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The spatial variability of soil properties is inherent. A series of direct shear tests were carried
out on strongly weathered slates samples with weak bedding planes, the result of which
indicates the existence of variability of shear strength parameters. Based on the testing
results, several numerical simulations of slopes were conducted considering such a
variability of shear strength. The results had shown that the weak bedding planes
affect the shape of sliding arc as well as the factor of safety of slopes. As the dip
angle of bedding planes increases, the shape of the sliding surface changes from circular
to a mixed form of circular and planner. When incorporating the spatial variability of weak
planes’ shear strength into the stability analysis, the safety factors of slopes would reduce,
in which the sliding arc exhibited a sliding band comprising multiple sets of sliding arcs.
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INTRODUCTION

The factor of safety (FS) is one of the commonly exploited indicators in slope stability analysis.
It is defined as the ratio of the shear strength to the resistance force on the critical slip surface
(CSS) of the slope. The CSS refers to a particular slip surface with the lowest FS in the slope.
Many studies have revealed that the shear strength of rocks and soils usually exhibits a high
degree of spatial variability due to complex geological, environmental, and physical effects.
Such inherent variability leads to the uncertainty of slope stability. As a result, it is of great
importance to take into account the spatial variability of shear strength parameters in the
analysis of the problem.

In the past few decades, numerous works have focused on the spatial variability of rock and soil
strength and its effect on the slope stability and reliability. For instance, Pinheiro Branco et al. [1]
investigated the spatial variability of a granite residual soil and variation coefficients and fluctuation
scales as quantitative statistical indicators are proposed. Ip et al. [2] evaluated and compared the
algorithms of random forest, ordinary kriging, and regression kriging in predicting the spatial
variation of soil shear strength parameters. Cai et al. [3] and Jiang et al. [4] examined the influence of
the shear strength variability of soil on the slope reliability by utilizing the infinite and two-
dimensional slope models, respectively. Qi and Li [5] studied the effects of such a variability on the
evolution of the critical slip surface. By exploiting the random fields simulation technique, Nguyen
et al. [6] assessed the probability of rainfall-induced landslides by considering the spatial variation of
soil strength.
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This study is aimed to scrutiny the stability of a bedding slate
slope accounting for the spatial variability of shear strength of
bedding surfaces. A highway slope with bedding slates is chosen
as the case study. The contents of this paper are organized as
follows. Initially, a series of direct shear tests are performed to
measure the shear strength parameters of slate bedding planes.
Then, the probabilistic distribution of shear strength parameters
is evaluated by fitting the experimentally observed data. Finally,
the numerical models for the slopes accounting for the spatial
variability of weak bedding planes are established and explained
in some detail.

DIRECT SHEAR TESTING

Slate Materials

The tested materials in the present study are strongly weathered
argillaceous slates, which are collected from an exposed slope
along the No.76 Xiamen-Chengdu national highway. The
composition of the slope is argillaceous slate. Due to the
frequent and heavy tectonic activities, these slates have
experienced moderately or highly weathering with well-

developed bedding structures. Based on the field survey, the
dipping direction and angle of structural planes of the testing
slope are 120° and 40°, respectively. The composition of the
interlayer filler of the structural planes are clay minerals, and
slate debris with thickness varying from 3 to 15 mm. During the
rainfall period, the water content of filling argillaceous would
increase, significantly reducing its strength. Thereby, the
strength of the structural planes plays a crucial role in
determining slope stability. To obtain the shear strength
parameters required for the slope stability analysis, the
samples of slates with structural planes are collected from the
testing slope for the in-door direct shear test. To explore the
spatial variability of parameters associated with the mechanical
aspects of slates, 12 samples in total are collected from different
parts of the slope.

Testing Procedure

As demonstrated in Figures 1A-C, the testing equipment
exploited in the present scrutiny is XJ-1 portable shearing
system. The normal and shear loading forces are applied using
four SYB-2S hydraulic pumps. The maximum applied force on
samples was 10 MPa. The horizontal and normal components
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FIGURE 2 | (A) Direct shear test result; (B) Fitting of yield shear stress.

of displacements are measured during the loading process by
utilizing four dial indicators. In the laboratory, some steel
units are built to prepare the testing specimens.

