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Abstract. In reality, the constitutive materials of natural slope are quite
heterogeneous. The materials are assumed as homogeneous, isotropic
and uniformly distributed in horizontal direction for a two-dimensional
analysis of slope, which is an oversimplification of an actual case. How-
ever, a three-dimensional analysis for slope is preferred in such case
where slopes have complex geometry including sharp ridges, corners, cut
and fill slopes, unplanned excavations, etc, constitutive materials are het-
erogeneous (varying along depth and along out of plane direction) and
slopes subjected to seepage and seismic loadings.

In this article, a numerical study has been conducted to obtain the FOS
of four generic three-dimensional slopes. Finite element analyses have
been performed for three dimensional slopes using the proprietary soft-
ware ABAQUS following the strength reduction method. The seismic
loads have been applied in simplified pseudo-static form in three mutu-
ally perpendicular directions to estimate the FOS of 3-D slopes having
complex geometry. A parametric study has been carried out on four
slopes having same cross section, soil property and boundary conditions
with varying geometry to understand the variation in FOS and failure
surface with changing complex geometry. It was apparent that on in-
creasing the seismic coefficients, FOS kept on reducing.

Keywords: 3D slope stability; Strength reduction method; Tri-directional seis-
mic load.

1 Introduction

The Himalayan range spans through eleven states and two union territories in the Indian
mainland. People from relatively flat-landscape cities have long been attracted towards
these hilly locations for rest, recuperation and recreational activities. To fulfill the de-
mands of floating population, the hilly regions have faced a lot of construction activi-
ties, in recent time. These structures include residential apartments, villas, commercial
hotels, and shopping malls as well as public utilities such as towers for telecommuni-
cation and power distribution and aerial ropeways. Majority of these hilly areas are
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heavily populated and the buildings are placed next to each other. In addition, these
hilly areas are also located in seismically active zones, e.g., Shimla (Himachal Pradesh)
and Nainital (Uttarakhand) both are located in seismic zone IV. In the past, several
deadly landslides occurred in the hilly region of India during the Assam Earthquake,
1897 (My = 8.1), Assam Earthquake, 1950 (My = 8.6), Uttarkashi Earthquake, 1991
(My = 6.6), Chamoli Earthquake, 1999 (M = 6.4) and Kashmir Earthquake, 2005 (My
=7.6) and Sikkim Earthquake, 2011 (M = 6.9) [1]. There are two main factors which
contribute to slope instability in mountainous terrains: (a) an increase in applied stress
and (b) a decrease in the strength of the constitutive materials of the slope [2]. The hilly
regions of India, falling in the Himalayan belt, have varying topography ranging from
very high mountains, height sometimes exceeding twenty thousand feet, to as low as
areas lying near mean sea level, including plateau like regions [3]. In these regions, the
occurrence of landslides due to seismic action may be an output of interaction of several
factors such as magnitude of the prevailing seismic activity, depth of epicenter, place
of fault plane. The tendency of the slope to fail is also dependent on the angle of incli-
nation of slope and height from top to base of slope [3].

Previously, a number of researchers [4-8] have utilized limit equilibrium approach
to analyze the stability of two-dimensional slopes. Most of the time, in 2-D slope sta-
bility analysis the slope is assumed to be composed of homogeneous and isotropic ma-
terials which are further assumed to be horizontally distributed in an out-of-plane di-
rection, and slopes are subjected to planer loading (such as seismic load, imposed load
from the structure, pore water pressure, etc.), which rarely exist in real field conditions.
When the slope geometry is complex (includes narrow failure surfaces, ridges or cor-
ners, slopes cut by excavations, etc.) and consists of heterogeneous and anisotropic ma-
terial with significant changes in out of plane direction, the existing 2-D methods are
ineffective and 3-D analysis is required to deal with such conditions. Most of the past
studies [9-15] have found that for a same slope, the factor of safety (FoS) obtained for
a slope in 2-D analysis is lesser than the FoS estimated from 3-D analysis. In order to
simplify the nature of the 3-D seismic slope stability analysis, sometimes previous re-
searchers [16-18] have ignored the effect of vertical acceleration stating that the peak
values of the horizontal and vertical accelerations rarely occur at the same time, and the
vertical acceleration is typically out of phase with the horizontal component and has a
distinct frequency content.

