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Abstract: A procedure of kinematic analysis is presented in this study to assess the reinforcement force of geosynthetics
required under seismic loadings, particularly for steep slopes which are hardly able to maintain its stability. Note that
curved sloping surfaces widely exist in natural slopes, but existing literatures were mainly focusing on a planar surface
in theoretical derivation, due to complicated calculations. Moreover, the non-uniform soil properties cannot be
accounted for in conventional upper bound analysis. Pseudo-dynamic approach is used to represent horizontal and
vertical accelerations which vary with time and space. In an effort to resolve the above problems, the discretization
technique is developed to generate a discretized failure mechanism, decomposing the whole failure block into various
components. An elementary analysis permits calculations of rates of work done by external and internal forces. Finally,
the upper bound solution of the required reinforcement force is formulated based on the work rate-based balance
equation. A parametric study is carried out to give insights on the implication of influential factors on the performance
of geosynthetic-reinforced steep slopes.
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kinematic analysis, will be employed in this study

1 Introduction

In engineering practice, some pre-emptive
countermeasures such as installation of geotextiles
or piles are taken to offer additional resistance,
particularly for steep slopes subject to heavy
earthquake effect. It is of interest for engineers to
assess the resistance force necessitated to maintain

slope stability. A commonly used approach,
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to resolve such a problem. The kinematic approach
within the framework of plasticity theory indicates
that the load calculated from the equilibrium of the
external and internal rates of work is not less than
the actual failure load within the boundary
conditions [1]. Owing to its conciseness and
simplicity with no-stress calculations involved in a
specific analysis, many researchers [2—8], applied
this approach to evaluating the slope stability
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using a log-spiral velocity discontinuous surface.
Such a failure surface is a sound approximation to
the physical failure in a homogeneous soil slope,
and it is limited to account for a constant soil
friction angle with a prescribed failure pattern, as
substantiated in Ref. [9]. Therefore, such a
conventional approach is hardly able to consider
non-uniformity of soil properties, such as soil
friction angle and unit weight, with a log-spiral
failure mechanism a priori. In an effort to
overcome this shortcoming, the discretization
technique was proposed. Such a technique enables
one to break down the whole problem into
discretized components, and readily account for the
non-uniform soil properties in the process of
generation of a kinematically admissible collapse
mechanism. MOLLON et al [10] initially predicted
the face stability of a pressurized tunnel, for both
the collapse and blow-out case, with a
two-dimensional and three-dimensional failure
mechanism generated by this technique. Based on
this line of thought, QIN et al [11, 12] also applied
this principle to generating a failure surface for
assessment of seismic slope stability.

Slopes in earthquake-prone regions are more
vulnerable to landslides, which may pose enormous
impacts to people’s lives and property. A proper
inclusion of seismic effect is vital in predicting
seismic slope stability. The most reliable approach
is to use the actual acceleration time-history as the
input; however, it is principally applied for
numerical analyses with much computational effort
necessitated. In response to maximally simplify the
seismic input, the pseudo-static approach using
constant horizontal/vertical acceleration is widely
used in theoretical derivation. Notice that the
constant acceleration is usually selected from the
peak value of acceleration time-history, thereby
yielding conservative solutions to slope stability
problems. It is seen that the former consumes much
computational time and is hardly able to be
incorporated into theoretical analyses, while the
latter cannot characterize the dynamic effect of an
earthquake. In an effort to retain the simplicity of
the  pseudo-static  approach and dynamic
characteristics of an earthquake, a compromise is
attained with the use of pseudo-dynamic approach.
Initially, the pseudo-dynamic analysis was applied
to investigating the external/internal stability of a
retaining wall with or without geosynthetics

[13, 14]. Therein, the horizontal and vertical
accelerations were expressed in sinusoidal waves
without considering initial phase lag [13, 15]. Note
that the above analyses were mainly presented with
the limit equilibrium method. Recently, such an
approach was extended to kinematic analysis of
seismic slope stability, and shown to be capable of
yielding more reliable solutions [12].

