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1. Introduction 
 

As one of the main components of suspension bridges, 

TTA primarily bear the immense tensile loads transmitted 

by the main cables, transferring these forces to the 

surrounding rock mass near the TTA (Wu.et al. 2023, Han 

et al. 2023a, b, Shen et al 2022). Due to the complex load-

bearing mechanism of TTA, their effective application 

requires favorable geotechnical conditions around the 

anchorage. Therefore, studying their reliability under 

external excitations, such as earthquakes, is crucial for 

ensuring the overall safety performance of suspension 

bridges (Ali et al. 2024, Yasir et al. 2024, Niccolò et al. 

2024, Anno et al. 2024, Suzana et al. 2024). Traditional 

reliability assessment methods for geotechnical and 

underground engineering often rely on complex  
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mathematical calculations and extensive field test data, 

which are not only time-consuming and labor-intensive but 

also somewhat lacking in accuracy. The second-order 

response surface method, based on experimental design and 

statistical analysis (Sara et al. 2016, Namitha et al. 2024, 

Anjneya et al. 2021, Van et al. 2021, Usman et al. 2021), 

establishes an approximate relationship model between 

dependent and independent variables. This method is 

widely used in engineering optimization and quality 

improvement fields. This study attempts to apply the 

second-order sequential response surface method to the 

reliability model calculation of suspension bridge TTA, 

aiming to improve the predictive accuracy and evaluation 

efficiency of the model. In geotechnical engineering, 

traditional methods used to analyze the stability of slopes 

and rock masses(Rao et al. 2021), such as the first-order 

second-moment method, the first-order second-moment 

method’s central point method (JC method), and the Monte 

Carlo method (Krüger et al. 2023, Kranz et al. 2023, 

Dittmann et al. 2022, Taesuk et al. 2025, Bossoto et al. 

2023), inevitably involve cumbersome calculations and 

extensive data statistics, with accuracy falling short of 

scientific research requirements. Although the first-order 

second-moment method is simple and practical, its 

convergence and accuracy need improvement for complex 

geotechnical engineering (Kumar et al. 2024, Verma et al. 
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Abstract.  In recent years, tunnel-type anchorage (TTA) has been increasingly applied in long-span suspension bridges. 

However, research on its reliability analysis under seismic effects remains insufficient. This study takes the Puli Bridge in 

Yunnan Province, China, as an example to investigate the dynamic response and reliability of the TTA of a suspension bridge 

under seismic action. The dynamic response of ten measurement points on the front and rear anchor faces of TTA under seismic 

acceleration was calculated and analyzed using finite difference method software. Combining the secondary sequence response 

surface method, the reliability indices of each measurement point on the anchor surface before and after TTA were calculated 

and analyzed, and the limit state equation of TTA dynamic response was established. The results indicate that the elastic 

modulus and cohesion of the TTA surrounding rock have a significant influence on the dynamic response of the TTA. The 

dynamic response of TTA decreases with increasing elastic modulus and increases with increasing cohesion. As shown in its 

displacement response. Due to the design characteristics of TTA, the reliability value of the front anchor surface is significantly 

lower than that of the rear anchor surface. Under different peak ground accelerations (PGA), the reliability of different cross-

sections of TTA varies and decreases with increasing PGA, indicating that the reliability of TTA is highly sensitive to changes in 

PGA. Research on the dynamic response and reliability of the front and rear anchor surfaces of TTA structures can provide 

reference and assistance for the seismic retrofitting and optimization design of TTA structures. 
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2024, Paprocki et al. 2024, Sachin et al. 2024, Joseph et al. 

2024). Particularly when considering external dynamic 

loads such as earthquakes, the application of this method no 

longer meets the demands of actual scientific research and 

engineering applications. Wang et al. (2024) used the 

Monte Carlo method to calculate the reliability index of 

typical service time points of cracking linings. The study 

concluded that the crack stress intensity factor is positively 

correlated with the crack opening depth. As the crack 

opening depth increases, the structural reliability index 

decreases. However, this method requires a large amount of 

data for sampling calculations, making the calculation 

process cumbersome. Li et al. (2023) utilized interval 

theory to represent uncertain parameters in interval form. 

