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Abstract. With the rapid development of the distributed strain sensing (DSS) technology, the strain becomes an alternative
monitoring parameter to analyze slope stability conditions. Previous studies reveal that the horizontal strain measurements can
be used to evaluate the deformation pattern and failure mechanism of soil slopes, but they fail to consider various influential
factors. Regarding the horizontal strain as a key parameter, this study aims to investigate the stability condition of a locally
loaded slope by adopting the variable-controlling method and conducting a strength reduction finite element analysis. The strain
distributions and factors of safety in different conditions, such as slope ratio, soil strength parameters and loading locations, are
investigated. The results demonstrate that the soil strain distribution is closely related to the slope stability condition. As the
slope ratio increases, more tensile strains accumulate in the slope mass under surcharge loading. The cohesion and the friction
angle of soil have exponential relationships with the strain parameters. They also display close relationships with the factors of
safety. With an increasing distance from the slope edge to the loading position, the transition from slope instability to ultimate
bearing capacity failure can be illustrated from the strain perspective.
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1. Introduction

Slope stability has always been a concern of
communities in mountainous regions with growing
awareness of safety. Nowadays, many physical parameters
have been used as indicators of slope instability, such as
displacement, strain, and pore water pressure (Angeli et al.
2000, Uchimura et al. 2010, Florkiewicz and Kubzdela
2013, Severin et al. 2014, Su et al. 2017, Xing et al. 2019,
Liu et al. 2020). In the engineering practice, slope stability
evaluation and early warning of landslide are usually based
on the monitoring data of displacement which have been
proved to be direct indicators of slope stability condition.

In the research field of multiple wedge slope stability
analysis, the method of kinematics displacement is used to
predict both the shear surface location and the factor of
safety (FS) (McCombie 2009). Meanwhile, the potential
slip surface of soil slopes can also be inferred according to
the maximum displacement parameters recorded by slope
inclinometers (Pei et al. 2019). In slope upgrading works,
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the large deformation areas are considered as the critical
zones to be reinforced (Yang et al. 2015). However,
sometimes slope failure occurs at a small amount of
movements or at localized shearing (Zhu et al. 2016). In
this situation, one can hardly predict slope failures using the
displacement measurements.

Fortunately, strain, as one of the small-scale deformation
parameters, is found to be much more sensitive than
displacement (Zhu et al. 2016, Song et al. 2017, Li et al.
2020). In recent years, with the aid of distributed strain
sensing (DSS) cables vertically installed in boreholes, the
shearing zones at a landslide site have been successfully
detected (Sun ef al. 2014, Zhang et al. 2018). In the study of
Zhu et al. (2014), the strain measurements at different
elevations can be considered as representative symbols for
evaluating slope stability conditions under different loading
magnitudes. Shear deformation induced by rainfall is
predicted by using the monitoring data of shear strain and
pore pressure (Sasahara 2017). In general, the strain-based
method of slope stability analysis still is immature. It needs
to be further studied considering the influence of slope
ratios (elevation/distance), cohesion, friction angles, loading
positions, etc.

To investigate the stability condition and failure
mechanism of slopes, finite element analysis (FEA) has
been widely used (Griffiths and Lane 1999, Liu and Chen
2015, Tu et al. 2016, Ouch et al. 2017). In comparison with
the conventional limit equilibrium method (LEM), the main
advantage of FEA is that the slope deformation can be
calculated. The factors of safety of slopes under various
conditions can be obtained by the strength reduction method
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Fig. 1 Numerical model of a soil slope

(SRM), which is found a feasible and effective method in
slope stability analysis (Zienkiewicz et al. 1975, Cheng et
al. 2007). The elastic-plastic constitutive models, such as
the Mohr-Coulomb model, are generally used to describe
the soil behavior.

Besides slope instability, bearing capacity problems of
foundations on slopes also pose a potential threat to public
safety in hilly areas (Yang et al. 2007, Aminpour et al. 2017,
Sawwaf 2010). In the literature, the discontinuity layout
optimization (DLO) method, which involves the use of
rigorous mathematical optimization techniques to identify a
critical layout of lines of discontinuity forming at failure
(Smith and Gilbert 2007), is used to figure out the bearing
capacity of slopes (Leshchinsky 2014). Previously, some
researchers have applied the FEA and the DLO methods to
calculate the ultimate bearing capacity of footings on slopes
(Georgiadis 2009, Leshchinsky 2015). It is found that both
results agree well with each other.

This study aims to explore an alternative way of
analyzing slope stability through the horizontal strain
distribution. Numerical simulations have been conducted on
locally loaded slopes to investigate the feasibility of strain-
based slope stability evaluation considering various factors.
The empirical relationships between the strain parameters
and the factors of safety are established, which may be used
to perform slope stability evaluation based on strain
measurements.