As stated earlier, reinforcing structures are
constructed to offer greater stability with additional
resistance provided by stabilizing piles or
geosynthetics.  Some  researchers [16, 17]
investigated the stability of pile-reinforced slopes
with the upper bound analysis, which is proven to
be valid to improve slope stability. In the case of
failure patterns of geosynthetic-reinforced slopes,
they are dependent on the length, layout density and
distribution of geosynthetics. The pseudo-static
solutions of reinforcement force and length of
geosynthetics required were derived with limit
equilibrium, considering different failure patterns
and horizontal acceleration only [18]. Apart from
limit equilibrium analysis, the kinematic analysis of
reinforced soil structures was performed by
MICHALOWSKI [19, 20], with rigorous bounds
obtained on the reinforcement strength and limit
loads. In the design of a reinforced slope, the slope
with geosynthetics was analyzed in a pseudo-static
manner, considering rotational and sliding failure
mechanisms, and a procedure was developed based
on earthquake-induced permanent displacement
[21]. Further, the pseudo-dynamic approach was
used to replace the commonly-used pseudo-static in
assessment of the internal stability or for tieback
analysis of a reinforced soil wall [14]. Another
extension of kinematic analysis of seismic slope
stability is the use of non-associated flow rule
combined with the pseudo-dynamic analysis [22].
VAHEDIFARD et al [23] employed the limit
equilibrium method to investigate the stability of a
geosynthetic-reinforced concave slope, aiming at
determining the optimal profile of facing elements
in geosynthetic-reinforced soil structures. In order
to evaluate the combined effects of uncertainties on
the structure’s performance, the reliability-based
approach was applied to the slope stability analysis
based on EC7 partial factor design method, with
geosynthetics installed for steep slopes [24].
JAVANKHOSHDEL et al [25] investigated internal
and external failure mechanisms of slopes
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reinforced by horizontally installed geosynthetics,
having obtained the correlations between factor of
safety, reinforcement strength and length through
Monte  Carlo simulation. Employing the
discretization-based  kinematic  analysis, the
geosynthetic-reinforced  force required were
discussed for steep slopes which are vulnerable to
fail under earthquake disturbance [26, 27].

2 Methodology

2.1 Upper bound theorem

As a concise and effective approach, the upper
bound theorem is commonly used in engineering
practice in the analysis of slope stability, ultimate
bearing capacity of foundation and earth pressure
calculations. It is established from the perspective
of energy (rate), and the critical state is reached in
the condition of equilibrium of external and internal
rates of work. Based on the upper bound analysis,
the actual collapse load is no larger than the limit
load calculated from the work rate-based balance
equation within boundary conditions [1]. In a
mathematical manner, the expression depicting the
upper bound theorem gives

[ 058,42 | TV ds+[ X0 (1)

where ¢ and ¢; are the stress tensor and strain rate
at failure in a kinematically admissible velocity
field, respectively; 7; refers to the surface load on
the boundary s; X; is the body force within the
volume of a failure block Q; and V; denotes the
velocity along the failure surface. For ease of
practical use, the upper bound analysis is applied
for a rigid failure block, with soil materials being
perfectly plastic and following the associated flow
rule. Such a rule is the fundamental principle for
proposing the discretization technique as elaborated
in the next section.

Equation (1) is the basis in the application of
upper bound theorem, based on which more
scenarios can be accounted for, such as pore water
effect and reinforced structures. Apart from internal
forces generated within soils, other influential
factors can be regarded as external forces, playing
different roles in generation of a potential failure
block. For instance, the pore water effect has an
adverse consequence on slope stability; however,
installation of reinforced structures like geotextiles
is capable of strengthening slope capacity. This is

attributed to additional resistance provided by
geotextiles for the latter. The resistance effect can
be considered as external force or internal force,
both yielding the same results. For the case of a
geosynthetics type, geogrids or geotextile, only the
tensile strength aids to offer resistance, ignoring the
negligible resistance to torsion, bending and shear.
Accordingly, the tensile failure of reinforcement is
investigated herein. This is achieved by assuming a
sufficient length of geosynthetics, avoiding pull-out
and shear failure. In order to ensure kinematic
admissibility in a specific analysis, the velocity
jump vector, [v], makes an angle of internal friction
@ to the failure surface. Referring to
MICHALOWSKI [20], the dissipation rate per unit
area of the velocity discontinuity presents

D J-(;/sin” k, <gl >sin ndx = k,[v]cos(n7 — @) sinn (2)

where ¢ is the thickness of the shear band; # denotes
the inclination angle for geosynthetics intersecting a
velocity discontinuous surface; k: is the average
strength  of the reinforcement; (g) denotes
the strain rate in the reinforcement which is
taken as positive in tension and expressed as

(&) =[v]cos(n—¢)/tsiny ((&)=0 when n—(p>g,

disregarding the reinforcement in resisting
compression), where [v] is the velocity jump vector,
and ¢ is soil friction angle.

A complete form of upper bound theorem
considering the effect of geosynthetics is then
developed by incorporating Eq. (2) into Eq. (1).
This general form used in the following calculations
presents
IQ O'ij-ggidQ+I;/S1n”kt <£l>sin ndx > LTiVids +

[ xvde 3)

2.2 Discretization technique

The discretization technique is developed to
generate a kinematically admissible failure
mechanism. It aids to account for non-uniform soil
properties including soil unit weight, cohesion and
friction angle, and facilitates the application of
kinematic analysis considering complex scenarios.
As mentioned earlier, a constant-angle log-spiral
failure surface within ¢—¢ materials in shape is
prescribed in conventional upper bound slope
stability analysis, which is attributed to the use of
associated flow rule requiring that the plastic
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normal strain is inclined at an angle of n/2+¢ to the
plastic shear strain. This rule is also used in the
discretization technique when determining the
discretized points along the contour of failure
surface.