Then, considering the coexistence of multiple failure modes 

in rock tunnel engineering, the concept of structural system 

reliability was introduced, and a calculation method based 

on interval non-probability for the reliability index of rock 

tunnel structural system and its stability evaluation were 

established (Fernandez et al. 2022, Özge et al. 2024, 

Taslimi et al. 2024). Based on this, the rationality of this 

method was verified through engineering examples. This 

method can effectively avoid the need for a sufficient 

number of statistical sample information of random 

parameters to construct probability density distribution 

function in traditional reliability calculation methods. 

However, the calculation process is too complex. As one of 

the most important load-bearing components of a 

suspension bridge, the selection of a suitable reliability 

calculation and analysis method for suspension bridge TTA 

becomes necessary (Lim et al. 2021). Wang et al. (2020) 

analyzed the force transmission throughout the entire 

construction process from TTA construction to the 

completion of the bridge. A simplified mechanical model 

for TTA was established, the distribution of compressive 

stress generated by the load acting on the anchor-rock 

interface along the axial direction of the anchorage plug 

was analyzed, and a calculation formula for the ultimate 

bearing capacity of TTA was provided. This also laid a solid 

foundation for the calculation of the reliability of 

suspension bridge TTA under static loads. Liu et al. (2020) 

extensively studied the reliability of TTA using finite 

element software to evaluate the safety factor of TTA. They 

also established a prediction model for the safety factor of 

TTA using artificial neural network methods. Since then, 

the reliability research of TTA has gradually attracted 

attention from experts and scholars. Yu (2021) used neural 

networks and first-order reliability analysis methods to 

study the reliability of this TTA's safe operation. The 

research mainly focused on the reliability of TTA under 

static loads and did not consider the reliability under 

seismic excitations. 

Since earthquakes can cause damage to large 

underground infrastructure such as tunnels and TTA 

structures, particularly in the southwestern region of China 

located along the Pacific Ring of Fire where earthquakes 

occur frequently, they can have a certain impact on the 

reliability of TTA. Therefore, it is crucial to study the 

reliability of suspension bridge TTA under seismic loads. 

This study combines finite difference software calculations 

with the second-order response surface analysis method of 

mathematical probability statistics. Taking the Puli Bridge 

in Yunnan Province as an example, this study analyzes the 

reliability of the TTA system, providing reference for the 

pre-reinforcement of TTA systems in suspension bridges 

under seismic loads. The aim is to effectively reduce the 

risk of damage to the overall structure of suspension bridges 

during earthquakes. 

 

 

2. Finite difference software simulation 
 

2.1 Boundary conditions 
 

This study analyzes the key reliability issues of the Puli 

Bridge and its TTA in Yunnan Province, China. The Puli 

Bridge spans the Puli River at 11+233.807 to 12+237.000 

kilometers on the Puxuan Expressway and is an important 

control project in the local area. The background bridge is a 

single-span simply supported steel box girder suspension 

bridge with a main span of 628 meters and a side span of 166 

meters. The tower structure adopts a column-type portal frame 

design, constructed on a pile foundation. Fig. 1 shows the 

specific location of the Puli Bridge. The Puli end employs a 

TTA system, while the Xuanwei end utilizes a gravity anchor 

system. 

The geological conditions of Puli End include limestone 

from the Maoping Formation (C3mp) of the Upper Permian, 

characterized by intense karstification and extensive shallow 

fractures, resulting in severe rock fragmentation. Below 30 

meters, the rock mass is relatively intact, with karst phenomena 

observed only in the fractures. The TTA anchor plugs are 

mainly located in Class III and IV rock bodies, with some 

located in Class V fissured rock bodies that have been 

significantly affected by karstification. The simulation analysis 

in this paper mainly uses finite difference software. A certain 

degree of normalization processing has been performed. Based 

on actual engineering data, the TTA dimensions of the model 

were determined. The dimensions of the slope model are 150 

m × 150 m × 150 m, as shown in Fig. 2 of the finite difference 

software model. The model contains 20,671 nodes and 109,098 

elements. The applied boundary conditions include triaxial 

constraints at the bottom, normal constraints around the 

perimeter, and free conditions at the top. 