2. Numerical model

Two-dimensional finite element analyses on a prototype
footing-slope system are performed to identify the
deformation trends within the soil slope under different
conditions. Using the commercial FEA software Plaxis
(Plaxis 2002), a series of numerical models are built. Strain
can be considered as a parameter closely related to the slope
stress state (Zhu et al. 2016). Hence, the horizontal strain is
selected to be investigated in this study and five virtual
strain monitoring lines are prescribed in the numerical
model, as shown in Fig. 1.

The 15-node triangular elements are used to model the
slope soil in the simulation. The top width and the clear
height of the slope model are 40 m and 10 m, respectively.
No horizontal displacement is allowed on the vertical
boundaries. Both horizontal and vertical movements are

Table 1 Simulation parameters of the numerical model to be
varied

Parameter Value

0.25,0.33,0.5,0.67

10 kPa, 12 kPa, 15 kPa, 18 kPa, 20
kPa

20°,22°,25°,28°, 30°

Om,I1m,2m,4m, 6 m 8 m, 10 m

Slope ratio (r)
Cohesion (¢)

Friction angle (¢)
Loading distance (p)

Table 2 Unchanged simulation parameters of the numerical
model under different conditions

Variable parameters Constant parameters

c=15kPa, p =25° y=20kN/m*,p=0m,

loading pressure = 50 kPa
=1:1,p =25° p=4m, y=20 kN/m?, loading
pressure = 50 kPa

Friction angle of the soil 7= 1:1, c=15kPa, p=4m, y =20 kN/m’,
(9) loading pressure = 50 kPa

r=1:1,c=15kPa, p = 25°, y =20 kN/m?,
loading pressure = 50 kPa

Slope ratio (r)

Cohesion of the soil (¢) r

Loading position (p)

fixed at the bottom boundary of the numerical model. A
distributed load is applied on the slope crest with 6 m width.
The loading position and the magnitude are varied to
studytheir influence. Meanwhile, the same model is built by
using the commercial DLO software LimitState GEO 3.2,
which is used to compute the ultimate bearing capacity
corresponding to different slope ratios and loading positions.
The soil parameters used in this study are the same as those
in Zhu et al. (2016). According to different simulation
situations, the variable-controlling method is used, and the
soil strength parameters are adjusted to perform parametric
studies. The subsequent section will show the numerical
simulation results based on the different parameters listed in
Table 1. It should be noticed that the loading position is
defined as the distance from the slope edge to the loading
(the distance), “p”. Other unchanged simulation parameters
are listed in Table 2.

3. Results and discussion

According to the previous study of Zhu et al. (2016),
several strain parameters can be used to evaluate slope
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Fig. 4 Relationships between the slope ratio and the strain parameters

stability conditions, especially the maximum strain
encountered by all the five monitoring lines (&max) and the
average of maximum strain encountered by all the five
monitoring lines (€max). In this paper, the characteristics of
the two strain parameters and the FS in different cases are
analyzed.

3.1 Different slope ratios

Figs. 2(a)-2(d) shows the distributions of the horizontal
strain correspond to different slope ratios. It can be seen
that the distribution of large strain is significantly
influenced by slope ratios. Tensile strain can influence the
strength of the soil (Duncan et al. 2014, Das 2015). With a

large slope ratio, the large tensile strain region appears to
distribute along the slope surface, especially when the slope
ratio is over 0.33. Meanwhile, the larger tensile strain in
large ratio slope expands closer to the slope surface,
indicating the potential region of the slip surface. The result
conforms to the experimental outcome of Zhu et al. (2016).
For a slope with a relatively low ratio, such as 0.25 and 0.33,
the strain concentration region under the loading expands
vertically. As for slope stability, Fig. 3 shows the
relationship between the slope ratio and the FS. The slope
with a larger ratio has a lower FS, and the relationship
between them can be fitted by a high correlation
exponential function.

Relationships between the slope ratio and the strain
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1.4+
131 y = 0.0327x + 0.7206
R?=10.9991 -
12 -
“ - e .
2114 - \3 0.0297x + 0.6917
R? = 0.9889
101 e-~
4 —— SRM
091 ® ---LEM
OB T T T T T T
10 12 14 16 18 20
Cohesion (kPa)

Fig. 7 Relationship between the slope soil cohesion and
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parameters are illustrated in Fig. 4. As the slope ratio

increases, the value of the two strain parameters becomes
larger (Fig. 4). This tendency agrees well with the results of
a previous experimental study (Keskin and Laman 2013).

