, and aB is the angle with the horizontal made by
the tangent at the failure surface in point B (Fig. 4). The relative
acceleration of the wall derived from Eqs. (7) and (9) is

€sAh ¼ ða� kygÞCwR cos aA. (13)

2.3. Yield coefficient

In their analysis of earthquake-induced gravity retaining wall
displacements, Richards and Elms [15] suggested that the yield
acceleration of wall–backfill system can be evaluated from the
limit equilibrium of the retaining wall using the equation of active
wall thrust (P) derived from a Mononobe–Okabe analysis. Due to
the presence of seismic coefficient (k) in the expression of
dynamic wall thrust given by Mononobe–Okabe approach, an
iterative procedure is required to determine the yield acceleration,
as described by Kramer [24]. In this study, however, a graphical
procedure is used to evaluate the yield coefficient (ky) using the
values of active wall thrust (P) estimated separately for the gravity
retaining wall and the soil active wedge behind the wall (Fig. 4)
from the condition of limit equilibrium of each of the two bodies
at various seismic coefficients (k).

The equation of wall thrust (P) for the gravity retaining wall at
limit equilibrium is obtained from Eq. (3) for €sAh ¼ 0:

P ¼
Ww cos fb

cosðfb � bÞ
ðtan fb � kÞ, (14)

where P is a linear function of k in Eq. (14), and the graphical
representation of this relationship is given in Fig. 6 for the
characteristics of the analyzed gravity retaining wall (Fig. 3).

The P–k relationship at limit equilibrium for the active wedge
behind the wall, which is depicted in Fig. 6, was derived from a
pseudostatic slope stability analysis based on Bishop’s simplified
method (Fig. 5). For this purpose, the limit-equilibrium based
commercial software SLOPE/W of the GEO-SLOPE OFFICE package
[25] was employed. According to the basic principle in a limit-
equilibrium based slope stability approach, the seismic coefficient
(k) that would bring the potential slide mass in limit equilibrium
for a given wall thrust (P) is the coefficient of pseudostatic seismic
force (kW) associated with a safety factor (FS) of 1.0. Thus for each
assumed P value, k was gradually increased and the safety factor
was calculated until the value of k corresponding to FS ¼ 1.0 was
found. For each pair of analyzed (P, k) values, the minimum factor
of safety (FS) was determined by enabling the automatic search
option in SLOPE/W to locate the pole of the critical failure surface
across a grid of potential slip circle centers. Fig. 5 depicts some of
the P and corresponding k values at limit equilibrium (i.e.,
FS ¼ 1.0) together with the associated critical slip surfaces
obtained from slope stability analyses based on Bishop’s simpli-
fied method by utilizing the described procedure.

The intersection point of the P–k relationships at limit
equilibrium established for the gravity retaining wall and the
active soil wedge behind the wall (Fig. 6) renders the yield
coefficient (ky) of the wall–backfill system. Any other k value
different from ky produces different limit-equilibrium values of P

on the gravity wall and the active wedge (Fig. 6), thus contra-
dicting the physical meaning of wall thrust—i.e., an internal force
with equal magnitude on either of the two contact elements
(Fig. 4). The yield coefficient and the associated thrust of the
analyzed gravity wall–active wedge system (Fig. 3) is ky ¼ 0.148
and P ¼ 80.5 kN, as obtained from the graphical analysis depicted
in Fig. 6. The critical failure surface of the active wedge for this set
of (P, k) values is illustrated in Figs. 3 and 5, and the associated
geometrical features (Fig. 4) are R ¼ 51.13 m, Rcg ¼ 49.82 m,
Rcgv ¼ 33.43 m, Rcgh ¼ 36.94 m, d ¼ 32.51 m, aA ¼ 41.91, aB ¼

53.51, yielding a weight of the active wedge W ¼ 359.8 kN.
Alternatively, the limit-equilibrium P–k relationship of the

active wedge behind the wall was estimated from a Mononobe–O-
kabe analysis (Fig. 6). As shown in Fig. 7, the Mononobe–Okabe
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approach considers the limit equilibrium of an active wedge
delineated by a planar failure surface making an angle a* with the
horizontal. Although closed-form solutions based on Monono-
be–Okabe’s method are available in the literature for the active wall
thrust (P) of a triangular wedge with a uniform backfill gradient
[26,27], such expressions cannot be applied to the particular
geometry of the analyzed active wedge with variable gradient at
the backfill surface (Fig. 7). Therefore, the equation yielding the
wall thrust P was derived from the vertical and horizontal
equilibrium of forces acting on the active wedge (Fig. 7) coupled
with the Mohr–Coulomb failure criterion (i.e., Eq. (5) in which
dx ¼ H/tan a*):

PMononobe�Okabe
¼

W ½k cosðan � fÞ þ sinðan � fÞ� � cH cos f= sin an

cosðbþ an � fÞ
.

