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Abstract .In this paper, the slope with horizontal weak interlayer is taken as the research object, and the 

safety factor and the location of the failure surface of the slope are calculated by finite element strength 

reduction method and limit equilibrium method respectively. The results show that when the slope is mixed 

with soft layer, the positions of the critical failure surfaces calculated by the two methods are quite different, 

but their safety factors are relatively small. Which method is more accurate needs to be analyzed in 

combination with the specific conditions of the slope. Through comparative analysis, the calculation 

efficiency of limit equilibrium method is much higher than that of strength reduction method. The results of 

this paper provide reliable reference for engineering analysis. 

 

1 Introduction 
Limit equilibrium method is widely used in engineering 

and academic circles to analyze slope stability. Although 

the limit equilibrium method does not consider the 

stress-strain relationship of soil, it can still give the slope 

safety factor without knowing the initial conditions, so it 

is favored by engineers. As we all know, the limit 

equilibrium method is a statically indeterminate problem. 

In order to solve the safety factor, it is necessary to 

assume the internal force of the slip surface. The method 

proposed by Baker and Garber[1] does not need to assume 

the distribution of internal forces, but it is rather 

complicated. Morgenstern[2] pointed out that for general 

problems, the results of different assumptions are 

basically similar, so there is no need to assume 

complicated internal force distribution when there is no 

special requirement. Cheng[3] discussed many critical 

failure interface methods in detail. Although these 

schemes can solve most problems, there may be 

difficulties in solving local minima. Cheng et al. [4] adopt 

an improved simulated annealing method which is one of 

the few methods that can solve the local minimum. 

Zienkiewicz et al. [5] used strength reduction method to 

analyze slope stability. Subsequently, many researchers 

conducted research and applied it[6-10]. This technology 

has been adopted by many famous geotechnical finite 

element programs. The points of strength and subtraction 

lie in [11]: (i) the critical failure surface is automatically 

calculated by the shear strain caused by the application 

of gravity load and the reduction of shear strength; (ii) It 

is not necessary to assume the distribution of 

interlaminar shear force; (iii) It is suitable for many 

complex conditions and can provide information such as 

stress, movement and pore pressure. 

Many researchers have compared the strength 

reduction method with the limit equilibrium method, and 

found that the results of the two methods are very close 

when analyzing the safety of the mean slope, that is, 

when there is no thin weak interlayer. However, most 

studies are limited to homogeneous soil slopes, and the 

geometry of the problem is regular without other special 

features, such as no inclusion of weak thin layers. In 

previous studies, slope safety factor is the main research 

object, but the comparison of critical failure interface 

positions between the two is relatively rare. This paper 

compares the two methods under different conditions, 

and studies whether the safety factor is consistent with 

the position of the critical failure surface. 

2 Slope stability analysis theory 
Strength reduction method is widely used in slope 

stability analysis. Firstly, the initial reduction factor is 

selected, the strength parameters of rock and soil are 

reduced, and the reduced parameters are taken as input 

for finite element calculation. If the program converges, 

the rock and soil are still in a stable state, and then the 

reduction factor is increased until the program just does 

not converge, and the reduction factor at this time is the 

stable safety factor. 
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Strength parameter reduction is carried out according to 

the following formula[12]:

c e =c / F                   (1)

              tan φ e=tanφ / F              (2)

φe = arctan( tanφ / F)            (3)
Where, c is cohesion; φ Internal friction angle; F is 

the reduction factor; Ce φe is a new set of cohesion and 

internal friction angle.

Physical significance of safety factor: The finite 

element strength reduction factor method has the same 

physical significance as the safety factor defined by 

Bishop.
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Where, τ is the shear stress along the sliding surface, 

τf
is the shear strength at this point, dl is the length of the 

sliding surface microelement, and Fs is the strength 

reduction factor.

Determination of the location of the slip surface: 

after the strength coefficient of the soil slope is reduced, 

a plastic zone will appear in the soil slope by nonlinear 

finite element analysis. the equivalent diagram of plastic 

strain is shown in fig. 1. When the soil slides, the plastic 

strain value near the shear plane is larger than that at 

both sides, so the slip plane must pass through the peak 

point of the maximum plastic strain. The dotted line in 

the figure is the line through the ridge of isoline, which is 

the most dangerous sliding surface.