Fig. 5 shows the relationship among the ultimate
bearing capacity, the average of maximum strains and the
FS. According to the conventional slope stability analysis
theories, the slope ratio can influence the sliding force
directly (Abramson et al. 2002, Duncan et al. 2014). Based
on the strain, the FS and the ultimate bearing capacity can
be estimated. When the slope ratio increases, both the FS
and the ultimate bearing capacity grow accordingly. The
phenomenon can be reflected by the increase of the strain
parameter. Besides, similar to the average of maximum
strain, the maximum strain also has such a tendency. These
phenomena reflect that the two strain parameters can
illustrate the slope stability in different ways.

3.2 Influence of soil strength parameters
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Fig. 8 Relationships between the cohesion and strain parameters

3.2.1 Cohesion

Fig. 6 shows the horizontal strain distribution of the
slope with different cohesions. For the slope with a lower
cohesion, the horizontal strain is larger. Meanwhile, in this
condition, a “y” shaped region of large tensile strain
emerges, in which the slope failure probably occurs (Zhu et
al. 2016). In comparison, when the cohesion is high, the
large tensile strain region is distributed in a wide range.
This strain distribution can eliminate the strain
concentration, which retards the slip surface forming. In
other words, from the perspective of strain, the critical slip
surface can be predicted by the large tensile strain region.
This phenomenon is more apparent, for a slope with a
smaller soil cohesion.

The ordinary method of slices is a classical one of the
LEM family. According to its principle, the F'S can be
expressed as

Zn:(cili +W, cos e, tan ¢, )
FS=—7 (1
D> Wsing,

i=1

where the subscript i means the block number, ¢; and ¢; are
the soil cohesion and the friction angle of the block,
respectively, /; is the length of the block base, W; is the
weight of the i-th block, and a; is the inclination angle of
the potential failure surface of each slice. According to the
simulation setup, the slope is homogenous, so Eq. (1) can

be transformed to

FS =ac+btang ()
Z(II) n

where a=—=—— and b= ZCOt(ai), ¢ and ¢ are the
D Wsing, =

i=1

cohesion and friction angle of soil, respectively. From Eq.
(2), the FS can be obtained through the various ¢ when
other parameters remain constant. It means FS alters
linearly with the change of c¢. Fig. 7 shows the FS results
calculated based on LEM and SRM. The LEM results are
generally lower than those of the SRM, which have been
verified previously (Lu and Godt 2013).

Figs. 8(a) and 8(b) show the empirical relationships
between strain parameters and cohesion. The results show
that for the slope with a higher cohesion, all strain
parameters become smaller, indicating smaller deformation
of the slope mass. A new parameter “D” is defined as the
average of the maximum strains of No. 4 and No. 5
monitoring lines subtracting the average of the maximum
strain of No. 1 to 3 monitoring lines . It is used to represent
the approximate deformation region of the slope. When the
soil cohesion is higher than a certain value, D reduces from
2200 pe to 250 pe and maintains at a low level. This
phenomenon indicates that the deformation pattern of the
slope transforms from strain concentration to global
deformation. To further investigate the deformation
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pattern, the exponential function is found to provide the best
fit for the relationship between the average of maximum
strains and the FS (Fig. 9). The relationship verifies the
hypothesis that the F'S will drop with the increase of the

average of maximum strains.

3.2.2 Friction angles

Fig. 10 shows the contours of the horizontal strain in the
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slopes with various friction angles. The effecting law of

friction angle on slope stability is similar to that of cohesion.

As the friction angle increases, the horizontal strain
becomes smaller. Also, the large tensile strain region
gradually expands and the maximum strain slumps
accordingly (Fig. 10). From Fig. 10(a) to Fig. 10(c), the
large tensile strain region is apparent, and the shape of the
region also like a reversed “y”. When the friction angle is

over 25° (Fig. 10(d) and Fig. 10(e)), the large tensile strain

region expands to the large region, which eliminates
maximum strain.

Fig. 11 depicts linear relationships between the friction
angle and the FS. Figs. 12(a) and 12(b) show that the strain
parameters have exponential relationships with the friction

angle. Both of these strain parameters manifest that the
larger friction angle correlates with the lower slope
deformation. As shown in Fig. 12(c), when the friction
angle is over the value around 22°, the D drops dramatically
from almost 2500 pe to 200 pe. Later, for the slope with the
larger friction angle, the D stays in the low-level value. The
phenomenon relates to the changes of slope deformation
patterns, which transforms from the strain concentration to
the global deformation. These results are similar to the
relationships between strain parameters and soil cohesion.
Fig. 13 shows the FS declines with increase of the average
of maximum strains.

Generally, when the slope soil has higher strength, the
slope deformation becomes lower accordingly. At the same
time, the large tensile strain region expands, and the slope
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stability increases. Hence, considering the results of the
simulation test, horizontal strain monitoring lines in slopes
can be seen as a flexible way to evaluate the slope stability
in different soil strength conditions in the field.