The TTA has an inverted wedge shape, with its anchorage 

face resembling a castle gate, and specific dimensions: the 

front anchorage chamber is 30 m long, the entire anchorage 

plug is 35 m long, the rear anchorage chamber is 3 m long, and 

the anchorage plug body has an inclination angle of 42°.The 

front anchor face is 9.5 meters wide, and the rear anchor face is 

13 meters wide, as shown in Fig. 2. In dynamic analysis, 

selecting appropriate boundary conditions around the model is 

critical to ensuring the accuracy of the computational results. 

This is because wave reflection may occur at the model 

boundaries, thereby affecting the results of the dynamic 

analysis. Therefore, during dynamic calculations, boundary 

conditions differ from static conditions. Initially, static 

boundary conditions are removed, and free-field boundary 

conditions are applied around the perimeter, with static 

boundaries maintained at the bottom. The selection of  
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boundary conditions around the model perimeter is critical in 

dynamic analysis due to the potential impact of wave 

reflections on the results. 
 
2.2 Material characteristics 

 
When using finite difference method software to 

simulate the construction process of an actual engineering 

project, the surrounding rock is idealized to simplify 

calculations and improve computational efficiency. So 

certain assumptions were made: the rock mass was modeled 

using the Mohr-Coulomb constitutive model, and the 

anchorage body was modeled using a linear elastic 

constitutive model. It was assumed that the surrounding 

 

 

 

rock is a homogeneous rock mass, neglecting the anisotropy 

of the rock. The rheological properties of the rock mass and 

anchor plugs were idealized. Parameters used in the 

numerical simulation were determined based on field 

survey data, standards, and inverse analysis of 

displacement. Due to the need to modify some experimental 

parameters for reliability calculations using the second-

order response surface method (Cao et al 2015), the 

parameters of the rock mass with smaller coefficients of 

variation in the model were standardized to primarily reflect 

the properties of the main rock mass. The computational 

parameters of the resulting numerical model are shown in 

Table 1. 

 
Fig. 1 Location and structure diagram of Puli Bridge in Yunnan Province (2025) 

 
Fig. 2 TTA structure and model diagram of suspension bridge 
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Fig. 3 El-Centro wave after artificial modification 

 

The construction steps for simulating the actual 

engineering conditions during numerical analysis are as 

follows: 

(1) Utilize modeling and meshing software to draw the 

slope and anchorage body, and refine the mesh. 

(2) Simulate the initial in-situ stress equilibrium before 

tunnel-type excavation in the actual project, and assign 

values to the model. 

(3) Simulate the excavation steps of the actual anchorage 

hole in the model and cast the anchorage body. 

(4) In the software, simulate the cable force of the 

suspension bridge, with a value of p = 101202 kN, applied 

to the rear anchorage face of the anchorage body. 

(5) Input seismic acceleration to simulate the response of 

the entire slope under seismic action. 
 
2.3 Seismic acceleration retrofit input 
 
To conduct reliability analysis, it is necessary to 

simulate the dynamic response of the suspension bridge 

TTA under seismic excitation. Therefore, the required 

seismic data was downloaded from the Pacific Earthquake 

Engineering Research Center (PEER), and the first 20 

seconds of the El-Centro seismic wave data record were 

selected for this study. Since the existing seismic 

acceleration data cannot be directly imported into the finite 

difference software (Małgorzata et al. 2024), the data needs 

to be corrected and filtered. The peak acceleration of the 

data at the bottom of the model was adjusted to 0.1 g. Fig. 3 

shows the adjusted El-Centro wave. Using Eqs. (1) and (2), 

the seismic acceleration was converted into stress and input 

from the bottom of the constructed slope model, as shown 

in Fig. 5. For incident waves with an incident angle greater 

than 30°, the static boundary can fully absorb them. 