As elaborated in Ref. [12], the principle of
discretization technique lies in the ‘forward
difference’ method, i.e., systematically generating
the potential failure surface using the previous
known point on the contour of the mechanism. For
ease of formulation in the later kinematic analysis, a
brief description of this technique is presented
herein. It is well known that gentle slopes are more
likely to maintain its stability, and failure usually
occurs in steep slopes. In an effort to enhance the
stability of steep slopes, geosynthetics are installed
for preventing the possibility of landslides. A toe
failure mode is suited to a steep slope with c—¢
materials following perfect plastic flow.

In the process of point generation, the potential
failure surface commences at slope toe and ends at
the ground surface, as shown in Figure 1(a). Based
on the coordinate system with the origin placed at
slope toe, the key is to determine the discretized
points along a potential slip surface point by point.
This is achieved with an angular discretization
procedure with a triangle enclosed by two radial

lines and a section of slip surfaces, demarcated by
O, P; and P;+1. Each triangle is regarded as a rigid
failure block, rotating around the same centre O.
The angle between two radial lines, o, is
user-defined and usually kept as a constant.
Intuitively, a smaller ¢ value produces denser points
along the failure surface. The choice of ¢ value
affects the accuracy of kinematic solutions and
computational effort required. Its effect was
discussed in Ref. [12] where selection of 6=0.1°
could meet the accuracy requirement and save
computational time. For a rotational toe failure
pattern, two independent variables, such as the
initial radius, 7o, and initial angle, 6y, would suffice
to depict the whole velocity discontinuity, as
illustrated in Figure 1(a). Thereof, the rotation
centre is denoted as O (x,, yo) and can be directly
expressed with ro and 6.

A specific procedure for determining the next
point Pii (xi+1, yir1) along the contour of failure
surface is briefly presented herein based on the
coordinates of point P; (x;, y;). The rotational failure
mode permits the velocity vector at point P;,
v; =(vy, v);), gives (-sing, cos®;), where 0; is
the angle between the radial line OP; and horizontal
line as presented in Figure 1(a). Within the scope of
Mohr-Coulomb (MC) criterion, the associative flow
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Figure 1 Internal failure mechanism of geosynthetic-reinforced steep slope with curved sloping surface (a) and

non-uniform soil strength profiles (b)
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rule requires the velocity vector v; to meet the unit
normal vector m; =(n,, n,) at an angle of soil
friction. To encompass wider scenarios, the
non-uniformity of soil friction angle with depth is
denoted by profile ¢(y;). Accordingly, it presents

{"; -n; =—sing(y;) 4)

|”i|:1

Another explicit relationship lies in the
normality condition between vector m; and PP,

n PP, =0 (5)

After arithmetic and vector reasoning, the
coordinates of point P;+; are determined as

(6)

{xm =X, =41 €086,
Virt = Vo — A sinby,
where A+ is the radial length of the vector OP;y;
and expressed as

Ty (xo _x[)+ o (yg _yi)

My cos 0i+l

ﬂ"+1 =

1

+n,sing,, @
A more detailed description of the above
procedure can be found in Ref. [12]. The constraint
for point generation is y,,, > H, and the final x;+
should be refined for the case of y,, >H, using
linear interpolation herein. After having obtained
the discretized points meeting the above conditions,
a kinematically admissible failure surface is
generated by connecting non-standard curves P;Pi1.
Through discretization of the whole problem into
elements, not only the non-uniform soil friction
angle can be readily accounted for in generation of
a failure mechanism, but also other complicated
scenarios including non-uniform soil properties,
curved sloping geometry and external loading are
considered in a discretized kinematic analysis.

2.3 Pseudo-dynamic approach

The pseudo-static approach has been of long
interest for engineers to perform a rough prediction
of slope stability; however, a conservative solution
is more likely to be induced. On the other hand, the
prediction accuracy of seismic slope performance
could be greatly improved with actual acceleration
time-history in time domain, at the expense of much
computational effort consumed. A compromise is
made with the pseudo-dynamic approach, retaining
the dynamic characteristics of ground shaking and

simplicity of the pseudo-static. Such a quasi-static
analysis is capable of considering the time-
dependent seismic effect, and hence likely to yield
reliable solutions.

