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ABSTRACT

The calculation of the factor of safety (FOS) is an important means of slope evaluation. This paper proposed an
improved double strength reduction method (DRM) to analyze the safety of layered slopes. The physical properties
of different soil layers of the slopes are different, so the single coefficient strength reduction method (SRM) is not
enough to reflect the actual critical state of the slopes. Considering that the water content of the soil in the natural
state is the main factor for the strength of the soil, the attenuation law of shear strength of clayey soil changing
with water content is fitted. This paper also establishes the functional relationship between different reduction
coefficients. Then, a USDFLD subroutine is programmed using the secondary development function of finite
element software. Controlling the relationship between field variables and calculation time realizes double strength
reduction applicable to the layered slope. Finally, by comparing the calculation results of different examples, it is
proved that the stress and displacement distribution of the critical slope state obtained by the improved method is
more realistic, and the calculated safety factor is more reliable. The newly proposed method considers the difference
of intensity attenuation between different soil layers under natural conditions and avoids the disadvantage of the
strength reduction method with uniform parameters, which provides a new idea and method for stability analysis
of layered and complex slopes.
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1 Introduction

The strength reduction method (SRM) is widely used in slope engineering because of its simple
principle and convenient application, which can deal with complex geological conditions. In slope
stability analysis, the SRM can be used to search the potential sliding surface and the corresponding
safety factor for the slope through specific criteria without assuming the location of the sliding surface
in advance. The basic idea of the SRM is to make the slope just in the critical failure state through
continuous trial calculation by reducing the strength parameters of rock and soil. At this state, the
corresponding reduction coefficient is the minimum safety factor for the slope. Zienkiewicz et al. [1]
first proposed the concept of finite element strength reduction. Many scholars have researched various
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slope stability analysis methods. Matsui et al. [2] clarified the background and significance of strength
reduction and proved the reliability of the finite element strength reduction method through a practical
project. Duncan [3] defined the safety factor as the reduction range of soil shear strength when the
slope reaches the critical state. Dawson et al. [4] found that when using the SRM, the calculation
results obtained by densifying the finite element mesh are closer to the results of the limit equilibrium
method. Manzari et al. [5] found that the shear expansion angle has a certain influence on the
calculation results of the factor of safety, which cannot be ignored. Zheng et al. [6] discussed the
definition of safety factors commonly used in two-dimensional slope stability analysis. Nowadays,
the SRM is gradually accepted by the academic community, and slope stability analysis entered a new
era. Hua et al. [7] proposed a variational method based on several destabilization criteria commonly
used in slope strength reduction methods. The calculation results obtained by this method are more
suitable for inhomogeneous slopes. The factor of safety obtained by SRM is widely used to analyze
the variation of slope stability before and after an earthquake [8,9] or heavy rainfall [10,11] because it
can be used to quantify the stability of a slope. The strength reduction method is also of great use for
hydraulic projects with slope characteristics, such as dams. Liu et al. [12] have studied the influence of
water level fluctuation on the stability of dam slopes through tests. The results show that water level
fluctuation will affect the initial section of safety coefficient change, and the hysteresis of the water
and soil characteristic curve will affect the value of the minimum safety coefficient. In addition, the
SRM is also used to ensure the safety of the engineering during construction or reinforcement [13,14].