As shown in Figures 1C-H, the dimensions of the exploited
units are 200 mm x 200 mm x 200 mm in cubic form with two
mirror parts. To guarantee us that the size of the shearing plane
would be greater than 70 x 70 mm, each slate sample is cut into a
size of 100 mm Xx 100 mm x 100 mm. The cut slates are placed
inside the unit with mortar fulfilled the rest space. In this process,
two parts of slate samples in separated units are aligned.
Additionally, a gap of 5-10 mm between the two parts of the
unit is reserved. Before performing the test, these prepared
specimens are cured for 14 days under room temperature and
humidity conditions. In total, twenty testing specimens are
prepared, and the laboratory shearing tests are conducted
based on the following steps.

Step 1. Placing the prepared specimen in the shearing
equipment.

Step 2. Execration of the normal force via the hydraulic
pumps. The normal force is applied with an increment of

Spatial Variability of Geomechanical Parameters

10% of the estimated maximum normal force. The normal
displacements corresponding to each force level are
simultaneously recorded.

Step 3. Execration of the shear force via the hydraulic pumps.
The shear force is applied with an increment of 10% of the
estimated maximum shear force. Similarly, the horizontal
displacements associated with each force level are
simultaneously recorded. If the shear displacements of a
shear force level exceeds 1.5 times of those resulted from
the previous shear force level, half of the shear force is exerted
until reaching the peak strength. The loading is terminated as
the residual strength is reached (ie., the loading force is
harshly reduced while the shear displacement quickly
grows). During applying shear force, the normal force
should be fairly kept fixed with a disturbance less than 1%.
Step 4. When the shearing process is finished, first the shear
force and then the normal force is unloaded. The unloading of
both normal and shear forces in each step is performed with a
reduction rate of 10% of the highest value.

Testing Results

The plots of the shear stress 7 in terms of its corresponding
displacement u, are displayed in Figure 2A. It can be seen
from each demonstrated curve that the 7 increases with u;
before reaching the yield shear stress 7,,. Each 7 ~ u, curve has
been tested under various normal stress o,. In general, the
higher the o, is, the steeper the slope of 7 ~ u; curve is. For
shear forces greater than 7,, the T would no longer increase,
while the u; continuously grows until failure occurrence of the
specimen.

The Mohr-Coulomb (M-C) failure criterion is the most
frequently exploited one to describe materials’ strength. To
obtain the shear strength parameters (i.e., cohesion strength ¢
and friction angle ¢) based on the M-C criterion, the data pair of
0, and its corresponding yield shear strength 7, should be
plotted and linearly fitted in an o — 7 plane, as presented in
Figure 2B. The fitting results show that the values of ¢ and ¢ of
the tested slates are about 95.85 kPa and 36.87°, respectively.
The variability of ¢ and ¢ are apparent (see the demonstrated
plots in Figure 2B).

NUMERICAL MODELING

Due to the spatial variability of rock masses, the mechanical
parameters at all points of the slope medium would not be
constant, as illustrated in Figure 2B. By this view, two
important issues should be taken into account in the stability
analysis of bedding slopes: one is the dip angle of bedding, and the
other is the spatial variability of the shear strength for weak
bedding structures. These issues affect the failure modes of
bedding slopes as well as their stabilities. Hence, this section
establishes a FLAC3D slope model, as demonstrated in Figure 3,
by considering the inclination and spatial variability of bedding
structures. The constitutive model of the slope adopts a
ubiquitous joint model, adding a weak surface in Mohr-
Coulomb material, which also obeys the Mohr-Coulomb
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FIGURE 3 | Numerical models of slopes.

yielding criterion. The physical and mechanical properties of rock
mass and weak surface are considered by the model
simultaneously. The failure may firstly occur in rock mass or
along the weak surface, or both at the same time, which mainly
relies on the stress state of rock mass, joint occurrence, and
mechanical properties of rock mass and joints. The strength
reduction method is commonly employed for slope stability
analysis. For the given numerical analyses, the strength
parameters of the slope’s rock and soil mass (including rock
mass and weak surface) would gradually reduce until the slope
reaches the limit state. The ratio of the strength parameter value
of rock and soil mass to the strength parameter of the limit state
can be readily calculated, the so-called safety factor.
Simultaneously, the position and shape of the potential failure
of the sliding surface can be achieved based on the elastic-plastic
calculation results.

