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Abstract

To study the safety and stability of large slopes, taking the right side slope of
the Yuxi’an tunnel of the Yuchu Expressway Bridge in Yunnan Province as an
example, limit equilibrium and finite element analysis were applied to engi-
neering examples to calculate the stability coefficient of the slope before and
after excavation in the natural state. After comparative analysis, it was con-
cluded that the former had a clear mechanical model and concept, which
could quickly provide stability results; the latter could accurately determine
the sliding surface of the slope and simulate the stress state changes of the
rock and soil mass. The stability coefficients calculated by the two methods
were within the stable range, but their values were different. On this basis,
combined with the calculation principles, advantages and disadvantages of
the two methods, a comprehensive analysis method of slope stability based on
the limit equilibrium and finite element methods was proposed, and the ra-
tionality of the stability coefficient calculated by this method was judged for a
slope case.

Keywords

Slope Body Excavation, Mechanical Model, Sliding Surface, Coefficient of
Stability, Calculation Principle, Comprehensive Analysis Method

1. Introduction

In recent years, with the fundamental deployment of the national transportation
network and the active promotion of the Western Development Strategy in

China, infrastructure construction in the western regions has been growing. An
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increasing number of large and medium-sized bridges and highways are being
constructed. In the construction process, it is inevitable that roadbed excavation
and earth filling activities will take place. These activities often trigger slope in-
stability and damage issues, which have become a growing concern affecting the
safety of people’s lives in China [1] [2] [3] [4]. Due to environmental and con-
struction conditions, slope engineering in complex environments is not un-
common, and the degree of hazard and the complexity of remediation processes
associated with such slopes are considerable. Without a clear understanding and
timely prevention and treatment, slope failures such as landslides and collapses
can occur, jeopardizing people’s lives and property.

The stability of slopes has long been a complex geotechnical issue in the field
of engineering and has received extensive research and attention. Currently,
analyses and research on slope stability are still theoretically lagging behind prac-
tice, and the accuracy of evaluations depends on the specific circumstances [5]
[6] [7] [8] [9]. To address slope instability and failure problems, numerous slope
evaluation methods have been proposed. At present, the most widely used me-
thods can be roughly classified into two categories: one is the limit equilibrium
method based on the Mohr-Coulomb criterion, and the other is the finite ele-
ment method based on numerical calculations [10]. The former, with its simple
mechanical models and vector operations, is applicable to most engineering
problems, but its accuracy decreases for slopes with complex environmental
conditions. With the advancement and development of computer technology,
the finite element method, which uses numerical models for analysis, is becom-
ing more common. However, the reliability of the results obtained by this me-
thod still needs to be verified in more engineering practices [11] [12] [13].

To develop a clearer understanding of these two methods and determine their
applicability to different engineering problems, a comparative study of their re-
sults is essential. Therefore, in this study, we focus on the right-side slope of the
Yuxi Tunnel of the Yuchu Expressway Bridge in Yunnan Province, China. We
employ the limit equilibrium method and Midas GTS NX 2019 finite element
analysis software to calculate its stability. By comparing the results obtained by
these two methods, we assess their accuracy and differences. Furthermore, we
propose a comprehensive slope stability analysis method based on both ap-
proaches to calculate stability coefficients that better reflect the practical condi-

tions.

2. Slope Stability Analysis Methods
2.1. Limit Equilibrium Method for Slope Stability Analysis

In essence, the limit equilibrium method involves conducting a force analysis of
an object under extreme conditions. This method is guided by the Mohr-Coulomb
law and typically assumes a stability factor denoted as “K” for the research sub-
ject. It approximates the slope as a rigid body and, based on the static equili-

brium relationship between the slope and sliding blocks on it, analyzes the re-
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sisting forces and driving forces on the sliding blocks along the sliding surface.
When a specific sliding surface reaches a state of limit equilibrium, the ratio of
resisting forces to driving forces represents the safety factor. This approach in-
vestigates the stress state at the point of failure without considering the influence
of the slope’s inherent conditions [14].