In the general SRM calculation, the cohesion c and friction angle ϕ are synchronously reduced
by two identical reduction factors until slope failure emerges, when the safety factor is obtained.
At this time, the value of the reduction factor is defined as the safety factor for the slope.
However, the evolution trend of cohesion and friction angle of landslide in progressive failure is
inconsistent. The action of cohesion and friction angle of different rock and soil mass types is also
different, so the synchronous reduction of cohesion and internal friction angle is not in line with
the actual situation. Christian et al. [15] established through research that the sliding resistance on
a sliding surface consists of friction and cohesion. Friction resistance plays a full role and then
sliding resistance is supplemented by cohesion. This point implies that the reduction parameters of the
internal friction angle are constant while the reduction coefficients of the cohesion are different. This
viewpoint is a source of the double strength reduction method (DRM). Some scholars have conducted
relevant research on the DRM. The analysis process of the double reduction method needs to solve
two-essential issues. One is how to determine the reduction relationship between the cohesion and
friction angle, and the other is how to value two different reduction factors to define the expression
of the comprehensive safety factor. Xue et al. [16] analyzed the relationship law between peak and
residual strength in the softening process of soil. And established a non-equal proportional double
discount relationship is established. Yuan et al. [17] studied the proportional relationship between
two discount factors for different slopes and proposed a new method for defining the comprehensive
safety factor using curve fitting. Zhao et al. [18] and Isakov et al. [19] proposed a formula for the
minimum slope comprehensive factor of safety using the shortest pathway of strength reduction.
Tang et al. [20] obtained a strict upper limit of the safety coefficient based on the upper limit analysis
of limit analysis method and optimized the method for solving the comprehensive safety coefficient
of the double strength reduction method. Deng et al. [21,22] analyzed that when the slope is in a
critical limit equilibrium (LE) state, the strength parameters have different contributions to each
other in maintaining slope stability. Zheng et al. [23] analyzed the pseudo-plastic zone when the
slope is unstable and sliding. And a Poisson’s ratio adjustment algorithm to restrain the unreasonable
extension of the plastic zone is proposed. Zhang et al. [24–26] studied the stability of slopes containing
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convex corners under a three-dimensional model and considered the effects of pore water pressure
and seismic activity. Moreover, the double strength reduction is also well applicable to some slopes
composed of special soils in practical engineering because it considers the variability of the reduction
with different strength parameters. Liu et al. [27] studied the weathered basalt soil slopes, the cohesion,
and friction angle strength variability and calculated its safety factor by the DRM. He et al. [28] used
the DRM to analyze the slopes of permafrost layers after several freeze-thaw cycles. Yang et al. [29,30]
proposed a numerical model based on the numerical manifold method (NMM) and optimized the
algorithm to determine the slip surface. At the same time, according to the stress field generated by
NMM analysis, the experimental safety factor of the slip surface was calculated by the vector method,
which can further improve the accuracy of the numerical simulation.

The above studies have enriched and developed the theoretical system of the SRM. However, these
studies have been conducted for slopes with homogeneous single soil layers, and fewer studies have
been conducted for non-homogeneous layered slopes. The applicability of the SRM in homogeneous
slopes has been confirmed, but non-homogeneous slopes are more common in practical engineering.
Griffiths et al. [31] compared the results of the limit equilibrium method and the finite element strength
reduction method to analyze the heterogeneous slope. It is considered that the strength reduction
method was a more effective method for slope stability analysis than the traditional limit equilibrium
method. Furthermore, it is affirmed that the safety factor of heterogeneous slopes obtained by the
SRM was reasonable. Khabbaz et al. [32] used PLAXIS software to analyze of non-homogeneous
subgrade slope by the SRM. Moreover, the result showed that the calculated safety factor is slightly
more significant than that calculated by the limit equilibrium method. However, the factor of safety
obtained by the strength reduction method for inhomogeneous slopes may be within a reasonable
error range. The stress distribution in the complex soil is related to each part’s geometry and physical
properties. Therefore, if the SRM with one reduction factor is used to analyze the non-homogeneous
soil slope, the reduced stress field and displacement field cannot reflect the stress and displacement
distribution of the slope under the actual instability. The DRM is better than the traditional strength
reduction method in principle because it considers the difference in the reduction of two shear strength
parameters. Determining the reduction mode of shear strength parameters of different soil layers in
complex and layered slopes and the comprehensive safety factor for multi-layered slopes after DRM
are still the problems which need to be further studied.

In this paper, an improved double-strength reduction method for calculating non-homogeneous
layered soil slopes is proposed. First, the attenuation law of shear strength for typical clayey soil with
water content change is studied. Moreover, the functional relationship of its shear strength change
with the change in water content is fitted. Then the connection of the reduction coefficients between
different soil layers was established by mathematical derivation. The subroutine is written using the
secondary development function of ABAQUS finite element software to realize the reduction of
several strength parameters of layered slopes with increased calculation time. Then, two different
methods are proposed to calculate the comprehensive safety factor for layered slopes. Finally, the
reasonableness of this method to calculate the safety coefficient of the heterogeneous slope is verified
calculation examples.