Pseudo-dynamic approach considers finite
primary and shear wave velocities within slopes.
The shear velocity s
V,=(G/p)*°, and the primary wave velocity
Vv, =[2G(1-v)/ p(1-20)]"°, where G is shear
modulus, p soil density and v Poisson ratio. For
common geomaterials with 0©=0.3, V,/V=1.87.
Analogous to the pseudo-static approach, both
horizontal and vertical accelerations are considered

wave defined as

for completeness, although the vertical seismic
effect is rather minimal when compared to the
horizontal. A commonly used approach is to use
sinusoidal functions to represent horizontal and
vertical accelerations. This is logical since each
seismic signal can be expressed as a weighted sum
of sinusoidal signals by the means of Fourier
transform. In the preliminary study, both horizontal
and vertical accelerations are assumed to commence
at the slope base at the same time without
considering initial phase lag between these two
inputs. Moreover, the amplification effect of
acceleration propagating from slope toe to slope
crest is considered with a soil amplification factor f.
In the field, the initial phase shift between seismic
inputs may exist due to geological and seismic
conditions, and the factor f may not be a constant
with depth. Nevertheless, it cannot be readily
accounted for in the existing literatures. Resorting
to the discretized kinematic analysis, the
complicated cases including the above mentioned
effects can be considered with ease from the
perspective of elementary analysis.

Assuming that the horizontal and vertical
accelerations reach kng and kg in amplitude at
slope toe surface, where k, and 4, are horizontal and
vertical seismic coefficients, the seismic signals at
depth y; above the slope toe at time ¢ are written as

“ :{H_%(f_l)]khg.sin{%{%_%ﬂ

N S

142 (=) | koo L dih
av—{l+H(f 1)} k,g s1n[27{T 2 +T]]

p p p

(&)

where T, and T, are periods of shear and primary
seismic waves; 4s (=75Vs) and 4, (=1,V}) denote the
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wavelength for shear and primary waves; and #y is
the initial phase lag between horizontal and vertical
accelerations at the slope base.

3 Kinematic analysis of reinforcement
force

In this study, the critical slope failure is
investigated considering the seismic effect. For the
case of steep slopes subject to earthquake, its
stability is hardly able to be maintained on its own,
and hence reinforcement structures are required to
provide additional resistance. A geosynthetics type
with geogrids or geotextile is used, considering
tensile failure only in this kinematic analysis. The
specific analysis lies in work rate calculations for
establishing an objective function, the required
reinforcement force herein. Thereof, the external
rates of work come from soil weight of the incipient
failure block, surcharge loading and seismic forces,
and the internal work rates stem from soil and
geosynthetic resistance. Based on the discretized
failure mechanism generated with the forward
difference method, the external and internal rates of
work are calculated from elementary analysis,
which enables one to account for various scenarios.
There are some conditions where sloping surface is
not always planar, presenting curved facing profiles
which commonly exist in natural slopes. To date,
related research is hardly able to be found due to its
complexity in conventional kinematic analysis.
However, such a problem can be readily resolved in
this study using the proposed approach — discretized
kinematic analysis. In theory, a random facing
profile can be accounted for in a specific kinematic
analysis. For ease of calculation, the sloping surface
with a monotonous function is considered. The
following section gives a specific procedure for
determination of reinforcement force required for
slope stability.

Considering that the amplitudes of horizontal
and vertical accelerations at the same level are
unchanged at time ¢, a shape of horizontal
trapezoidal element is chosen for work rate
calculations. Given a discretized collapse
mechanism, an element P;Q,Q;+1Pi+1 is taken as an
example, as shown in Figure 2(a). Note that point
Qi and Qi+ are positioned at sloping surface, with
the same ordinate values as P; and P;+1, respectively.
The abscissa of points Q; and Q;; are calculated

from the inverse function of the sloping profile. For
instance, given a monotonous function of the
sloping profile, f{x), its inverse function is
expressed as /" '(x) in the condition that it exists. In
this way, the abscissa can be directly computed
from the ordinate value. Within the established
coordinate system, the infinitesimal area of this
element A4; gives

1 _ _
4; :E|:xi -/ l(yi)+xi+l -/ 1(ylufl)](yzufl _yi) 9)

In an effort to express the rate of work done by
body forces, the gravity centre C; (x.:, o) should be
determined for each element. Its coordinates can be
expressed as

% = {5 =00 o+ 7 00+ £ ) |+
(5= 7 0w [ 5+ 50 =S O ]}/
B3l =00+ xa =" 0w |

Vo =[x = 170025+ v )+
[t =/ 000 |+ 2000)] /

Bl o0+ s -0 |

(10)

Based on a rotational failure mechanism, the
direction of velocity vector is prescribed as normal
to the vector OP;, and the value defined as the dot
product of the angular velocity at failure @ and the
radius from the rotation centre to the gravity centre
for each infinitesimal element, i.e.,

v = (5, =5 4 (3 — 2ot (11)

Assuming that the failure mechanism is
generated with i+1 points, a total of i trapezoidal
elements are counted. Accordingly, the overall rate
of work done by soil weight is obtained through
summation of the elementary rates of work, i.e.,

W = X004 o(x, =5, ) +(00 = 7a)
(~cos0,) (12)

where y(y;) is to describe the variation of soil unit
weight along ordinate y;; 6, is the angle between
the vector OC; and the ground surface as illustrated
in Figure 2(b).