(15)

The P–a* relationships represented in Fig. 7 were obtained based
on Eq. (15), for various specific values of the seismic coefficient (k).
The points defining the peak of these relationships provide the
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The analysis based on Bishop’s simplified method to derive the
P–k relationship in Fig. 6 may be conservative when compared to
the Mononobe–Okabe analysis since for the same seismic
coefficient, Bishop’s method produces greater P values required
for the limit equilibrium of the active wedge. However, the
difference in the active wall thrust derived from these two
methods appears to decrease with the increase in the seismic
coefficient (Fig. 6). This behavior is closely related to the shape of
the critical sliding surface derived from the Bishop analysis. As
noted in Fig. 5, the curvature (1/R) of the critical slip circle at limit
equilibrium decreases as k increases, indicating that the shape of
the critical sliding surface is approximating a planar surface.
Hence, for higher seismic coefficients, the Mononobe–Okabe’s
planar failure mechanism becomes predominant. At k ¼ ky, the
difference in P values estimated from Bishop and Mononobe–O-
kabe analyses becomes practically insignificant (Fig. 6). Thus, for
the analyzed problem, both approaches produce essentially the
same yield acceleration of the wall–backfill system.

Experimental and numerical studies on the location of
dynamic wall thrust (P) across the wall height indicate that the
resultant of dynamic earth pressure during an earthquake may
reach heights equal to Hw/2 from the bottom of the wall [28–31].
For a height Hw ¼ 5.4 m corresponding to the wall depicted in
Fig. 3, a variation in the height of the line of action of P within
Hw/2–Hw/3 translates into less than 3% variations of distance d in
Eqs. (4) and (8), which can therefore be ignored. Hence, the
assumption made in our study that during earthquake, P acts at a
constant height equal to Hw/3 from the wall base (Fig. 4) appears
reasonable.

Addressing the seismic behavior of gravity retaining walls,
Richards and Elms [15] calculated the earthquake-induced relative
wall displacements by simply integrating the portions of earth-
quake acceleration time history above the yield acceleration of the
wall–backfill system. In such a case, the relative wall acceleration
is (a�kyg). In Eq. (13), we arrive at the same expression of relative
wall acceleration if CwR cos aA ¼ 1.0, a condition achieved for
W ¼ 0 in Eq. (10) which may be interpreted as the active wedge
playing no role in the relative wall acceleration. For the analyzed
wall–backfill system (Fig. 3), the constant CwR cos aA is 0.622,
therefore representing a reduction factor for the quantity (a�kyg).
egrees)

(α*cr = 44.8°, P = 89.8kN)
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nclination of critical failure plane (a�cr) for different seismic coefficients (k).
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This reduction factor is directly related to the variation of inertia
force acting on the active wedge (and consequently the variation
in wall thrust P) associated with relative motion (i.e., Rcg

€y) of the
wedge during an earthquake; an aspect which appears to be
neglected in the integration procedure utilized by Richards and
Elms [15].

The equation of motion derived for the wall–backfill system in
the previous section is based on the assumption that the gravity
wall and the active wedge (Fig. 3) are in permanent contact,
implying that the wall thrust (P) has a positive value during the
entire motion process. To verify this condition, the expression of P

during motion was obtained using Eqs. (3) and (13), as follows:

P ¼
Ww cos fb

cosðfb � bÞ
½tan fb � kyCwR cos aA � kð1� CwR cos aAÞ�. (16)

According to Eq. (16), the condition P40 translates into

ko
tan fb � kyCwR cos aA

1� CwR cos aA
, (17)

which for the analyzed problem becomes ko1.163. Eq. (17)
indicates that for ground shaking accelerations greater than
1.163g, the gravity retaining wall may detach from the active
wedge and move independently during motion. Consequently for
a41.163g, Eqs. (7)–(10) and (13) are no longer valid. In this study,
however, the range of considered peak earthquake accelerations
does not exceed 1g, therefore the condition P40 is achieved for
the analyzed input earthquake.
3. Sliding block formulation for fill slope reinforced with
anchors