 
Fig. 1 determine that most likely slip surface

3 Stability Analysis of Heterogeneous 
Soil Slope
In this paper, a heterogeneous soil slope model with soft 

soil layers is constructed, and similar problems are rarely 

considered in previous studies. The size of the model is 

shown in Figure 2, and the soil parameters of the model 

are shown in Table 1. It is worth noting that the cohesion 

C of the second layer of soil is 0, and the critical failure 

surface of the soil is obviously controlled by the soft soil 

interlayer, and this situation exists in practical 

engineering. Regardless of the size effect (boundary 

effect), the yield criterion adopts the Mohr-Coulomb 

criterion, and the strength reduction method is used to 

analyze this. Assuming that the mesh division is fine 

enough and has no influence on the result, the model 

adopts 4000 quadrilateral meshes.

Fig. 2 stability model of heterogeneous soil slope

Table 1 Calculation Parameters

Numb
er

elastic 
modulus/M

Pa

Poisson
's ratio

densi
ty 

kg/m3

frictio
n 

angle 
(°)

Cohesi
ve 

force 
(kPa)

1

14 0.3 1900

35 20

2 25 0

3 35 10

The strength reduction method and Bishop method of 

non-associated flow law are respectively used for 

calculation. The safety factor of strength reduction 

method is 1.88, Bishop method is 1.84, and Morgenstern 

method is 1.78. Their critical failure surface results are as

follows.

Fig. 3 Critical Failure Face Ratio of Heterogeneous Soil Slope

In fig. 3, the black solid arc is the bishop method 

result, the cloud image is the intensity reduction 

subtraction result, and the orange solid arc is the 

morganstein method result. The position of the critical 

failure surface of the strength reduction method is 

basically the same as that of Bishop method. Most of the 

critical failure surfaces are located in the second layer, 

which has low shear strength and is far from the right 

boundary. However, the critical failure surface of 

Morgenstern method is different from other methods, 

and the range of failure surface is also larger.

From the above results, it can be seen that the limit 

equilibrium method needs to be very careful in 

calculating the slope safety factor. It is sensitive to 

heterogeneous slope with weak interlayer, which makes 

Bishop 

Morgenstern

FEM
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it not possible to obtain a completely accurate critical 

failure surface. As far as the results of this paper are 

concerned, when there is weak interlayer in the slope, the 

safety factor calculated by strength reduction is basically 

consistent with the traditional limit equilibrium method. 

There are some differences between the two results when 

solving the critical failure surface position.

4 Conclusion
In this study, some laws of slope stability analysis by 
strength reduction method and limit equilibrium method 
are found, which is of great significance to correctly use 
strength reduction method to analyze slope safety factor. 
Although most studies focus on the safety factor between 
strength reduction method and limit equilibrium method,
this paper also studies the critical failure surface 
positions of the two methods. When the slope is mixed 
with weak layers, the positions of the critical failure 
surfaces calculated by strength reduction method and 
limit equilibrium method are quite different. In this case, 
the limit equilibrium method should carefully refer to the 
location of the failure surface. For which method is more 
accurate, it should be analyzed in combination with the 
specific conditions of the slope.

When strength reduction method is used, it should 
also be noted that when cohesion and friction angle are 
small, strength reduction method will have 
non-convergence problem. In this case, the critical 
failure surface is a relatively deep and large area, and the 
solution time is very long. However, it is not difficult to 
analyze the safety factor and critical failure surface of 
the problem by using the limit equilibrium method.

Through analysis and comparison, the strength 
reduction method has the advantage that the critical 
failure surface does not need to be defined, and the 
failure surface can be directly produced by 
post-processing calculation. The limit equilibrium 
method is limited by the need to assume shear forces 
between layers, but the computational efficiency is much 
higher than that of the strength reduction method. 
However, engineers should be aware of the limitations of 
each method when evaluating the results, otherwise it is 
difficult to use reasonable methods to effectively analyze 
the slope engineering.
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