However, when the incident angle is smaller, the static 

boundary has a certain absorption capacity but is not 

complete. If dynamic loads are to be applied at the static  

 

 
Fig. 4 Fourier spectrum of El-Centro wave after artificial 

modification 

 

 

Fig. 5  Input direction of ground motion acceleration 

 

 

boundary, only stress time histories can be input. 

Acceleration and velocity time histories can be converted 

into stress time histories using the conversion formulas (1) 

and (2). Fig. 4 shows the Fourier spectrum of the manually 

modified El-Centro wave. As can be seen from Fig. 4, the 

main effect of the El-Centro wave is within 20 Hz. 

Therefore, during filtering correction, the seismic 

acceleration before 20Hz is mainly used. 

Cs=√
𝐺

𝜌
 (1) 

s s2( C )Vs = −  (2) 

where Cs is the wave velocity, G is the shear modulus, ρ is 

the density, σs is the stress in the shear direction, and Vs is 

the velocity. 

Fig. 5 illustrates the simulation of the overall seismic 

acceleration input. Since existing finite difference analysis  

Table 1 Numerical model parameters 

Materials 
Severe 

(
-3N m ) 

Bulk modulus 

(Pa) 

Shear modulus 

(Pa) 

Cohesion 

(Pa) 

Angle of internal 

friction (°) 

Tensile strength 

(Pa) 

Surrounding rock 2803 2×1010 1.45×1010 0.8×106 37.5 0.525×106 

Anchorage plug 

body 
2600 1.47×1010 1.29×1010 - - - 
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Table 2 Bucher designed the experimental parameters 

Experimental condition Experimental point f-value Design formula 

1 𝐶, 𝐸 2  

2 𝐶, 𝐸 + 2𝜎 2 

𝑋𝑖 = 𝜇𝑖 ± 𝑓𝜎𝑖 
3 𝐶, 𝐸 − 2𝜎 2 

4 𝐶 + 2𝜎, 𝐸 2 

5 𝐶 − 2𝜎, 𝐸 2 

 

 

software cannot directly apply seismic acceleration on static 

boundaries, it is necessary to use established formulas to 

convert filtered and corrected seismic acceleration data. In 

this process, SeismoSignal software and Eqs. (1) and (2) are 

used for the necessary conversions. 

 

 

3. Seismic dynamic response analysis 
 

Using finite difference software simulation and a 

second-order response surface method with cross-term 

elimination, Bucher experiments were designed to classify 

parameters with high coefficient of variation into five 

operating conditions for calculation. Particular attention 

was paid to the rock cohesion (C) and elastic modulus (E) 

listed in Table 2. Since the statistical coefficient of variation 

for these two parameters exceeded 0.2, it indicates that they 

have a significant influence on the deformation of the 

surrounding rock around the anchor block. In dynamic 

analysis, changes in these two parameters of the 

surrounding rock around the anchor also significantly affect 

the dynamic response of the anchor under seismic 

acceleration. 

Therefore, the aforementioned parameters were selected 

for the calculation of working conditions, with the specific 

experimental design detailed in Table 2. Through this 

experimental design and calculation process, it is possible 

to more accurately assess the deformation of the rock mass 

surrounding the anchor blocks under different working 

conditions, providing reliable data support for the dynamic 

response of TTA during seismic motion. 

𝑋𝑖 = 𝜇𝑖 ± 𝑓𝜎𝑖 where 𝜇𝑖is the mean value, 𝑓 is typically 

set to 2 based on empirical formulas in geotechnical 

engineering, and 𝜎𝑖 is the standard deviation. 