3.1. Assumptions

In Fig. 8, the dry homogeneous fill slope (Fig. 3) is assumed to
be reinforced with one row of grouted anchors, which represents
the other case examined in this study. The anchor reinforcement
mechanism consists basically of transferring the resisting tensile
force P of the anchor into the ground through the friction
mobilized at the soil–grout interface. The load P developed in
anchor is due to the earth pressure exerted against the structural
facing (e.g., bearing plates, concrete pad or tensioned geosyn-
thetics) to which the anchors are connected and eventually pre-
stressed. As seen in Fig. 8, the anchors are considered to be
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Fig. 8. Forces considered in the seismic sliding block analysis of the anchor-

reinforced slope.
installed at a height Hw/2 from the bottom of the slope across
the steep slope gradient, and driven into the ground at an
inclination angle b with the horizontal (Hw ¼ 5.4 m and b ¼ 61
from Fig. 3).

The same assumptions and rotational failure mechanism
considered for the active wedge behind the gravity retaining
wall (Figs. 3 and 4) are adopted for the potential sliding soil
mass of the anchor-reinforced slope (Fig. 8). Regarding the anchor,
it is assumed that the shear resistance developed along the
soil–grout interface is fully mobilized during motion. Also, the
potential variations in the shear resistance of the soil–grout
interface that may arise due to changes in normal stress during
earthquake are neglected, as well as the potential shear stresses
that may develop along the sliding surface (at the intersection
point between the anchor and slip surface) due to deformation
of the anchor tendon associated with the seismic displacement
of failure mass. These assumptions lead to a constant anchor
load P equal to the pullout resistance of reinforcement per unit
length.

3.2. Equation of motion

For the rotational failure mechanism along a circular slip
surface (depicted in Fig. 4), the angular acceleration of the sliding
soil mass of anchor-reinforced slope (Fig. 8) is derived from Eq. (4)
in which P is the reinforcement load, d is the perpendicular
distance from the pole of the slip circle to the line of reinforce-
ment, and T is derived from Eqs. (5) and (6). Based on Eq. (4), a
solution similar to the expression given in Eq. (9) for the gravity
wall–backfill system is obtained for the angular acceleration (€y) of
the anchor-reinforced slope:

€y ¼ Caða� kygÞ, (18)

where Ca is a constant defined as

Ca ¼
Rcgv

R2
cg

. (19)

Eq. (18) is the same as the solution of the angular acceleration
provided by Ling and Leshchinsky [12] for simple slopes with the
sliding mass treated as a rigid rotating body defined by a log spiral
slip surface. The expression of the yield coefficient (ky) in Eq. (18)
can be derived from Eq. (4) by setting €y ¼ 0 and k ¼ ky.

3.3. Yield coefficient

In order to be able to perform a comparison of the permanent
seismic displacements for the two earth retaining systems
analyzed in this study, the anchor-reinforced slope (Fig. 8) was
assumed to be designed at the same yield coefficient as the
gravity retaining wall–backfill system (Fig. 3), i.e., ky ¼ 0.148, and
the associated reinforcement load P was estimated from a
pseudostatic slope stability analysis based on Bishop’s simplified
method using the limit-equilibrium software SLOPE/W [25]. The
reinforcement load option and the automatic search procedure for
locating the center of the critical slip surface across a grid of trial
slip circle centers were used in the SLOPE/W calculations.
Following the fundamental principle of limit-equilibrium slope
stability analysis, the reinforcement load P corresponding to a
specific design yield coefficient ky was determined by considering
various magnitudes of force P and calculating the safety factor (FS)
for a pseudostatic horizontal seismic force kW ¼ kyW (Fig. 8) until
the P value associated with FS ¼ 1.0 was obtained. For a design
yield coefficient ky ¼ 0.148 of the anchor-reinforced slope in Fig. 8,
the reinforcement load derived from such an analysis is P ¼ 82.9
kN, and the corresponding geometrical characteristics (Fig. 4) of
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the critical failure surface (illustrated in Fig. 8) and sliding soil
mass are R ¼ 31.75 m, Rcg ¼ 30.39 m, Rcgv ¼ 19.94 m, Rcgh ¼ 22.94
m, d ¼ 19.57 m, aA ¼ 39.51, aB ¼ 57.91, yielding a weight of sliding
soil mass W ¼ 360.4 kN.