2 Modified Double-Reduction Method
2.1 Definition of Double Strength Reduction Factor Method

The DRM and the SRM have the same theoretical basis, which are belong to the category of
strength reduction methods. The definition of the factor of safety for both methods is based on the
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strength reserve. When the shear strength parameters c and ϕ of the slope are reduced according to
the reduction coefficient Fs1

, the rock and soil mass of the slope will slide along a circular slip surface.
The corresponding relationship is as follows:

τ = c′ + σ tan ϕ ′ (1)

where c′ = c
Fs1

, ϕ ′ = arctan
(

ϕ

Fs1

)
, c′ and ϕ ′ refers to the cohesion and internal friction angle of slope

soil when it is in limit equilibrium state.

The factor of safety is defined as the ratio of soil anti-sliding force to sliding force, such as

Fs1
=

∫ l

0
(c + σ tan ϕ)dl∫ l

0
τd

(2)

Rewrite Eq. (2) to obtain:

1 =
∫ l

0

(
c

Fs1

+ σ
tan ϕ

Fs1

)
dl∫ l

0
τdl

=
∫ l

0
(c′ + σ tan ϕ ′) dl∫ l

0
τdl

(3)

Eq. (3) represents that after the shear strength parameters of soil are reduced, the slope is in
a critical state, and the anti-sliding force is equal to the sliding force. As the traditional strength
reduction method, the DRM belongs to the strength reduction technology category. Therefore, there is
no essential difference in the definition of the slope safety factor. The real difference lies in the choice
of the reduction path. Therefore, the reduction coefficients of the two shear strength parameters of
the slope can be described according to the definition based on the strength reserve. According to
the definition of strength reserve, the reduction coefficients of the finite element SRM and DRM are
expounded. Moreover, the reduction coefficients of cohesion and internal friction angle are expressed
as the ratio of cohesion c and internal friction angle in the initial state to cohesion and internal friction
angle in a critical state, such as

Fc = c
c′ (4)

Fϕ = tan ϕ

tan ϕ ′ (5)

Eqs. (4) and (5) are substituted into Eq. (3), as a result:

1 =
∫ l

0

(
c
Fc

+ σ
tan ϕ

Fϕ

)
dl∫ l

0
τdl

(6)

Eq. (6) is the basic equation of DRM. It represents that the shear strength parameters of slope
soil are reduced in different proportions until the slope reaches the critical state.

2.2 Attenuation Law of Soil Shear Considering the Change of Water Content
The shear strength of soil is an essential index of its mechanical properties, which is mainly affected

by soil type, structure, and moisture content. In engineering practice, factors such as rainfall, drought,
groundwater seepage will change the water content greatly. The variation of water content is the main
factor affecting the attenuation of shear strength parameters.
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In this paper, soil samples of different layers of typical soil slope were collected. The water
content was measured, and the shear strength parameters under different water content conditions
were obtained through laboratory direct shear tests. Three groups of test data from three soil layers
were obtained, and the test results are shown in Fig. 1. The fitting results of different functions are
compared. The exponential function y = AeBx (A and B are undetermined coefficients) can better
reflect the variation trend of soil shear strength with water content. The exponential function has no
constant term, which is helpful in deducing the reduction relationship between internal friction angle
and cohesion with water content. The corresponding fitting curves are also shown in Fig. 1. And the
fitting formulas are as follows:{

c = 382.56e−7.975ω

tan ϕ = 0.7435e−3.998ω
(7)

{
c = 180.13e−4.478ω

tan ϕ = 0.5498e−2.793ω
(8)

{
c = 516.74e−8.918ω

tan ϕ = 0.7435e−3.9ω
(9)

The above three groups of data are fitted by exponential regression, which is suitable for the
research. The fitting accuracy R2 is more than 0.95. Therefore, exponential function is used to express
the attenuation law of shear strength parameters with the increase of water content.

2.3 Non-Proportional Relationship between Reduction Factors
In the reduction process of the DRM, the initial strength parameter of soil is reduced to the

strength parameter value of critical instability, and multiple groups of values can be obtained to meet
the conditions of slope instability. However, the state described by these parameters only reflects one
possible state of slope failure, not necessarily the actual state of slope failure. Considering the natural
deterioration law of shear strength parameters of slope soil in the present research, the combination
of shear strength parameters obtained after reduction can more accurately describe the stress balance
state of the slope and obtain the instability state of the slope. In this paper, the corresponding function
relationship between each reduction coefficient is established through the influence law of water
content on the shear strength of the soil.