In this study, we employ the coefficient of transmission method within the
limit equilibrium method for calculations. The corresponding charts and block
force diagrams are illustrated in Figure 1.

The stability factor calculation formula, as mentioned in reference [14], is as
follows:

n n-1

j(((w, (-1, )cosa, — Asing, tang, +C; Li) ://J)+ R,

j=

K - n-1 n-1 (1)

((Wi (sina; + Acosa; )+ T, )H‘/’j ] +T,

i=1 j=i
In the formula:
R, =(W, (1-r, )cosa, — Asina, ) - Ry, )tan @, +C,L, (2)
T, =(W, (sina, + Acose, ) + T, (3)
n-1

[1v; =viviwi. KKy, (4)

ji
In the formula:

W, isthe transfer coefficient between adjacent blocks (/= 2);

W represents the weight of the ith block (kN/m);

crepresents the cohesion within the 7th block (kPa);

@ represents the internal friction angle of the ith block (°);

L represents the length of the sliding surface of the ith block (m);

a represents the inclination angle of the sliding surface of the ith block (°);
B represents the water flow direction of the ith block (°);

A represents the seismic acceleration;

I, represents the pore pressure ratio;

Krepresents the stability coefficient.

FI-I

P

oL, sliding

G- jwi surface

e
4;&% T
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Figure 1. Slice graph and stress diagram of a slice.
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2.2. Slope Stability Analysis with the Midas GTS NX 2019 Finite
Element Method

Midas GTS NX 2019 is a geotechnical engineering software based on finite ele-
ment strength analysis. It offers advanced window-based operations, powerful
computational analysis capabilities, and modeling modules. It can handle vari-
ous types of data processing and modeling using its built-in features, such as
built-in modeling and grid generation. It allows for autonomous modeling by
creating two-dimensional and three-dimensional solid models to simulate the
changing state of soil and rock masses. The software presents the calculation re-
sults in the form of tables, images, animations, and more, providing an intuitive
representation of stress-strain relationships within the soil. In particular, when
simulating calculations for open slopes, mountain tunnels, and similar projects,
the results closely resemble real-world conditions. The subject of this study is the
slope at the Yuxi Riverside Bridge-Tunnel Connection of the Lujijiang Bridge,
which features a unique geographical location and complex environmental con-
ditions that make Midas finite element software an ideal choice.

Stability Factor Calculation Method:

The calculation in this study is based on Mohr-Coulomb theory and estab-
lishes a constitutive model. The entire analysis process involves nonlinear time
history analysis combined with the strength reduction method (SRM). The defi-
nition of the stability factor in the strength reduction method is based on how
much the internal shear strength of the slope decreases when the slope reaches a
critical state. The calculation process is as follows: after the model is constructed,
the stability factor of the slope is continuously reduced, and the corresponding
calculation parameters are obtained. The reduced parameters, including the in-
ternal friction angle ¢ and cohesion ¢ are then input into the model formula
for calculation. This process continues until the model experiences failure and
reaches an unstable state. The value obtained just before failure is the stability
factor K of the slope. The failure criterion is based on the Mohr-Coulomb yield
criterion.

Model Formula [15]:

’

s=Cy, +(0, — 1)tang’ (5)
The stability factor calculation formula [15] is as follows:

Crin =C/K, tang!. =tang'/K (6)

3. Comprehensive Analysis Method of Side Slope Stability

3.1. Analysis of Advantages and Disadvantages of the Limit
Equilibrium Method

The limit equilibrium method has notable advantages. During calculations, it
establishes a link between the stability factor and the potential sliding surfaces
on the slope. It directly treats the sliding body as a rigid object, eliminating the