In engineering practice, the anchorage blocks of 

suspension bridges are generally cast using reinforced 

concrete, which has an extremely low probability of brittle 

failure. Therefore, most experts and scholars primarily 

study the mechanical properties and reliability of the 

anchorage blocks by analyzing the changes and reactions of 

the surrounding rock mass, in order to evaluate the safety of 

the TTA and the entire bridge. Fig. 6 shows the monitoring 

points arranged on the rock contact surface to record the 

dynamic response of the TTA. Five monitoring points are 

set on the front anchor face, and five monitoring points are 

also set on the rear anchor face. This layout aims to better 

monitor the impact of seismic excitation on the entire 

anchor plug. Since the anchor plug is regarded as an ideal 

elastic whole in the modeling process, the monitoring points  

 

Fig. 6 Schematic diagram of monitoring site layout 

 

 
(a) Comparison of mean displacement under different 

elastic modulus 

 
(b) Comparison of mean displacement under different 

cohesion forces 

Fig. 7 Comparison of average displacement of 

monitoring points under different working conditions 

 

 

should be set on the anchor-rock contact surface rather than 

on the anchor plug surface. 

By adjusting parameters based on statistical data (specific 

calculation methods are detailed below), the parameters for the 

initial experimental points (average points) can be determined. 

Displacement velocity data of the dynamic response of the 

front and rear anchor surfaces under seismic acceleration 

within 20 seconds were calculated. Figs. 7 and 8 show that the 

elastic modulus and cohesion of the surrounding rock mass 

around the TTA significantly influence its mechanical response  
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(a) Comparison of mean velocity under different elastic 

modulus 

 
(b) Comparison of mean velocity under different 

cohesion forces 

Fig. 8 Comparison of average velocity of monitoring 

points under different working conditions 

 

 

under seismic excitation. According to Fig. 7(a), the smaller 

the elastic modulus of the TTA, the more sensitive its response 

to seismic excitation. Under E-2σ conditions, the maximum 

average displacement of the front and rear anchor faces was 

55.6% higher than the average point displacement, as shown in 

Fig. 8(a).This indicates that the displacement results in Fig. 

7(a) are accurate. This sensitivity stems from the elastic 

modulus, which reflects the deformation capacity of the 

surrounding rock material under stress. Materials with higher 

elastic moduli typically exhibit greater stiffness and hardness, 

resulting in weaker dynamic responses under seismic 

excitation. 

As shown in Fig. 7(b), higher cohesion causes the 

anchor plug to exhibit a more pronounced displacement 

response to seismic excitation. Under c-2σ conditions, the 

maximum average displacement is 4.57 times lower than 

the average point displacement value, as shown in Fig. 8(b). 

This chart indicates that under these conditions, the average 

velocity of the front and rear anchor faces is 72.4% higher 

than the velocity value under c-2σ conditions, which 

suggests that the increase in cohesion strength enhances the 

dynamic response of the anchor plug body and the 

surrounding rock mass under seismic excitation. This 

phenomenon is caused by the fact that highly cohesive 

materials are typically denser, resulting in slower seismic 

wave propagation speeds. When seismic waves pass 

through these materials, they encounter greater resistance,  

 
(a) Comparison of mean displacement of front and rear 

anchorage surfaces 

 
(b) Comparison of average velocity between front and 

rear anchorage surfaces 

Fig. 9 Comparison of average displacement velocities of 

monitoring points on the front and rear anchorage 

surfaces 

 

 

releasing more energy and triggering stronger seismic 

responses. In addition, high cohesion also causes seismic 

waves to scatter and reflect, making their propagation paths 

within the material more complex. When seismic waves 

pass through the TTA, they interact with the TTA structure, 

thereby amplifying the magnitude and intensity of the 

earthquake. The enhanced cohesion alters the velocity of 

seismic waves, particularly at stratigraphic interfaces or 

geological transitions, causing refraction and reflection of 

seismic waves. This further enhances the interaction 

between seismic waves and geological structures, 

exacerbating the impact of the earthquake. 

As shown in Fig. 9(a), the average displacement values 

of the anchor faces before and after TTA were compared. 