The following exponential function is used to describe the variation trend of soil shear strength
with water:{

c = Aeαω

tan ϕ = Beβω
(10)

where A, B, α, β are the constant coefficients under different soil fitting conditions, ω is the water
content of the soil.
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Figure 1: Curves of water content and shear strength parameters

Let ω0 be the average water content of the slope soil in a natural state, ωr is the average water
content of the slope soil in the critical instability state. Then according to the definition of reduction
factor, we can obtain the following:⎧⎪⎪⎨
⎪⎪⎩

Fc1
= c1r

c10

= eα1(ωr−ω0)

Fϕ1
= tanϕ1r

tanϕ10

= eβ1(ωr−ω0)
(11a)
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⎧⎪⎪⎨
⎪⎪⎩

Fc2
= c2r

c20

= eα2(ωr−ω0)

Fϕ2
= tanϕ2r

tanϕ20

= eβ2(ωr−ω0)
(11b)

where c10
, ϕ10

, c20
, ϕ20

are the natural cohesion and friction angle of soil mass, c1r , ϕ1r , c2r , ϕ2r are the
shear strength value of soil under the instability state. Fc1

, Fϕ1
, Fc2

, Fϕ2
are the reduction coefficient of

shear strength parameters of each soil layer

It can be inferred from Eq. (11) that with the increase of water content, the attenuation rate
of shear parameters of each soil layer is different. Eq. (11) can be deduced that different reduction
coefficients meet the corresponding relationship:

Fc1
= F

α1
β1

ϕ1 = F
α1
α2

c2 = F
α1
β2

ϕ2 (12)

During the process of strength reduction, the attenuation rates of each strength parameter for each
soil layer are different. When the critical instability state is finally reached, the attenuation degree of
each parameter is also different. According to the above process, the functional relationship between
the reduction factors can be further applied to complex soil slopes with three or more layers, which
satisfies the following equation:

Fc1
= F

α1
β1

ϕ1 = F
α1
α2

c2 = F
α1
β2

ϕ2 = F
α1
α3

c3 = F
α1
β3

ϕ3 = F
α1
αn

cn = F
α1
βn

ϕn (13)

2.4 Calculation Methods for Comprehensive Safety Factor
At present, there is no unified standard for the definition of the comprehensive factor of safety by

the DRM. Moreover, there is no conclusion on obtaining a reasonable comprehensive safety factor. In
this paper, two methods are proposed to calculate the comprehensive safety factor for a layered slope;
one is the mean method, and the other is the attenuation weight method.

The double-strength reduction method is used to calculate the comprehensive safety coefficient
of the homogeneous slope; the average value is a standard method [33]. This method is also used for
the calculation of heterogeneous slopes in this section, such as

Fs =

n∑
i=1

Fci +
n∑

i=1

Fϕi

2n
(14)

where n is the number of layers of layered slope soil.

The weight analysis method is a common idea in the study of soil mechanics. For example, the
influence of weight is considered in the study of permeability and foundation modulus for layered
soil. When the slope is from the initial state to the critical instability state, the attenuation degree
of the shear strength parameters of each soil layer is different. Therefore, for layered soil slopes, the
attenuation weight of shear strength parameters is used to define the comprehensive safety factor. For
slopes with two soil layers, the comprehensive safety factor is defined as follows.

For the shear strength parameter of any soil layer, take the value of its initial state and slope
instability state to calculate its reduction degree.