In a similar pattern, the rates of work produced
by the horizontal and vertical seismic forces are
expressed as
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(b) Stresses acting infinitesimal element

WGh :Zy(yi)Aiw\/(xo _xoi)2 +(yo _yoi)z Singgi .

[H%(f—l)}kh sm[zn(é_%ﬂ

WGv = Z}/(yi)Ai w\/(xo — Xoi )2 +(y0 _yoi)2 (_COS agi)'
Vi, - L di b
{1+H(f 1)}kv sn{%{Tp 73 +TPH
(13)

For a possible surcharge loading located on the
slope crest surface, such as a strip footing, it has a
direct effect on slope stability if the surcharge is
positioned within the failure area. Otherwise, its

effect out of this scope can be ignored at ultimate
limit state. A uniform surcharge loading leads to

W, =q(x,—HcotB—myH)-

q
w(XA_xA—Hcogﬂ—moH_xoj (14)

where ¢ is the surcharge loading; x4 refers to the
abscissa of point A4; f is the slope angle, and
coefficient mo is defined as the ratio of the edge
distance to the slope height H.

As a permanent force, the earthquake-induced
seismic force for surcharge loading is accounted for.
For ease of simplification, the thickness of potential
surcharge is not considered, and in this case, the
accelerations are the same as those propagating to

(b)

Figure 2 Elementary analysis of trapezoidal element P;Q,Q0i+1Pi+1: (a) Generation of discretized failure mechanism;

slope crest surface, namely,

. t H
a = f -k g-sin|2n| ———
h,q f hg |: [TS ﬂs j:|

ay, :f-kvg«sin[2n[i—£+tiﬂ
L, &% T

As a consequence, the rates of work for
seismic forces of surcharge yield

(15)

Wy =q(xg—Hcotf—mH)- f -k, -sin{Zn

G R

Wy =q(x, —HCOtﬂ—mH)-f-kV~sin{2n

q
( ¢ H tOJ} ( L j
— ||| x,—=—x,
L, %4 T 2

For an incipient failure block, the soil strength
resists the occurrence of landslides. When the

(16)

failure block slides along the velocity detaching
surface, shear forces are generated in the form of
dissipated energy which is derived from the plastic
deformation only under the rigid assumption. For
MC soil materials, the internal rate of energy
dissipation is defined as the dot product of the shear
force and the velocity vector. Considering a
discretized failure mechanism with i trapezoidal
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elements, the total internal rates are calculated by
the sum of the elementary rates, i.e.,

W :Zc(yl-)L,»a)Rl--COS(p(yl-) 17
where c(y;) and ¢(y;) are profiles of soil cohesion
and friction angle at ordinate y; L; denotes the
length of vector P;P:+1 which is expressed as

L \/ Xin1 xi yl+1 yi)2 (18)
and the radius from point O to P; gives
R \/ x - xo — Yo ) (19)

It is well-known that steep slopes are incapable
of maintaining stability by its intrinsic strength.
Geosynthetics are installed for providing additional
resistance in this study. As stated earlier, the tensile
failure pattern is considered herein, and the internal
failure mechanism is as shown in Figure 1(a). Such
a failure is induced provided that the length of
geosynthetics is large enough.

The geosynthetic resistance is incorporated
into the upper bound theorem in the methodology
part. In a specific kinematic analysis, it should be
assured that the velocity vector makes an angle of
internal friction to the shear band or rupture surface
so as to meet the kinematical admissibility. For ease
of simplification, the geosynthetics are assumed to
be installed with uniform distributed tensile stress
in i layers. Given a discretized collapse mechanism,
the angle of inclination of the reinforcement layer to
the failure surface #; gives

=6, +9,— (20)
2

The rate of work produced by geosynthetics is
expressed in Eq. (2) for a single layer of
reinforcement. Therefore, the overall work rates are

computed through summation of the elementary
rates of i elements, i.e.,

Wpo = an L; - oR; -cos(n; — ¢;)
i
ZZfziLi'WRi‘Sin'gi (21)

where f{#;) is the distributed tensile stress.

Based on the upper bound theorem, the
equilibrium between the external and internal rates
of work, Wg+Wgy, + Wy + W, + W, + W, =Wp, +
Wp,, yields the
reinforcement force required for slope stability, in

kinematic solution of the

the form of F, =) f.L, in two dimensions.
Specifically, the total reinforcement force required
is formulated as

2k
F = (WG+WGh+ch+Wq+th+

’ ZLRS

qu - WDZ ) (22)

It is found from Eq. (22) that the reinforcement
force F is a function of three independent variables,
F.=f(@, 6,,t), using the pseudo-dynamic
approach to represent time and space-dependent
seismic accelerations. The optimal upper bound
solution of the force F can be sought by optimizing
the above non-linear function with enumerative
algorithm under specific boundary conditions, and
the results will be presented later in further detail
under known parameters.