The data indicate that the average displacement value of the 

front anchor face is 25% higher than that of the rear anchor 

face. In Fig. 9(b), the average velocity response at five 

measurement points on the rear anchor face is 50.8% lower 

than that on the front anchor face. As the slope height 

decreases, the displacement fluctuations of the rock mass 

around the anchor plug gradually decrease, indicating the 

presence of the “whip effect” (Hu et al. 2024). As the slope 

height increases, this effect tends to strengthen. 

Additionally, compared to the rear anchor face, the dynamic 

response of the front anchor face is more pronounced, 

indicating the cantilever face effect (Huang et al. 2016).  
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Fig. 10 Maximum average displacement at different 

monitoring points 

 

 

The overall integrity of the TTA front anchor chamber is 

poor, often leading to rock mass failure, typically starting 

from the front anchor face of the TTA front anchor chamber. 

In Fig. 6, monitoring points e and f are defined as crown 

measurement points, while points j, k, a, and b are defined 

as arch waist measurement points, and points c, d, l, and m 

are defined as arch toe measurement points. According to 

the finite difference simulation results in Fig. 10, under 

seismic excitation, the displacement values at the arch 

crown are the largest, followed by those at the arch waist 

points, and finally those at the arch toe points. The 

maximum average displacement at the arch toe points is 

3.4% higher than that at the arch waist points and 5.2% 

higher than that at the arch crown points. This is due to the 

reflection and refraction of seismic waves when 

encountering different media. 

 

 

 

The arch measurement points of the TTA are proximate 

to the ground and receive a greater number of reflected 

waves, thereby enhancing its dynamic response. 

Additionally, under seismic excitation, the TTA structure is 

affected by inertial forces. Due to the TTA arch's low mass, 

the forces of inertia it experiences are comparatively 

negligible. However, its displacement relative to the ground 

is substantial, resulting in a more pronounced dynamic 

response. 

 

 

4. Tunnel-type anchorage reliability analysis 
 

4.1 Second-order response surface method 
 

The second-order response surface method is a well-

established statistical modeling technique in the field of 

mathematical statistics. It is primarily used to determine the 

optimal combination of multiple input variables that 

influence a specific output variable. The specific application 

steps are as follows: first, a set of central points and 

boundary points must be identified. Experiments are then 

conducted at these points to collect data on the response 

variable. Finally, the data is fitted using a quadratic 

polynomial model to establish a regression model between 

the response variable and the input variables. This 

mathematical statistical method can predict the optimal 

combination of input variables to achieve optimization. The 

method uses the least squares method to fit the polynomial 

regression model, followed by statistical methods for 

parameter estimation and model comparison. Based on the 

established model, the optimal values of the response 

variable and the response surface can be calculated, thereby 

determining the optimal combination of input variables. As 

shown in Table 3, statistical information on parameters such 

Table 3 Statistical table of parameters of TTA 

Bridge name 
Angle of inclination 

β (°) 

Angle of internal  

friction φ (°) 

Elastic modulus of s

urrounding rock E 

(GPa) 

Poisson's ratio μ 
Cohesive force c  

(kPa) 

Lijiang Jinsha River 

Bridge 
35 34.6 3.2 0.3 400 

Lvzhijiang Bridge 35 33 4.6 0.28 900 

Yichang Wujiagang 

Bridge 
40 32 1.1 0.33 800 

Hubei Sidu River  

Bridge 
35 35.2 4 0.26 1100 

 Puli Bridge 42 37.5 2.5 0.23 1000 

Aizhai Bridge 38 37 5 0.26 800 

Table 4  Statistical characteristics of TTA surrounding rock parameter variables 

Surrounding rock 

parameter 

Angle of inclination 

β (°) 
Angle of internal 

friction φ (°) 

Elastic modulus of 

surrounding rock E 

(GPa) 
Poisson's ratio μ 

Cohesive force c 

(kPa) 

Mean value 38 35 3.4 0.28 833 

Standard deviation 2.78 1.97 1.32 0.03 221.11 

Coefficient of 

variation 
0.07 0.06  0.39  0.11 0.27  
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as the elastic modulus and internal friction angle of six 

types of TTA rock bodies in China is provided. 