γc1 = c01 − ccr1

c01

(15a)
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γϕ1 = ϕ01 − ϕcr1

ϕ01

(15b)

γC2 = c02 − ccr2

c02

(15c)

γϕ2 = ϕ02 − ϕcr2

ϕ02

(15d)

where c01
, ϕ01

, c02
, ϕ02

are the initial value of shear strength, ccr1
, ϕcr1

, ccr2
, ϕcr2

are the shear strength value
of slope in instability state, γc1

, γϕ1
, γc2

, γϕ2
represent the reduction degree of cohesion and internal

friction angle of the two soils relative to the natural state when the slope reaches the critical state
respectively. βc1

, βϕ1
, βc2

, βϕ2
represent the attenuation weight of cohesion and internal friction angle of

each layer of soil respectively, we can calculate the attenuation weight by the following formula:

βc1 = γc1

γc1 + γϕ1 + γc2 + γϕ2

(16a)

βϕ1 = γϕ1

γc1 + γϕ1 + γc2 + γϕ2

(16b)

βc2 = γc2

γc1 + γϕ1 + γc2 + γϕ2

(16c)

βϕ2 = γϕ2

γc1 + γϕ1 + γc2 + γϕ2

(16d)

and βc1 + βϕ1 + βc2 + βϕ2 = 1.

The comprehensive factor of safety obtained from the attenuation weight, that is

Fs = Fc1βc1 + Fϕ1βϕ1 + Fc2βc2 + Fϕ2βϕ2 (17)

For layered soil slope, its comprehensive factor of safety can be obtained from the following
formula:

F =
n∑

i=1

Fciβci +
n∑

i=1

Fϕiβϕi (18)

where n is the number of layers of layered slope soil.

The above comprehensive safety factor is weighted by the attenuation degree of soil shear strength,
and considering the soil moisture content, the reduction relationship in the DRM is determined, which
provides a theoretical basis and technical support for the stability analysis of layered soil.

3 Realization of Double Strength Reduction Method Based on USDFLD Subroutine

The traditional SRM adopts the dichotomy method to obtain the safety factor for the slope, which
requires multiple trial calculations and computes inefficiently. In the process of SRM, the field variable
is set as the safety factor and then the internal friction angle changes ϕ and the cohesion c value are
manually input. This method also has some defects. The nonlinear proportion of different reduction
coefficients is imposed with the change of field variables. The variation of reduction coefficients
between each analysis step is linear interpolation, not truly nonlinear. In this study, the USDFLD
subroutine is used to set the shear strength parameters of each soil as field variables, and the functional
relationship between the calculation time and the reduction coefficient is established:
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Ft = a × (TIME(1) + DTIME) + b (19)

where TIME(1) is the calculation time of the current analysis step; DTIME is the time increment.;
b determines the initial reduction coefficient of the slope; a is the value of the increase of the unit
calculation time of the reduction coefficient. In order to prevent non-convergence in the first step of
the calculation, b is generally taken as 0.5.

A reduction factor is taken to satisfy the above equation, and the relationship between the
remaining reduction factor and this factor is Eq. (13). If any reduction coefficient is selected to
establish a functional relationship with time, the reduction coefficient will be the same. However, the
slowest attenuation parameter is selected to control the calculation time. In that case, the remaining
strength parameters will decrease faster, while the critical state of slope instability can be reached more
quickly, saving calculation time. Therefore, the slowest decay rate parameter is used as the reduction
parameter of control time. The specific calculation process is shown in Fig. 2.

Figure 2: Flow chart of subroutine

4 Selection of the Constitutive Model and Slope Instability Criterion

When the traditional limit equilibrium method is used to calculate the safety factor for slope
stability, it is assumed that rock and soil are ideal rigid plastic materials, which is different from the
fact. The slope instability is mainly dominated by shear failure. The Mohr-Coulomb strength criterion
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is considered the shear failure criterion, which can describe the shear strength characteristics of rock
and soil under tensile stress or compressive stress. Mohr-Coulomb strength criterion is adopted in this
paper. The yield surface of the Mohr-Coulomb strength criterion is an irregular hexagonal cone with
cusps and corners in the principal stress space. The shape is shown in Fig. 3.

Figure 3: Plastic potential surface in Mohr-Coulomb model

The criterion selection of slope instability affects the factor of safety. There are three methods
to judge the failure of slope instability by finite element strength reduction method: (I) Based on the
non-convergence of numerical calculation; (II) Based on a feature point at the top or middle of the
slope and the sudden change of the displacement for the feature point; (III) Based on the penetration
of plastic zone from slope toe to slope top.