4 Comparison and discussion

The preceding analysis is mainly placed on
pseudo-dynamic analysis of geosynthetic-reinforced
steep slopes, yielding an upper bound solution of
reinforcement force required for slope stability.
Note that the pseudo-static approach is solely a
simple case of the pseudo-dynamic, and hence the
pseudo-static solution can be readily derived from
the earlier analysis. Specifically, this is achieved by
replacing the time- and space-dependent
accelerations with constant ones, kng and kg. In
such a manner, the reinforcement force F, is
determined by two independent variables, namely,
E, = f(y. by 0.

In order to validate the robustness of the
proposed approach and the code for determining the
kinematic solution, comparison with existing
publications is performed. Since little theoretical
research has been found for slope analysis with a
curved sloping profile, a straight comparison is
made considering a planar sloping surface herein.
Initially, the pseudo-static solutions obtained in this
study are compared with those with limit
equilibrium method, including LING et al [18]
where the internal and external stability of
geosynthetic-reinforced  soil  structures  were
assessed with an analytical model implemented in
the ReSlope programme, and SHAHGHOLI et al
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[28] with horizontal slice method (HSM). Figure 3
presents the pseudo-static solutions of the required
geosynthetic reinforcement force F, =) f,L;, for

the cases of k=0, 0.1, 0.2 and ¢=20°, 25°, 30° with
c=0, f=90°, H=5 m, m=0, g=0, =18 kN/m’ and
1v=0. It is found that apart from some different at
lower earthquake, the kinematic solutions of this
study are in good agreement with the limit
equilibrium solutions, substantiating the validity
and applicability of the proposed approach and
programming code. Comparatively, the optimal
upper bound solution is on the whole a bit larger
than those calculated from the two mentioned
literatures, which is attributed to the fact that the
kinematic analysis yields an upper bound to a
specific problem. Such a gap between limit analysis
and equilibrium solutions gradually narrows down
with the increase in horizontal seismic coefficient Ay,
implying that the proposed kinematic analysis aids
to produce a superior upper bound under heavier
earthquakes.

--- HSM A0
180 | — Reslope s
--=- This study
T 150
£
é 120
o
90
60 1 1 1 1
0 0.1 0.2 0.3
Ky

Figure 3 Comparison of pseudo-static solutions of
geosynthetic reinforcement force

Apart from pseudo-static solutions, the pseudo-
dynamic solutions of the required geosynthetic
reinforcement force F, = ZfﬁLi are calculated

and compared with those in NIMBALKAR et al
[14]. In such a pseudo-dynamic analysis, a
homogeneous soil slope is accounted for with the
parameters corresponding to: ¢=0, f=90°, H=5 m,
V=100 m/s, V,=187 m/s, f=1.0, Ts=7,=0.3 s, mo=0,
g=0, y=18 kN/m’, #,=0 and #=0. The numerical
results are shown in Figure 4 where the
discrepancies are deemed acceptable in engineering
practice. Similar as above, the upper bound
solutions of required reinforcement force increase
slowly than the limit equilibrium with the increase
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Figure 4 Comparison of pseudo-dynamic solutions of
required reinforcement force

in ky. Therefore, a smaller upper bound solution is
yielded under large seismic loadings, in comparison
with the limit equilibrium solution.

5 Numerical results

As presented in Eq. (22), the upper bound
formulation of the required reinforcement force is
established based on the work rate-based balance
equation, with the optimal solution sought by
optimizing the objective function under given
parameters. Notice that a curved sloping surface is
considered in the earlier analyses to encompass
wider scenarios. In practice, there are three classical
sloping profiles: concave, convex and planar. Since
a planar surface was mostly adopted in slope
stability analysis, and for ease of filling up the gap
where concave and convex surface may exist, focus
was placed on the effect of these two sloping
surfaces in this paper. It is not uncommon to see a
curved sloping surface in engineering practice. In
many slope stability analyses, a planar surface is
convenient and may be only feasible to be
considered, so the approximation of a curved
surface to be a planar one is usually adopted. In a
sense, the accuracy of slope stability solutions is
accordingly dependent on the approximation. In an
effort to provide a more direct and accurate solution,
the discretization-based  kinematic  analysis
proposed in this study could well resolve this
problem, because of its versatility to consider
complicated sloping profiles and other loading
conditions. It is worthwhile highlighting that the
two functions used below are just two examples of
slopes, and this is to
demonstrate the effect of sloping profiles on

concave and convex
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seismic slope stability.