need to consider its own deformation and effectively transforming many failure
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problems into two-dimensional problems for resolution. Its structural model is
simple to select, and it offers clear mechanical concepts during vector calcula-
tions, allowing for the rapid calculation of stability factors. In recent years, this
method has gained wide recognition and been widely applied, leading to the de-
velopment of various other methods, including the coefficient of transmission
method used in this paper. Currently, the coefficient of transmission method,
known for its simplicity, is most common in engineering applications [16].
However, this method does have some limitations. It requires certain condi-
tions for the inferred sliding surfaces; specifically, the angles at discontinuities
on the sliding surface should not be excessively large to avoid calculation errors.
Furthermore, it does not consider the equilibrium between force and displace-
ment. When a rigid body moves along a predefined failure surface, unrealistic
force distributions can occur, particularly in cases of stress concentration. Addi-
tionally, this method primarily addresses two-dimensional problems. Complex
three-dimensional analyses, which involve more unknown internal forces and
vector calculations, may have limitations, such as convergence issues during

calculations [17].

3.2. Analysis of Advantages and Disadvantages of the Midas GTS
NX 2019 Finite Element Method

The use of finite element software for slope analysis has become increasingly
common in engineering. The advantages of this method include not needing to
predefine the position or shape of sliding surfaces; it can obtain information
about the approximate sliding surface range, stress, and displacement of the
slope through systematic calculations. Midas GTS NX 2019, as geotechnical
analysis software, is highly regarded for its robust modeling capabilities and effi-
cient data processing. Its support for strength reduction algorithms allows for
the gradual reduction in internal parameters, leading to the slope’s ultimate fail-
ure state and providing the desired results and various model representations.
This method ensures a rigorous theoretical framework and can handle slopes
with complex geometric shapes and boundary conditions, offering high calcula-
tion accuracy. It has significant potential for application in engineering projects
[18] [19] [20] [21].

However, this method also has limitations. In the construction of finite ele-
ment models, especially for complex slope environments, mesh generation can
be challenging. The size of the model’s boundary range significantly affects the
accuracy of the calculation results, and sparse mesh division can lead to substan-
tial errors. Therefore, precise control over the mesh density and boundary range
is necessary. Additionally, when the slope undergoes significant deformation,

convergence issues in the calculation results can arise.

3.3. Comprehensive Analysis of Slope Stability Using Limit
Equilibrium and Finite Element Methods

As indicated above, both methods have unique characteristics, and the results
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they yield may often differ. In practical applications, the multiple uncertainties
associated with stability factors could impact subsequent analysis processes.
Therefore, it is necessary to systematically analyze this issue and propose feasible
solutions for more accurate slope assessments.

Hence, we propose using the analytic hierarchy process (AHP) to calculate the
weights of the two methods in slope stability calculations separately. These cal-
culated weights are then combined with the original stability factors through
weighted summation to form a new formula for calculating the slope stability
specific to the case. The specific steps are as follows.

Establish a hierarchical structure model based on the selected stability
impact indicators, including the target layer, criterion layer, and scheme
layer, as shown in Figure 2.

1) The structure model and the influence index are evaluated, and the com-
parative judgment matrix is constructed.

A — Cecriterion layer contrast judgment matrix
1 2 3

B-A=|1/2 1 2

/3 y2 1

B— Cscheme layer contrast judgment matrix

oo ) el 3 ol

2) Calculate the vector for single-level ranking and conduct a consistency test.
If the test is successful, the characteristic vector becomes the weight vector; if it
fails, it is necessary to re-establish the comparison matrix.

Consistency test for the criteria level:

The maximum eigenvalue of the matrix AA = 3.0092; consistency index (CI) =
(maximum eigenvalue — matrix order)/(matrix order — 1) = (3.0092 — 3)/(3 - 1)
= 0.0046.

Referring to the index standard table, as shown in Table 1:

Slope
stability

calculation

method A
Y Y Y

Accuracy Accuracy Accuracy
Cl C2 C3
\ Y
Limit Finite

equilibrium Element
method Bl Method B2

Figure 2. Hierarchy model diagram.
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Table 1. Conformance indicator table.

Matrix order n 1 2 3 4 5 6 7 8 9 10

RI 0 0 058 09 1.12 1.26 132 141 145 1.49

With a consistency ratio (CR) of CR = 0.0046/0.58 = 0.0079, which is less than
0.1, the consistency test passes. Therefore, the characteristic vector for the crite-
rion level is determined to be X1 = 0.5397, X2 = 0.2970, and X3 = 0.1634.