In this paper, a numerical investigation has been carried out to access the stability of
the 3-D slope subjected to generalized seismic load (applied in all three direction). uti-
lizing the simplified pseudo-static method. To obtain the failure surface and FoS, the
strength reduction technique has been implemented in finite element framework with
the proprietary software ABAQUS [19]. Four typical slopes with varying 3-D geome-
tries, but similar 2-D cross-sections, soil parameters, and boundary conditions have
been used in a parametric analysis. The results are presented in the form of variation in
FoS with the horizontal seismic coefficient (an) applied in both lateral directions and
vertical seismic coefficient (av) applied in the direction perpendicular to both lateral
directions.
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2 Numerical Study

In the current study, four homogeneous slopes with the same cross-sectional properties,
i.e. slope angle, = 26.57° (2H:1V), and slope height, H = 12 m, have been considered.
The 3-D geometry of the considered four slopes: (a) convex 90° slope; (b) concave 90°
slope; (c) convex turning arc 90° slope and (d) concave turning arc 90° slope, is shown
in Fig. 2. The material properties of soil, used in this investigation, is shown in Table
1.

Table 1. Soil Properties [20]

S.No. Property Value

1 Cohesion, ¢ 29000 Pa

2 Friction angle (¢) 20°

3 Unit weight of soil (y) 18.44 KN/m?
4 Youngs Modulus (E) 10 MPa

5 Poisson’s Ratio (v) 0.25

. (b) (A

Fig. 1. 3D geometry of: (a) convex 90° slope; (b) concave 90° slope; (c) convex turning arc 90°
slope; (d) concave turning arc 90° slope.
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This study has been conducted to understand the change in FoS and the failure sur-
face of the considered slopes subjected to the different seismic loading combinations
(taken as per the recommendation of IS 1893 (Part 1): 2016 [21] along with constant
action of gravity.

3 FE Modeling and Analysis

To determine the FoS of the slopes under consideration under tri-directional seismic
loading, 3-D finite element analysis (FEA) based on the strength reduction method
(SRM) has been carried out using ABAQUS [19]. In strength reduction method (SRM),
the initial material strength parameters were decreased by a strength reduction factor at
each successive step [22-24] and the factor corresponding to instable slope has been
refereed as FoS. By following the method of Xu et al. [25], the current SRM has been
altered and implemented in ABAQUS through addition of a field variable, which rep-
resents an incremental step time and a controlling parameter which decrease the
strength parameters (c and ¢) of the soil in successive steps.

A non-associated flow rule along with Mohr-Coulomb failure criterion was used in
the analyses in order to describe the elasto-plastic nature of the soil model. The soil
mass, modelled as three-dimensional finite element, has been discretized with eight
noded brick elements with reduced integration (C3D8R), available in ABAQUS’s ele-
ments library (as shown in Fig. 1). To ensure the insignificant effect of boundary con-
ditions on the FoS of slope, the lateral extent of the FE model has been taken based on
sensitivity study and recommendations from the previous studies. The movement of
sides and bottom face of the FE model have been restricted in all direction, whereas the
movement of the front and back faces of slope have been restricted in normal direction
only [20]. With these boundary conditions, the results obtained from the above men-
tioned method agrees well with the work of Zhang et al [20].

All the considered slopes have been analyzed under gravity loading along with dif-
ferent linear combinations of seismic loading as per IS 1893 (Part 1): 2016. The com-
binations of seismic loading applied on the slope are either varying uni-directional (onx
Or on; OF +ayy OF -awy) loading or varying tri-directional (anx + awy + anz; anx + 0.3Xayy +
0.3%anz; 0.3%anyt avy + 0.3%an; and 0.3xang + 0.3%awy +an) loading, in multiple steps
which yielded a total one hundred and five number of analyses for each 3D slope. All
of these slopes have been analyzed upto the critical acceleration (o) as defined by
Newmark [26]:

o, = (FoSg—1)x g xsin 1)

where, FoSs = Static factor of safety, g = acceleration due to gravity, S = slope angle.
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4 Results and Discussions

The primary objective of this research is to explore about the failure surface and varia-
tion in FoS of four distinct complex 3-D slopes (convex 90° slope, concave 90° slope,
convex turning arc 90° slope, and concave turning arc 90° slope) under the combined
effect of gravity and tri-directional seismic loading. The following section discuss the
results of the current investigation.