3.3 Loading positions

Figs. 14(a)-14(d) shows the large tensile strain region is
arc-shaped, which indicates a potential slip surface. As the
distance increases, the horizontal strain reduces gradually.
Later on, after the distance surpasses 6 m, the strain
decreases and the soil deformation becomes lower

(Figs.14(e)-14(g)). The shape of the large tensile strain
region resembles that of loading on the flat ground.

Fig. 15 displays the variation of slope stability with the
change of the distance. The FS rises significantly with the
increase of the distance (especially within the first 4 m).
When the distance is beyond 4 m, the FS gradually becomes
stable at 1.23. As shown in Fig. 16(a), the average of
maximum strains reduces with the growth of the distance.
To illustrate the issue specifically, two different stages can
be noticed on the full scale from Fig. 16(b) and 16(c). In the
first half, the average maximum strains reduce quickly, and
then it drops mildly when the distance is beyond 1 m. As
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the distance increases from 4 m to 6 m, the average of
maximum strains suddenly diminishes substantially from
1460 pe to 920 pe. This phenomenon can be illustrated by
that the loading gradually deviates from the critical stability
zone of the slope. After the distance surpasses 6 m, the
average of maximum strains becomes stable. Fig. 17 reveals
the similar relationship between the distance and the
maximum strain, which can be interpreted in a similar way
as above.

Based on the DLO method, the ultimate bearing
capacity is figured out. The relationship between the
distance and the ultimate bearing capacity is presented in
Fig. 18. The ultimate bearing capacity grows with the
increase of the distance, but this is true only within a certain
range. When the distance exceeds a proper range, the
increase of the ultimate bearing capacity will slow down
and the ultimate bearing capacity will gradually become
stable (Pantelidis and Griffiths 2015). As shown in Fig. 19,
the relationship between the average of maximum strains
and the ultimate bearing capacity can be fitted by an

exponential function. The strain parameter can be used to
estimate the ultimate bearing capacity of the slope in this
situation.

The relationships between the ultimate bearing capacity,
the average of maximum strains and the FS are shown in
Fig. 20. Unlike the relationship between the distance and
the ultimate bearing capacity, the variation of the FS
exhibits different characteristics. At first, the FS climbs
when the distance increases near the slope edge. Later, the
FS gradually becomes stable despite of the increase of the
distance. In other words, the ultimate bearing capacity in
the loading position can hardly influence the F'S of the slope
when the distance is over 4 m. Compared with estimating
the ultimate bearing capacity, the strain can reflect the slope
stability more effectively. The gradual decrease of the strain
parameter can illustrate an increasing tendency of the FS
when the distance is within 4 m. When the distance is over
4 m, the strain parameter keeps almost constant. This
phenomenon illustrates that the slope deformation does not
expand, which corresponds well with the negligible change
of the FS. The results in Fig. 20 show that the strain
parameter can be used to evaluate slope stability properly.
Generally, the increases of strain parameters are related to
the variation of slope stability and ultimate bearing capacity.
In fieldwork, when strain sensors are applied, the strain
measured and its changing characteristic should be
correlated with slope stability and ultimate bearing capacity,
which can be employed to estimate the geoenvironmental
safety in a region.

4. Conclusions

In this paper, the feasibility of strain-based slope
stability analysis has been evaluated under different slope
conditions. The conclusions drawn in this study are as
follows:

« Slope ratio can significantly influence slope stability.

The strain parameters can properly reflect the influence of
the slope ratio. In the general trend, the strain parameters
reduce with the decrease of the slope ratio. The
relationships between strain parameters and F'S can be fitted
well by using exponential functions.

e The FS has a positive correlation with the soil

strength parameters. The change of the cohesion and the
change of friction angle have well exponential relationships
with the change of the average maximum strain
correspondingly. Such relationships can be used to estimate
slope stability from the strain. For the slope with higher soil
cohesion, the strain concentration becomes lower
accordingly. A similar phenomenon occurs in the model
with the various friction angles.

« Slope strain parameters decrease with the increase of

the distance from the slope edge. When the loading is near
the slope edge, strain parameters reduce apparently with the
growth of the distance. After the loading exceeds the critical
stability zone, strain parameters decrease dramatically to the
lower state and the ultimate bearing capacity enhanced
accordingly. In this situation, the shape of the large tensile
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strain region is like that of loading on the flat ground. The
changing characteristic of the FS corresponds well with
strain parameters.

The strain analysis is reasonable for estimating slope
stability in different conditions. Such findings shed critical
light on establishing a high-precision slope monitoring
system based on distributed fiber optic sensing (DFOS).
However, slope stability may be influenced by weak
intercalated layers, reinforcing elements, rainfall infiltration,
and other environmental factors, which are not included in
the study. These factors may influence the deformation
characteristics of slopes, which needs to be further studied.
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