In SLOPE/W analysis involving soil reinforcements such as
anchors, the reinforcement load is treated as a line load acting at
the intersection point between the line of reinforcement and the
failure surface [25]. Hence, the vertical equilibrium of forces (used
to derive the normal force N at the base of the slice) in a Bishop’s
simplified approach, for the slice containing the reinforcement
load P (Fig. 8), includes the vertical component of force P (i.e.,
P sinb) in addition to the forces in Eq. (6):

N cos aþ T sin a� dW � P sin b ¼ 0. (20)

This approach (adopted in SLOPE/W) is denoted as the ‘‘conven-
tional approach’’ in this paper.

Recently, Cai and Ugai [32] investigated the conventional
approach regarding the mechanism of anchor reinforcement in
slopes by examining the static safety factors obtained from a
series of slope stability analyses using finite-element method and
limit-equilibrium based Bishop’s simplified method. Their study
demonstrated that in fact, the component of reinforcement load
tangent to the sliding surface (i.e., P cos(a+b)) does not affect the
normal force N at the base of the slice containing the reinforce-
ment load P (Fig. 8). Consequently, the effect of anchor reinforce-
ment in Eq. (20) will be given solely by the vertical projection of
that component of reinforcement load P acting normal on the
sliding surface (i.e., P sin(a+b)):

N cos aþ T sin a� dW � P sinðaþ bÞ cos a ¼ 0. (21)

This anchor reinforcement approach proposed by Cai and Ugai
[32] is denoted herein as the ‘‘modified approach’’.

To account for the modified reinforcement approach in
SLOPE/W stability analysis of the anchor-reinforced slope shown
in Fig. 8, the equivalent system of forces (P1, Ta) is considered, as
shown in Fig. 9. Both forces act at the intersection point between
line of reinforcement and sliding surface (Fig. 9). Force P1 is the
reinforcement load in the SLOPE/W’s conventional approach,
which in combination with the tangential force Ta, produces the
same effect as the reinforcement load P (Fig. 8) in the modified
approach. Accordingly, for the Bishop’s simplified method, the
moment given by forces P1 and Ta about the pole of the circular
slip surface (Fig. 4) must be equal to the moment of reinforcement
load P, and the vertical component of the resultant force generated
by P1 and Ta must be equal to the vertical projection of the normal
component of reinforcement load P sin(a+b). These conditions
translate into

P1 cosðaþ bÞ þ Ta ¼ P cosðaþ bÞ, (22)

P1 sin b� Ta sin a ¼ P sinðaþ bÞ cos a. (23)
P1

Ta

α

β

Sliding surface

Anchor

Fig. 9. Equivalent system of forces considered in the pseudostatic SLOPE/W

stability analysis of the anchor-reinforced slope to account for the modified

reinforcement approach.
Based on Eqs. (22) and (23), the following relationship between P1

and Ta is obtained:

Ta ¼ P1
cosðaþ bÞ
sinð2aþ bÞ

½sin b� sinðaþ bÞ cos a�. (24)

In the pseudostatic slope stability analysis using SLOPE/W, various
magnitudes of forces P1 and corresponding Ta (as given by
Eq. (24)) were considered and safety factors (FS) were calculated.
The P1 and Ta forces that produce a safety factor FS ¼ 1.0 for a
pseudostatic horizontal seismic force kW (Fig. 8) corresponding to
the design yield coefficient ky ¼ 0.148, are P1 ¼ 113.5 kN and
Ta ¼ �31.4 kN (the negative sign indicates that Ta acts in a
direction opposite to that shown in Fig. 9). The characteristics of
the critical slip surface and sliding soil mass (Fig. 4) in this case
are R ¼ 26.24 m, Rcg ¼ 24.85 m, Rcgv ¼ 16.09 m, Rcgh ¼ 18.94 m,
d ¼ 16.11 m, aA ¼ 38.21, aB ¼ 60.41, and the corresponding weight
of sliding soil mass is W ¼ 360.2 kN. The reinforcement load P in
the modified approach estimated using Eq. (22) is 62.7 kN, about
24% smaller than the reinforcement load determined using the
conventional reinforcement approach (i.e., P ¼ 82.9 kN).
4. Seismic displacements