Table 4 shows the statistical characteristics of the 

variable parameters of TTA rock. The mean values, standard 

deviations, and coefficients of variation were calculated for 

different rock body parameters, and parameters with high 

coefficients of variation, such as elastic modulus and 

cohesion, were identified and set as variables. Formula (3) 

is the expression for the coefficient of variation (CV) of the 

surrounding rock parameters in the tunnel anchorage, which 

quantifies the relative dispersion of the dataset for these 

parameters. 

𝐶𝑉 =
𝜎

𝜇
 (3) 

where 𝜎 is the standard deviation of the dataset, and 𝜇 is the 

mean of the dataset. 

This method is specifically designed for reliability 

calculations in TTA. Since parameters such as the elastic 

modulus and internal friction angle follow a normal 

distribution, their average values are used as the central 

points for calculations. According to the formula 𝜇𝑥 ± 𝑓𝜎𝑥, 

parameters with a coefficient of variation exceeding 0.2 will 

undergo dynamic calculations under the five different 

operating conditions mentioned in Table 2. 
 
4.2 Second-order response surface method function 

and limit state equation 
 

In the context of contemporary research endeavors, the 

formulation of limit state equations for TTA structures 

predominantly hinges on a modeling framework that 

incorporates resistance and load effects. Existing reliability 

assessment methodologies are predicated on the assumption 

that limit state equations possess precise analytical 

expressions. However, for TTA structural systems, the 

inherent complexity of these systems can result in highly 

nonlinear relationships between the inputs and outputs of 

basic random variables. In such cases, the existence of clear 

analytical expressions may be dubious. Consequently, when 

attempting to calculate the reliability of these complex 

structures, traditional reliability analysis models cannot be 

determined in advance. This is not conducive to our 

reliability research on large structures, such as the TTA. The 

second-order response surface method is an innovative tool 

in reliability analysis that provides an effective way to 

model and calculate the reliability of complex structural 

systems. As illustrated in Fig.11, the calculation of the TTA 

reliability can be performed in a stepwise manner. Initially, 

the selection of the mean value points is conducted, 

followed by the determination of the functional coefficient 

value through the Bucher test design. This process enables 

the identification of the value of the coefficient matrix. 

Subsequently, the MATLAB program is utilized to obtain 

the desired result.The initial stage of the process involves 

the calculation of the reliability index for each specific 

monitoring point. This study successfully addressed the 

nonlinearity issues of the TTA that are difficult to handle 

using traditional methods by constructing an approximate 

response surface model. This opens up new avenues for the 

reliability assessment of complex structures. The response  

 

Fig. 11 Flow chart of reliability calculation 

 

 
Fig. 12 Geometric representation of linear response 

surfaces of double random variables 

 

 

surface function must satisfy two conditions. First, it should 

be concise and clear, accurately reflecting the true 

functionality. Second, the number of uncertainty 

coefficients in the design should be minimized. Based on 

these requirements, the first-order response surface function 

can be expressed as follows 

' '

1 2 n 0

1

y ( , ...X )
n

i i

i

g X X a a x
=

= = +  (4) 

The form of the Second-Order Response Surface function 

is 

' '

1 2 n 0

1 1

y ( , ...X )
n n

i i i i

i i

g X X a a x b x
= =

= = + +   (5) 

where 𝑎0, 𝑎𝑖 , 𝑏𝑖 are the undetermined and corrected 

coefficients of the expression respectively. 