For the above three criteria, the calculation non-convergence result is too large because the
calculation has not stopped immediately when the slope is unstable and destroyed, and the setting
of the calculation time step and the selection of the unit type will also affect the convergence result of
the slope. The calculation results of the two criteria of feature point displacement mutation and plastic
zone penetration are close. In this paper, the displacement mutation of the characteristic point is used
as the basis for judging slope instability.

5 Validation of the Modified Double Reduction Method
5.1 Double Layered Slope
5.1.1 Calculation Model and Parameters of Slope

An example of a two-layer soil slope model is established. The improved DRM proposed in
this study is compared with the traditional SRM to analyze the applicability of the methods. Model
calculations are shown in Fig. 4. The physical parameters of the two soil layers are measured, as shown
in Table 1. The calculation is based on the measured data of the silty clay and clay. According to the
experimental data, the decay rate of the internal friction angle ϕ2 of clay is the slowest in a natural
state. Therefore, Fϕ2

satisfies the following formula:

Fϕ2 = 1.5t + 0.5 (20a)

Fc1 = (
Fϕ2

)2.855
(20b)
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Fϕ1 = (
Fϕ2

)1.431
(20c)

Fc2 = (
Fϕ2

)1.603
(20d)

Figure 4: Two-layer slope model

Table 1: Mechanical parameters of the soil layers

Soil number Modulus of
elasticity (kN/m2)

Poisson’s ratio Bulk density
(kN/m3)

Cohesion
(kN/m2)

Friction
angle (◦)

1 1E5 0.30 19.39 48.10 14.60
2 1E5 0.35 19.22 44.90 13.80

5.1.2 Result Analysis

The sliding surface in slope instability is shown in Figs. 5 and 6. In the process of slope from a
natural state to instability, the attenuation degree of each parameter is different. Table 2 shows the
attenuation of shear strength parameters of different soils from an initial state to a critical instability
state. The attenuation degree of cohesion c1 of silty clay in the lower part of the slope reaches 24.9%.
In comparison, the attenuation degree of friction angle of cohesive soil in the upper part of the slope
is only 9.2%.

The results of the traditional SRM and improved DRM are compared in the displacement cloud
chart, as shown in Fig. 7, where (a) is the result of the strength reduction method, and (b) is the result of
the improved double strength reduction method. The maximum displacement of the improved DRM
is 2.775 m when the slope is unstable, which is 6.8% larger than that of the traditional SRM. The main
reason is that the shear strength parameters ci and ϕi of each soil layer play different shear resistance in
the slope failure process, which reflects that the differences in reduction coefficients between different
soil layers will affect the displacement of slope instability.
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Figure 5: Sliding surface of the strength reduction method

Figure 6: Sliding surface of the improved double strength reduction method

Table 2: Attenuation degree of shear strength of different soil layers

Strength parameters ϕ1 (°) c1 (kPa) ϕ2 (°) c2 (kPa)

Initial value 13.8 44.9 14.6 48.1
Reduced parameter values 12.01 33.73 13.26 40.96
Degree of attenuation 12.97% 24.90% 9.20% 14.84%
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Figure 7: Displacement cloud chart of critical state ((a): the SRM; (b): the improved SRM)

Furthermore, the critical state stress cloud diagrams of the two methods are shown in Fig. 8,
where (a) is the result of the SRM, and (b) is the result of the improved DRM. The stress field
calculated by the improved DRM shows that the maximum stress value of the silty clay area at the
lower part of the slope is larger, and the low-stress area at the upper part of the slope is more widely
distributed. The main reason is that, for heterogeneous soil, the internal stress distribution is related
to the geometric shape and physical properties of each part. The stress field obtained using the same
reduction coefficient differs from the actual situation. While the stress field obtained by considering
the attenuation difference between different parameters is more in line with the actual situation.
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Figure 8: Stress cloud diagram of critical state ((a) the SRM; (b) the improved DRM)

Fig. 9 shows that the horizontal displacement value of the characteristic points on the slope
gradually increases under different reduction coefficients varied with the field variable. The abrupt
displacement point in these curves is the required reduction coefficient, which is the safety factor for
slope stability. The values are shown in Table 3. In order to check the rationality of the calculation
for safety factor by the modified DRM, the results are compared with those calculated by the limit
equilibrium method. The results are shown in Table 4. The error range between the safety factor
calculated by the modified DRM and the limit equilibrium method is about 2%. The reason is that the
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numerical calculation results may have a pseudo-plastic zone, which leads to the difference between
the two methods [21]. It is proved that the proposed method has good applicability for a two-layer
slope.