The sliding block formulations developed in the previous
sections were used to study the seismic performance of the
analyzed gravity retaining wall–backfill system (Fig. 3) and
anchor-reinforced slope (Fig. 8) for the input horizontal earth-
quake given in Fig. 10. The accelerogram was recorded during the
October 23, 2004 Chuetsu earthquake at a station located
approximately 1.8 km northeast of Takamachi-danchi, a residen-
tial area of Nagaoka city, Niigata Prefecture, Japan, which suffered
severe landslide damage during the earthquake (Figs. 1 and 2).
Positive values on the accelerogram in Fig. 10 are associated in this
analysis with horizontal inertia forces due to the earthquake (kW

and kWw) acting as shown in Figs. 3 and 8.
Fig. 11 shows the evolution of earthquake-induced vertical and

horizontal displacements (sBv and sBh) at point B on the top of the
active wedge behind the wall in Fig. 4, and point B on the top of
the sliding mass of the anchor-reinforced slope in Fig. 8. The
displacements were estimated based on Eqs. (11) and (12) using
the calculated rotation (y) of the slide mass at a certain instant
during earthquake. For the anchor-reinforced slope, the character-
istics of critical failure mass determined from pseudostatic
stability analyses based on both conventional and modified
reinforcement approaches (as discussed in Section 3.3) were used
in dynamic calculations (Fig. 11). As seen in Fig. 11, the difference
in calculated seismic displacements when comparing the two
reinforcement approaches is practically insignificant. Hence, even
though the conventional reinforcement approach may seriously
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overestimate the reinforcement load required for a specific design
yield coefficient (as shown in Section 3.3), this approach can still
provide reasonable estimates of earthquake-induced displace-
ments of a slope reinforced with anchors. Overall, the data in
Fig. 11 indicate larger seismic displacements of the active wedge
behind the wall (Figs. 3 and 4) when compared to the anchor-
reinforced slope (Fig. 8) despite the same design yield coefficient
of the two sliding systems. This result demonstrates the
significant role played in the relative motion by the inertia force
imparted on the gravity retaining wall due to the earthquake
loading (kWw).

The diagrams depicted in Fig. 12 were obtained by scaling the
input seismic record to different values of peak earthquake
acceleration (km in Fig. 10) and computing the corresponding
earthquake-induced permanent vertical and horizontal displace-
ments (sp

Bv and sp
Bh) at point B on the top of active wedge behind

the wall (Fig. 4) and point B on the top of sliding mass of the
anchor-reinforced slope (Fig. 8). A nonlinear relationship between
the permanent displacement and the peak earthquake accelera-
tion coefficient characterizes all cases analyzed in Fig. 12. Again,
the results indicate an insignificant difference between perma-
nent displacements of the anchor-reinforced slope evaluated
using the characteristics of critical failure mass associated with
the conventional and modified reinforcement approaches dis-
cussed in Section 3.3. On the other hand, the difference between
the permanent displacement of the active wedge behind the
gravity retaining wall (Fig. 4) and the permanent displacement of
the anchor-reinforced slope (Fig. 8) appears to increase with
increasing peak earthquake acceleration, becoming significant for
peak earthquake accelerations greater than 0.5g (Fig. 12). For the
entire range of km values in Fig. 12, this difference translates into
vertical and horizontal permanent displacements (sp

Bv and sp
Bh) of

the anchor-reinforced slope (in the case of modified reinforce-
ment approach) smaller by 12% and 32%, respectively, compared
to the vertical and horizontal displacements on the top of the
active wedge behind the gravity retaining wall.
5. Conclusions

A dynamic displacement analysis based on the sliding block
concept was undertaken to investigate the seismic performance of
a dry homogeneous fill slope supported by a gravity retaining wall
or reinforced with anchors. Although both stabilizing techniques
provided the same design yield coefficient for the sliding soil mass
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within the fill material, in terms of seismic displacements, the fill
stabilization method involving reinforcement with anchors
appears to be more effective when compared to the gravity
retaining wall. The main disadvantage of the gravity retaining wall
lies essentially in its basic design principle, i.e., the weight of the
wall, which provides most if not all of the resistance to sliding, but
at the same time contributes indirectly to the amplification of the
seismic displacements of the sliding soil mass through the wall
inertia developed during the earthquake shaking. As demon-
strated in this study, the superiority of anchors over gravity
retaining walls becomes significant for peak earthquake accelera-
tions greater than 0.5g suggesting that anchor systems may
represent a better option to stabilize earth structures in areas
prone to powerful earthquakes.
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