3) Scheme-layer consistency testing:

The eigenvalues are AC1 = 2, AC2 = 2, AC3 = 2; the consistency index (CI) is
calculated as CI = (2 — 2)/(2 — 1) = 0, resulting in CR = 0, which is less than 0.1,
passing the consistency test. Therefore, the characteristic vector for the scheme
level is determined as follows:

For the first set of values: X4 = 0.25, X5 = 0.75. For the second set of values:
X6 = 0.6667, X7 = 0.3333. For the third set of values: X8 = 0.75, X9 = 0.25.

4) Calculate the total ranking vector, which represents the relative importance
of each indicator within a particular level to the overall hierarchy. Perform a test,
and if it passes, these weight values can be used for decision analysis. The final
weight values for each indicator are shown in Table 2.

Consistency Test: Calculating results in CI = 0, CR = 0/0.58 = 0, which is less
than 0.1. Therefore, it passes the consistency test.

Through the calculations mentioned above, the AHP weights for the two me-
thods in this computation are determined as follows: @, = (0.4555, 0.5445).

5) After obtaining the corresponding weight values, defining them as @, and
@, , the stability coefficients calculated by both methods, K; and K, , are mul-
tiplied by @ and w,, respectively, to obtain the new coefficients K. This
constitutes the comprehensive analysis method, and the formula is as follows:

K, =Ko + K,0, (7)

3.4. Slope Stability Evaluation

Based on the characteristics of the slope and its current state and with reference
to relevant standards [22] [23], the stability factor evaluation criteria are divided
as follows:

1) K< 1.0 Unstable;

2) 1.0 < K < 1.05 Slightly Unstable;

3) 1.05 < K < 1.15 Basically stable;

4) K> 1.15 Stable.

4. Engineering Case Analysis

4.1. Project Overview

The Yuchu Expressway Bridge is located at the junction of Yuxi City and Chux-
iong Prefecture, and it is the first single-tower, single-span steel box girder ca-

ble-stayed bridge in China. The total length of the bridge is 798 m, spanning
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Table 2. The final weight table of each index.

Administrative levels (B) Hierarchical
combination

Accuracy Usability Simplicity — weights (C)

Extreme
equilibrium 0.25 0.6667 0.75 0.4555

Administrative method

levels (C) Finite element

method; finite 0.75 0.3333 0.25 0.5445
element method

across the Lujijiang River. The bridge is surrounded by undulating and rugged
mountainous terrain on both sides. The slope in question is situated on the right
side of the Yuxi Riverside Tunnel and at the junction of the bridge piers, as
shown in Figure 3. It is located between kilometers 102 + 300 and 102 + 600 on
the Yuchu Expressway. The exposed soil layers in this slope area mainly consist
of Quaternary residual slope deposits, underlain by Lower Cambrian deep gray
thin- to thick-bedded dolomite and fractured shale.

Due to the constraints of the site’s topography, excavation work is required
for the construction of bridge piers, tunnels, and tunnel anchors. Given that
most of the slopes in this area are steep rocky slopes and important structures
such as bridges and tunnels are located beneath them, any failure could have se-
rious consequences. According to the design plan, excavation will be carried out
at the base of the slope to construct anchor foundations for the Yujichu Bridge
tower cables. This change in slope conditions may lead to new deformations in
the slope complex, potentially affecting construction safety. Moreover, it will be
difficult to determine the stability status of the slope at that time. This area in-
volves critical engineering structures such as the No. 0 bridge pier of the Luji-
jiang Grand Bridge, anchors for the Yuxi Riverside Tunnel, and the exit of the
Dalishu Tunnel. To ensure construction safety, treatment of this slope is neces-

sary.

4.2, Selection of the Calculation Parameters

Based on on-site survey data, indoor experiments, and the engineering geologi-
cal analogy method, and in accordance with relevant standards such as the “De-
sign Code for Landslide Prevention and Control in Highways” [24], relevant pa-
rameter values have been determined and are presented in Table 3, as shown

below.