Figure 9: Horizontal displacement curve of the characteristic points on the slope under different
reduction coefficients varied with the field variable

Table 3: Reduction coefficient of each parameter in case of slope instability

Fϕ1 Fc1 Fϕ2 Fc2

Value 1.154 1.331 1.105 1.174

Table 4: Comparison of safety factors of different calculation methods

Different methods Safety factor Error calculation formula Percentage error

1© Limit equilibrium method 1.188 – –
2© SRM 1.233 ( 2© − 1©)/ 1© 3.7%
3© Calculated by average value 1.191 ( 3© − 1©)/ 1© 0.3%
4© Calculated by weight 1.222 ( 4© − 1©)/ 1© 2.8%

5.2 Multilayer Layered Slope
5.2.1 Calculation Model and Parameters of Slope

This section takes an example of a slope calculation test of the Australian Computer Application
Association (ACADS). The limit equilibrium method must presuppose a sliding surface and make
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some ideal assumptions on the soil. Then, an equilibrium equation is established to obtain the
numerical solution of the safety factor. The DRM and SRM are used to compare with the limit
equilibrium method. The calculation diagram of the slope is shown in Fig. 10. The physical parameters
of soil layers are shown in Table 5. According to the method in this study, the reduction coefficient of
each soil layer meets Eq. (21).

Fϕ2 = 1.5t + 0.5 (21a)

Fc1 = (
Fϕ2

)2.855
(21b)

Fϕ1 = (
Fϕ2

)1.431
(21c)

Fc2 = (
Fϕ2

)1.603
(21d)

Fϕ3 = (
Fϕ2

)1.396
(21e)

Fc3 = (
Fϕ2

)3.193
(21f)

Figure 10: The ACADS example

Table 5: Mechanical parameters of the soil layers

Soil number Modulus of
elasticity (kN/m2)

Poisson’s ratio Bulk density
(kN/m3)

Cohesion
(kN/m2)

Friction
angle (◦)

1 1E5 0.35 19.22 44.90 13.80
2 1E5 0.30 19.39 48.10 14.60
3 1E5 0.35 18.84 29.40 13.60

5.2.2 Result Analysis

Figs. 11 and 12 are the cloud chart of plastic zone connections during slope instability, where
Fig. 11 is the result of the SRM, and Fig. 12 is the result of the improved DRM. The sliding surface
formed by the traditional SRM is at the bottom of the slope, which belongs to deep sliding. The
reason for this phenomenon is that the shear strength parameters c and ϕ of the silty clay layer at the
bottom of the heterogeneous slope are smaller than those of the upper soil layer. In the process of
simultaneous reduction of various parameters, the shear strength parameters of the bottom soil layer
are always smaller than those of the upper soil layer, and the attenuation rate of the slope is the same in
this process. Hence, the plastic damage accumulates in the weak bottom layer. The depth of the sliding
surface calculated by the improved DRM is shallower than that by the SRM.
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Figure 11: Sliding surface of the SRM

Figure 12: Sliding surface of the improved DRM

When the DRM is applied, from the initial to the instability state of the slope, each parameter is
reduced asynchronously, and its attenuation rate is different. The attenuation rate of the bottom soil
layer is the fastest. In slope instability, the plastic zone is often the first to form at the foot of the slope
and then develops to the top of the slope until it penetrates. Therefore, the process illustrated by this
method conforms to the characteristics of slope progressive instability.

As shown in Table 6, using the improved DRM, the attenuation degree of each parameter is
different in the process of slope from a natural state to instability. The attenuation degree of cohesion
for silty clay at the bottom is the largest, reaching 67.2%, while the attenuation degree of internal
friction angle of intermediate clay is the lowest, only 28.7%. The results of the traditional SRM and
improved DRM are compared in the displacement cloud chart, as shown in Fig. 13, where (a) is the
result of the strength reduction method, and (b) is the result of the improved double strength reduction
method. The maximum displacement of the improved DRM is 2.533 m when the slope is unstable,
which is 14.4% larger than that of the traditional SRM.