Figure 2(a-d) and 2(e-h) shows the failure surface represented by strain rate (ER)
profile for convex 90° slope and concave 90° slope under gravity load only and addi-
tionally subjected to different linear seismic load combinations, avy = 0.39, anx = an =
0.099; anx = 0.39, aw = an; = 0.099; and avy = anx = an; = 0.3g, respectively. Similarly,
Figures 3(a-d) and 3(e-h) show the failure surface for convex turning arc 90° slope and
concave turning arc 90° slope, under gravity load along with different linear seismic
load combinations, avy = 0.39, an = anz = 0.099; anx = 0.39, oy = an; = 0.09g; and oy =
anx = onz = 0.3g, respectively. It can be observed from the figure that in all of the con-
sidered cases, the value of FoS reduces significantly for the slope subjected to increas-
ing seismic load combinations as compared to the slope under gravity load only. It can
also be noted that the in all the cases failure surfaces are symmetric and change with
increasing seismic load combinations, except in figures 2(c & g) and 3(c & g) where
the failure surfaces are asymmetric.

Fig. 4(a-d) shows the variation in FoS for convex 90° slopes, concave 90° slopes,
convex 90° turning arc slope and concave 90° turning arc slope, respectively, with in-
creasing uni-directional (anx OF an, OF +awy OF -0uy) loading or tri-directional seismic load
combinations (anx + 0.3Xawy + 0.3%an; ; anx + oy + anz; 0.3%Xanxt avy + 0.3%anz; 0.3X%any
+ 0.3%awy + anz) applied in multiple steps.

It can be noted that, FoS has been reduced significantly under the combination of
increasing horizontal (anx and an;) and vertical (avy) seismic coefficients, in all the cases.
However, a marginal decreasing effect has been observed in case of slope subjected to
vertical (aw) seismic coefficient applied in the direction of gravity. Further, when the
slope was subjected to increasing vertical (a.y) seismic coefficient applied in the oppo-
site direction of gravity, FoS has also been found increasing. This observation is con-
sistent with the past studies [16-18], where the average seismic response of the system
was observed to be rather insensitive to positive and negative contributions from the
vertical acceleration and recommended to ignore the contribution of vertical accelera-
tion.
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Fig. 2. Strain rate (ER) profile representing the failure surface for: (a) convex 90° slope under
gravity load only, (b) convex 90° slope subjected to awy = 0.39, anx= anz= 0.09g, (c) convex 90°
slope subjected to anx = 0.3g, avy = anz = 0.09g, (d) convex 90° slope subjected to awvy = anx = an:
=0.3g, (e) concave 90° slope under gravity load only, (f) concave 90° slope subjected to avy =
0.3g, anx = anz = 0.09g, (g) concave 90° slope subjected to anx =0.3g, awy = an = 0.09g, (h) concave
90° slope subjected to avy = anx = an; = 0.39.
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Fig. 3. Strain rate (ER) profile representing the failure surface for: (a) convex turning arc 90°
slope under gravity load only, (b) convex turning arc 90° slope subjected to avw = 0.39, ahx = anz
= 0.09g, (c) convex turning arc 90° slope subjected to anx = 0.3g, aw = an; = 0.09g, (d) convex
turning arc 90° slope subjected to oy = anx = anz = 0.3g, (e) concave turning arc 90° slope under
gravity load only, (f) concave turning arc 90° slope subjected to aw = 0.3, anx = anz = 0.09g, (9)
concave turning arc 90° slope subjected to anx = 0.39, owy = anz = 0.09g, (h) concave turning arc

90° slope subjected to avy = anx = anz = 0.3
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Fig. 4. Variation in FoS with horizontal (anx, anz) and vertical seismic coefficients (avy) for: (a)
convex 90° slope; (b) convex turning arc 90° slope; (c) concave 90° slope; and (d) concave turning
arc 90° slope; (e) legend.

5 Conclusions

In this article, a parametric analysis has been conducted to comprehend the behaviour
of 3-D slopes with distinct complex geometries, having similar 2-D cross-sections, soil
parameters, and boundary conditions, when subjected to tri-directional seismic loads.
A modified strength reduction technique is implemented in the ABAQUS finite element
software in order to obtain the FoS of the slopes. It was observed that the shape of the
failure surface varies with the applied horizontal and vertical seismic coefficients. As
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expected, the FoS was found to be decreasing with increasing horizontal and vertical
seismic coefficients, in either direction or in combination, in most of the cases. Except
in the case, when the slope was subjected to increasing vertical seismic coefficient in
the positive (upward direction) only, the FoS was also observed to be increasing. The
present analysis has been performed by assuming the slope consists of homogenous
material, having generic 3-D geometry and subjected to simplified pseudostatic seismic
force; hence the result is restricted to the investigated case only. For more realistic un-
derstanding, a comprehensive study is required including dynamic analysis of slope
with time-varying shear strength and natural slope geometry.
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