4.3. Selection of the Calculated Profile

In accordance with the relevant standards outlined in the “Design Code for
Landslide Prevention and Control” [25] and based on field investigations, the

typical cross-section labeled I-I was selected for calculations, as depicted in
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Figure 3. Picture of slope position.

Table 3. Physical and mechanical parameters of the rock and soil mass.

. Modulus of . Saturation Cohesive  Internal . ,
Material . Serious . L. Poisson’s
name elasticity (KN/m?) capacity  strength ¢ frictional ratio
(GPa) (kN/m?) (kPa) angle ¢ (*)
Strongly
weathered,
R 0.043 26 26.5 62 22 0.3
dolomitic
limestone
Moderately
weathered
dolomitic 2.0 26.5 27 178 57 0.28
limestone
splinting test
Broken slate 0.013 25.5 26 102 39 0.3

Figure 4. The contour lines, scale, and other details shown in the figure are all

based on on-site surveys.

4.4. Calculated by the Limit Balance Method

Following an on-site geological survey of the environmental conditions and in
accordance with the relevant standards outlined in the “Design Code for Landslide
Prevention and Control” [25], a typical cross-section labeled I-I was chosen for
the stability calculations of the slope after excavation.

Based on the characteristics observed after excavating the slope and combin-
ing the investigation of surface deformations, fractures and cracks were observed
at the front and rear edges of the slope. After conducting a physical exploration
of the rock mass, it was determined that there is a transition zone between soft
and hard rocks in the survey area, and the overall integrity of the rock mass at
the transition zone is poor. Therefore, considering the supplementary survey, a

potential sliding surface was identified by integrating all the information.
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Figure 4. Plane layout of the Yuxi’an tunnel slope.

After dividing the selected cross-section of the slope, stability calculations
were performed using Equation (1), resulting in the natural state cross-section of
the slope, as shown in Figure 5.

Based on the calculations using the abovementioned method, the stability
coefficient for the slope after excavation was found to be 1.06, indicating that it
is in a stable state. The coefficient for the slope in the excavation state is also

1.06, indicating that it is in a condition of basic stability.

4.5. Midas GTS NX 2019 Finite Element Method Calculation

Based on an on-site topographic survey, it was determined that the front and
rear edges of the slope had substantial separation with relatively mild terrain
undulations. Considering the intricacies associated with the computational
process, the decision was made to simplify the three-dimensional model into a
two-dimensional representation. A cross-sectional profile that is deemed repre-
sentative was selected for conducting finite element analysis, both for the slope’s
natural state prior to excavation and its postexcavation condition.

Utilizing survey data, a two-dimensional Mohr-Coulomb model was con-
structed employing Midas GTS NX 2019 software. The model’s base possessed a
length of 200 m, with a maximum elevation of 154 m and a minimum elevation
of 89 m. The mesh division scheme for the slope’s cross-sectional profile is illu-
strated in Figure 6.
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Figure 5. Sectional strip diagram of the unexcavated state.

Figure 6. Grid division drawing of the section.
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Following a comprehensive analysis using the SRM (Structural Response and

Movement), displacement vector maps were computed and are presented in

Figure 7 and Figure 8. Stress distribution diagrams are depicted in Figure 9 and

Figure 10. Additionally, Figure 11 and Figure 12 illustrate the distribution of

plastic zones before and after excavation.

1) Displacement vector maps display;

2) Stress distribution diagrams;

3) The plastic zone distribution diagrams.

Based on the calculations described above, the stability coefficients were ob-

tained and are presented in Table 4 as follows.
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Figure 8. Excavated condition.
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Figure 9. Unexcavated condition.
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Figure 10. Excavated condition.
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Figure 11. Unexcavated condition.
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Figure 12. Excavated condition.
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Table 4. Stability coefficient of Section I-I’.