238 CMES, 2024, vol.138, no.1

Table 6: Attenuation degree of shear strength of different soil layers

Strength parameters ϕ1 c1 ϕ2 c2 ϕ3 c3

Initial value 13.8 44.9 14.6 48.1 13.6 29.4
Reduced parameter values 8.48 16.57 10.41 27.48 8.45 9.64
Degree of attenuation 38.6% 63.1% 28.7% 42.9% 37.9% 67.2%

Figure 13: Displacement cloud chart of critical state ((a): the strength reduction method; (b): the
improved double strength reduction method)
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For layered slopes, the stress distribution is related to the geometric shape and physical properties
of each part. The final stress field obtained by using the same reduction coefficient is different from
the actual situation. The improved DRM considers the difference in attenuation between different soil
layer parameters to obtain a more accurate stress field. As shown in Fig. 14, the maximum stress is
in the middle soil layer when the slope reaches the critical state. It indicates that the shear strength
parameter of the soil layer decreases slightly while the residual stress increases during the process of
slope instability. Moreover, in the upper and lower silty clay layers, the attenuation is higher while the
residual stress is lower.

Figure 14: Stress cloud chart of critical state ((a): the SRM; (b): the improved DRM)

As shown in Fig. 15, the reduction coefficients of six strength parameters are determined by
the abrupt change of the horizontal displacement of the slope feature points. The proposed method
for solving the comprehensive safety coefficient is compared with the limit equilibrium method. The
results are shown in Table 7. The safety factors obtained by the two methods in this paper are within
a reasonable range.
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Figure 15: Horizontal displacement curve of the characteristic points on the slope under different
reduction coefficients varied with the field variable

Table 7: Comparison of safety factors of different calculation methods

Different methods Safety factor Error calculation formula Percentage error

1© Limit equilibrium method 2.088 – –
2© SRM 2.080 ( 2© − 1©)/ 1© 0.3%
3© Calculated by average value 2.034 ( 3© − 1©)/ 1© 2.6%
4© Calculated by weight value 2.210 ( 4© − 1©)/ 1© 5.8%

5.3 Discussion
A two-layer and a complex three-layer slope example are analyzed. After comparison of the

modified DRM with the traditional SRM, it is proved that the improved DRM proposed in this study
can be applied to simulate the attenuation difference of various soils of layered slope in the natural state.
Moreover, its displacement and stress in the critical state align with the actual slope failure situation.
The limit equilibrium method and the factor of safety obtained by the proposed method are compared,
and the rationality of the two DRM methods proposed in this paper for calculating the comprehensive
safety factor for the layered slope is verified.

6 Conclusions

In this study, a modified DRM is proposed to make it applicable to the slopes of layered slopes,
and the applicability of this method is verified by different calculations, and the following conclusions
are obtained:



CMES, 2024, vol.138, no.1 241

1. The shear strength parameters of cohesive soils of different soil layers at different water
contents were analyzed. Moreover, the exponential function was considered a better expression
for the decay law of shear strength parameters with increasing water content.

2. The USDFLD subroutine for Abaqus software is programed, which is suitable for the
improved double-intensity discounting method proposed in this paper. All values in the
intensity discounting calculation process can be non-linearly discounted with the increase in
the calculation time, which improves the accuracy and efficiency of the calculation for slope
stability analysis.

3. The functional relationship between the reduction coefficients of different soil layers is
established. The shear strength parameters of each soil layer in progressive instability are
decayed to different degrees. Furthermore, the stress and displacement clouds of the critical
state obtained through this way are more consistent with the actual natural state. By calculation
examples, calculation results by this method are proven correct and reasonable. It provides a
reference for the analysis of layered slope stability in practical engineering.

4. The average and weight methods are proposed, which is suitable for multiple reduction
factors to find the integrated safety factor. The coefficient of safety calculated by the average
method is closer to that by the limit equilibrium method. The safety coefficient calculated
by the attenuation weight method has its advantages but still exists a reasonable error range.
Meanwhile, the method considers the weights of different soil layer strength parameters to
influence slope instability for calculation, and its physical meaning is clear.
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