2

sz +Mx, concave profile

_tan /)’x2+3tan,b’x
2H 2

y(x)=

, convex profile

The specific pseudo-dynamic solution of the
geosynthetic reinforcement is calculated based on
the basic input parameters: H=5 m, f=85°, mo=0,
q=0, w~=0.5, V=100 m/s, V,=187 m/s, f=1.0,
T=T,=0.3 s, t0=0, cr=0, co=20 kPa, p»=10°, ¢o=30°,
=14 KN/m?, y0=22 kN/m>. A linear variation of
soil properties including soil unit weight, cohesion
and friction angle is assumed in the calculations for
ease of simplification, which is logical in normally
consolidated or deposited soils. A random profile of
soil parameters can also be accounted for with the
proposed approach. The optimal solution is
presented in the form of figures with the
reinforcement force normalized as F./(0.57H?),
where y is the average unit weight. A comparison
between the kinematic solutions computed from
three sloping surfaces is highlighted.

5.1 Effect of seismic acceleration

In this study, the focus is placed on the use of
the pseudo-dynamic approach for depiction of
seismic vibration rather than the pseudo-static. As is
seen from Eq. (8), the horizontal and vertical
acceleration are influenced by soil amplification
factor, £, seismic velocity, Vs (V}), shaking period, T
(assuming 7,=T,=T), initial phase lag, f, seismic
coefficients k, and &y (k—=u, kn). Its effect is
presented in the following figures.

Figure 5 shows the implication of soil
amplification factor f on the reinforcement force
required for stability of steep slopes. A significant
increase in normalized force is observed with an
increment in horizontal seismic coefficient, k.
Similar trend goes for an increasing factor f,
requiring further additional resistance from
geosynthetics. This is sensible since a larger value
of quantity f or kn implies more driving forces
acting on the potential failure block, and hence
more vulnerable to landslides for steep slopes. For
the case of no earthquake, the solutions converge to
a specific point regardless of f values. More
interestingly, it is highlighted that concave slopes
are more capable of maintaining its stability, with
less reinforcement force required, followed by
planar and convex slopes. For an incipient failure

with the same failure surface, less weight of failure
block and corresponding seismic forces are
produced. This may also be attributed to the arching
effect of the concave surface to resist slope failure.
As illustration, the critical failure surface is readily
plotted with the use of discretization technique, as
shown in Figure 6. Intuitively, a stronger
earthquake is likely to induce a much larger failure
block. The difference in failure area between three
facing profiles is insignificant, which in turn
indicates a more stable slope surface with the
concave profile.
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g
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Figure 5 Effect of factor f and k. on normalized
reinforcement force considering three facing profiles
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Figure 6 Critical failure surfaces under different seismic
and geometry scenarios

In earlier publications, the horizontal
acceleration was highly paid attention to due to its
significance on slope stability, particularly in a
pseudo-static analysis. The critical seismic case is
under the case of seismic horizontal force acting
outwards of the sloping surface. The vertical
acceleration is usually ignored due to its presumed
minimal effect in practice. For completeness, both
horizontal and vertical accelerations are considered
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with the pseudo-dynamic approach in this study,
and its effect is illustrated in Figure 7, where the
normalized force is plotted against different &, and
Uy (=k/kn) ratios. Similarly, a larger resistance
force is required from geosynthetics with the
increase in ratio kw and u,. The higher capacity to
maintain slope stability is again substantiated in
concave facing profile.
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Figure 7 Effect of k& (1) and k on normalized
reinforcement force considering three facing profiles

The influence of shear velocity Vs on the
required reinforcement force is presented in
Figure 8 where Vs varies from 100 to 200 m/s. In
comparison with significant effect of horizontal
seismic coefficient kn, a negligible increase of
required reinforcement force is found with the
increase in V. It can be seen from the preceding
analyses that the shaking velocity has a direct effect
on the phase, thereby influencing the amplitudes of
accelerations along depth at time ¢. However, in the
optimization process, it mainly affects the time
required to make the objective function attain the
optimal value within a cycling period. Owing to the
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0 ! :

0 0.05 0.10 0.15 0.20
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Figure 8 Effect of ¥ and ky on normalized reinforcement
force considering three facing profiles

difference of V,, the critical case is sought at
different ¢, leading to diverse accelerations and
hence a varied geosynthetic reinforcement force.
The shaking period produces the same outcome on
the normalized requirement force when 7' varies
from 0.2 to 0.4 s under basic input parameters. This
is because the varying period 7 and Vs yield the
same effect on wavelength for horizontal and
vertical waves, which influences the phase only,
and hence yielding similar solutions as those in
Figure 8.