Working condition I-r
Unexcavated condition 1.24
Excavated condition 1.12

Based on the calculation results, the coefficient for the natural, unexcavated
state is 1.24, indicating stability. The coefficient for the excavated state is 1.12,

indicating a state of basic stability.

4.6. Calculation of Comprehensive Analysis Method for Limit
Equilibrium and Finite Element Slope Stability

Based on the results obtained from the two methods mentioned above, a com-
prehensive stability coefficient is calculated by combining the weights according
to the formula. The results are presented in Table 5.

Based on the calculation results, under the comprehensive analysis method, in
the natural, unexcavated state, the coefficient is 1.23, and the slope remains in a
stable condition. In the excavated state, the coefficient is 1.09, indicating that the
slope is in a state of basic stability. These results indicate compliance with the
regulatory requirements. In both the natural unexcavated state and the exca-
vated state, the slope maintains stability or basic stability in accordance with the

specified standards.

5. Comparison of Stability Analysis Results

1) From the calculation results, it is apparent that the stability coefficients ob-
tained through the limit equilibrium method are within the safe range but are
smaller than those from the finite element method. The reason for this discre-
pancy lies in the fact that the segmentation method used in this case assumes a
circular arc as the sliding surface of the slope, without accounting for the inte-
raction forces between individual blocks. This leads to an underestimation of the
results.

2) Midas GTS NX 2019, employing the SRM analysis method, was used to
conduct calculations for slope stability, and the results fell within the safe range.
Observing the displacement contour plots of the slope, a distinct blue displace-
ment zone becomes evident after excavation, concentrated at the toe of the slope
and the anti-slide pile area. Upon examining other contour plots, substantial al-
terations in the stress and plastic zone are observed at the toe and anti-slide pile
area before and after slope excavation, yet the overall stability remains within the
safe range. In contrast, the finite element method can effectively provide perti-
nent data concerning slope stability, with the sliding surface being computed
based on actual data, resulting in more accurate and reliable analysis outcomes.

3) Through the example, it becomes apparent that the two methods exhibit

numerical disparities under identical conditions. Hence, when utilizing these
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Table 5. Comprehensive analysis stability coefficient of Section I-T’.

Working condition I-r
Unexcavated condition 1.23
Excavated condition 1.09

two methods for calculations, defining clear stability coefficients and offering an
accurate and reliable evaluation proves challenging. To address this issue and
improve calculation precision, the analytic hierarchy process (AHP) was utilized
to determine the weights of stability-influencing factors for the two methods.
Subsequently, the obtained weight values were combined with the stability coef-
ficients of both methods, yielding a comprehensive slope stability analysis me-
thod based on both the limit equilibrium and finite element approaches.

4) Following calculations with the combined weights, the slope in both condi-
tions maintains a state of basic stability and stability, in accordance with regula-
tory requirements. Consequently, the slope is assigned definitive stability coeffi-
cient values, providing analytical criteria for subsequent assessments and offer-

ing valuable guidance for optimizing slope stability calculations.

6. Conclusions

1) Both the limit equilibrium method and the Midas GTS NX 2019 finite ele-
ment analysis method can accurately assess slope stability, and each possesses its
own advantages and limitations. Notably, the limit equilibrium method tends to
yield conservative results.

2) The limit equilibrium method provides clear mechanical concepts and re-
sults, making it suitable for slope stability analysis and theoretical research.
However, its framework theory based on rigid body assumptions neglects the
internal connections within the soil, yielding only approximate solutions. Addi-
tionally, the assumed sliding surface location reduces the calculation precision.

3) The finite element method considers the constitutive relationship of the
soil, delineates the slope’s sliding surface, and visually presents stress and strain
variations within the soil through contour plots, offering a more distinct and in-
tuitive effect. Nevertheless, challenges are encountered in determining model
boundaries and meshing when conducting complex slope analyses.

4) Utilizing the analytic hierarchy process to ascertain the weights of stabili-
ty-influencing factors for the two methods, an optimized calculation formula
specific to the slope was proposed. It demonstrates feasibility and holds promise
for application in expedited and effective stability assessments in future research,

thereby enhancing work efficiency.
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