Obviously, the available test data are usually limited due to
the limitation of engineering investigation and test costs, and it
is challenging to achieve statistical characteristics of
geotechnical parameters based on the limited test data.
According to previous examinations, the normal distribution
function can better reflect the statistical characteristics of
strength parameters of the rock mass. As a result, we choose
the normal distribution to understand the spatial variability of
the shear strength of the soft slope layer. The friction angle and
cohesion are generally considered as the independent factors
among all the shear strength parameters of the rock mass [7,8].
According to the laboratory test results, it is assumed that the
friction angle obeys the normal distribution with mean value
and standard deviation of 23° and 2°, respectively. Further, the
cohesion parameter follows the normal distribution whose
mean value and standard deviation in order are 100 and
20 kPa. The rock matrix is assumed to be homogenous of
friction angle 25%and of cohesion 200kPa. The elastic
modulus and Poisson’s ratio of the model are 500 MPa and
0.3, respectively. Further, the dip angle varies in the range of
0°-90°. As depicted in Figure 3, the strength parameters of each
block in the model are randomly set on the basis of the normal

distribution. When it is relatively difficult to obtain the real
parameters of all positions of the slope body in the geological
survey, the random field model could be a suitable replacement
for the actual geological situation in a mathematical sense
through the limited geological survey or test data. The results
of each implementation of the random field model can be
regarded as a possible actual situation. For the sake of
comparison, the modeling results that ignore the spatial
variability of the shear strength have also been provided.

SLOPE STABILITY ANALYSIS

In Figure 4, the results of various cases have been provided.
Figures 4A,C,E,G illustrate the modeling results of slopes
containing the bedding planes with various dip angles. In
these models, the shear strength parameters of the slope
masses are assumed to be constant. Figures 4B,D,F,H
show the corresponding modeling results of slopes
accounting for the spatial variability of shear strengths. It
can be observed from Figures 4A-H that the sliding arcs of
bedding slopes with constant shear strength parameters are
generally similar to those obtained for the cases with
considering the spatially variable parameters; nevertheless,
the sliding arcs calculated with constant shear strength
parameters would be smoother than those obtained based
on the spatial variability of shear strength parameters.
Additionally, a few sub-arcs are also detectable in Figures
4B,F,H, which formed a sliding band.

It can also be observed that the failure modes of slopes
change with dip angle. When the dip angle of beddings is
relatively gentle (i.e., « = 10°), the upper part of the slide arc in
Figure 4B would be identical to that given in Figure 4A, while
the lower part close to the outlet of the slide arc in both cases
could be controlled by the dip angle. When the dip angle of
beddings increases to a moderate gradient, i.e., a =40° as
shown in Figures 4C,D, the sliding arc exhibits a planar shape,
which is in accordance with the dip angle of beddings. As the
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dipping angle of bedding planes continuously increases to a
high value (i.e., « = 60°), the upper part of sliding arcs in
Figures 4E, F is controlled by the dip angle of bedding planes.
It can be seen from Figures 4G,H that if the dip angle of
beddings would be 90° the head part of the slope displays a
tensile crack failure, while the lower part of the sliding arc near
the outlet would be approximately horizontal. Most of the
rupture surfaces of the failure specimens developed along the
laminae. Of course, due to the heterogeneity of the rock
specimen, these rupture surfaces sometimes crossed more
than one lamina, while the obtained experimental results
are able to reflect the mechanical parameters of shear
strength effectively.

Figure 41 presents the simulation results of a homogeneous
slope without bedding planes, which exhibits a circular arc
sliding surface. The safety factor (SF) of all modeled slope
cases was summarized in Figure 4J. It can be seen from
Figure 4] that the presence of weak bedding planes has
significantly reduced the slope stability compared with the
homogenous slope. When the slope is subjected to the same
dip angle of bedding planes, the slope cases with the spatial
variability of shear strength parameters had lower SFs than
those with constant shear strength parameters. With the
increase of bedding planes’ dip angle from 0° to 50°, the
shape of the sliding surface tends to be controlled by bedding
planes, and as a consequence of which the SF gradually
decreases; however, when the dip angle of bedding planes
exceeds the slope gradient (i.e, from 50° to 90°), the SF
would increase with the dipping angle. The lowest SF is
obtained when the bedding planes become vertical. This is
concluded that the possible tensile crack as well as the
fracture failure could reduce its stability.

CONCLUSION

To examine the influence of dip angles and spatial variability of
shear strength parameters of weak bedding planes on the slope
stability, a series of direct shear tests were carried out, based on
the results of which several numerical simulations of slopes were
conducted. The main obtained results are as follows:

1. Twelve strongly weathered slates samples with weak bedding
planes were randomly collected from a field slope in Guizhou
province of China. The strength parameters of weak bedding
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