In order to encompass wider scenarios, the
initial phase lag # is accounted for between two
seismic signals, and its effect is depicted in Figure 9
with #/T varying from —0.5 to 0.5 in a whole
shaking period. During the period of [0.5, 0], an
upward trend is seen for the reinforcement force,
peaking at #/7=0. In the subsequent half period, the
required force is gradually decreased to the initial
solution, presenting a cyclic characteristic. This is
logical since the initial phase difference exists in the
sinusoidal functions and affects the phase only in
the optimization process.
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Figure 9 Effect of #/T and k, on normalized
reinforcement force considering three facing profiles

5.2 Effect

parameters

As highlighted earlier, the non-uniformity of
soil strength parameters is accounted for using the
proposed approach. The significance of soil
cohesion in improving slope capacity is
substantiated in Figure 10 where the cohesion at
slope toe surface ¢y increases from 0 to 20 kPa and
cn at slope crest is kept as a constant. As expected,
the geosynthetic reinforcement force required
decreases sharply with the increase of co. An
increased soil cohesion aids to provide more

of non-uniform soil strength
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additional resistance to incipient failure, and hence
less dependent on the reinforcement of
geosynthetics. Similar as before, a steep slope with
a concave facing profile has a larger capacity to
prevent the occurrence of landslides. It is
highlighted that the use of average soil cohesion
tends to overestimate the kinematic solution of
reinforcement force in non-uniform soil strata.
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Figure 10 Effect of non-uniform soil cohesion ¢y on
normalized reinforcement force considering three facing
profiles

Within the scope of MC failure criterion, the
soil friction angle is vital in upper bound analysis.
This angle determines the failure shape of c—¢ soil
slopes, with a log-spiral detaching surface which is
only suited for a constant-angle case. In an effort to
consider non-uniform profiles of friction angle, the
discretization technique is developed. Apart from
this, this angle also plays a decisive role in
calculation of internal rate of work. Assuming the
friction angle is linearly increased from ¢ at slope
crest surface to ¢o at slope toe, Figure 11 presents
the effect of angle ¢o on kinematic solution of F,. A
significant decrement in normalized ratio
F./(0.5yH?) is produced with the increase of angle
@o. The increasing k. yields the opposite
consequence. Note that the reinforcement force
required is proved to be overly conservative when
using an arithmetic average value of non-uniform
soil friction angles only.

The critical failure surface under each scenario
can be readily plotted with the use of discretization
technique. As the soil friction angle is a sensitive
parameter, its effect on the yield sliding surface is
illustrated in Figure 12. Three cases, o =¢pn=10°,
po=pr=20°, and @o=30°, @,=10°, are discussed
herein. Under the same earthquake, a greater failure

area is induced for the constant friction angle
increasing from 10° to 20°. The latter two cases are
compared to show the effect of non-homogeneity of
friction angle on the failure surface. It is seen that
apart from a slightly larger failure area induced with
average values, the major difference exists in the
shape of sliding surface, which is attributed to the
non-uniform soil friction angles used along depth in
the point generation based on the associated flow
rule.
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Figure 11 Effect of non-uniform soil friction angle ¢o on
normalized reinforcement force considering three facing

profiles
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Figure 12 Critical sliding surface considering non-
uniformity of soil friction angles and three facing
profiles

6 Concluding remarks

This study presents a procedure for seismic
analysis of geosynthetic-reinforced steep slopes. In
order to assure stability of steep slopes, a
geosynthetic type, geogrids or geotextile, is adopted
to provide additional resistance. The main work of
this study lies in the determination of geosynthetic
reinforcement force required from the perspective
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of plasticity energy. A curved sloping surface
including concave, convex and planar profiles and
non-uniform soil properties, such as soil unit weight,
cohesion and friction angle, can be accounted for.
The pseudo-dynamic approach is used to represent
the time- and space-dependent seismic shaking.
However, the above mentioned cases cannot be
readily considered in conventional upper bound
analysis. The proposed approach using discretized
kinematic analysis is adopted to overcome these
shortcomings with ease. Thereof, the discretization
technique is proposed to generate a kinematically
admissible failure mechanism where non-uniform
soil friction angles at different depths are
considered based on the associated flow rule. The
work rate calculations are performed from
elementary analysis which aids to account for
complicated Finally, the kinematic
solution of geosynthetic reinforcement force is
formulated based on the work rate-based balance
equation. After optimizing the objective function,
the optimal upper bound solution is sought under
given parameters. The main research findings
include:

Slopes with concave facing profiles have a
larger capacity than planar and convex to resist
ground shaking, and its contribution to slope
stability is dependent upon the degree of curved
surface.

Use of arithmetic average value in soil
cohesion and friction angle overestimates the
reinforcement force required in non-uniform soil
strata.

The dynamic characteristics of horizontal and
vertical accelerations have an effect on prediction
of reinforcement force to varying degree. It is likely
to yield more reliable solutions with the
pseudo-dynamic approach when compared to the
simple pseudo-static.

scenarios.
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