Based on the analysis of the variability of rock 

parameters around the TTA, this study selected the elastic 

modulus and cohesion of the tunnel surrounding rock as 

variables. Fig. 12 shows the geometric representation of the 

linear response surface of the two random variables (elastic 

modulus and cohesion). 
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Under non-rock foundation conditions, TTA will 

inevitably experience horizontal displacement and 

settlement when subjected to cable tension and seismic 

excitation. Since horizontal displacement poses a significant 

threat to bridge safety, this discussion focuses primarily on 

horizontal displacement. In the operational state of the 

bridge after construction, these displacements of TTA will 

significantly influence the load-carrying characteristics of 

the entire bridge. Therefore, adequate consideration must be 

given during design. The discussion here pertains to the X-

direction, which is also the direction of cable forces acting 

on TTA in suspension bridges. Based on this, the limit state 

equations are provided as follows 

2 2

max 0

1 1

( ) j i i i i

i i

G x S S a a x b x
= =

= − = + +   (6) 

where 𝑎0, 𝑎𝑖 , 𝑏𝑖  is the undetermined constant, it can be 

solved by interpolation method. Smax is the maximum 

displacement and deformation value, and Sj is the 

simulation result of finite difference software. 

𝑚𝑖𝑛 𝛽2 = ∑[(𝑥𝑖 − 𝑢)

𝑛

𝑖

/𝜎]2 (7) 

Where 𝛽  is the reliable index, 𝑥𝑖  is the result after 

iterative calculation, 𝜇  is the mean value, and 𝜎  is the 

standard deviation. 

Using Eqs. (6) and (7) and the data in Table 4, a 

calculation program integrating a high-precision gradient 

optimization algorithm was developed using commercial  

 

 

mathematical software. This program can calculate the 

reliability index β of each monitoring point on the front and 

rear anchor surfaces, as shown in Fig. 13. From Fig. 13, it is 

evident that under seismic excitation, the reliability of the 

front anchorage surface in the tunnel is notably lower than 
that of the rear anchorage surface. This discrepancy arises 
because the front anchorage surface is located within the 
front anchorage chamber without soil or rock mass in front, 
resulting in an exposed face effect. Consequently, the 
response of the front anchorage surface is more severe 
under seismic excitation, leading to reduced reliability. In 
Figs. 13(a)-13(c) it is observed that the reliability is higher 
at the arch foot of the TTA. This is attributed to significant 
influences from the self-weight of the anchorage block on 
the surrounding rock below, resulting in substantial bearing 
of pressure and shear forces by the surrounding rock. 
Particularly in the bottom corner areas on either side of the 
anchorage block, stress concentration phenomena are 
notably pronounced, thereby attenuating the dynamic 
response in that region. 

 
 

5. The impact of different PGAs on the reliability of 
suspension bridge tunnel-type anchorage 

 

By manually adjusting the PGA (peak ground acceleration) 

of the EL-Centro wave, the influence of different PGAs on the 

reliability of the TTA (time-displacement curve) of a 

suspension bridge was evaluated. Fig. 14 shows the adjusted 

seismic accelerations corresponding to the three different 

PGAs selected for this purpose. Subsequently, the reliability  

  
(a) front anchorage plane reliability (b) rear anchorage plane reliability 

 
(c) Comparison of reliability indexes of front and rear anchorage surfaces 

Fig. 13  Reliability value of anchorage surface at front and rear of TTA 
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indices of the TTA at each measurement point were calculated 

according to Eqs. (6) to (7), as shown in Fig. 15. 

As shown in Fig. 15, with increasing PGA values, the 

average maximum displacement of the front and rear anchor 

surfaces of the anchor plug also increases. When the PGA 

value is 0.05 g, the maximum displacement of the front 

anchor surface is reduced by 28.6% and 55.3% compared to 

when the PGA values are 0.1 g and 0.15 g, respectively. For 

the rear anchor face, the maximum displacement at a PGA 

value of 0.05 g is reduced by 109% and 155% compared to 

the values at PGA values of 0.1 g and 0.15 g, respectively. 

This indicates that the displacement responses of the front 

and rear anchor faces of the tunnel differ under different 

PGA values, with the rear anchor face being more sensitive 

to changes in PGA values. Under seismic excitation, the 

stress distribution and load transfer paths of the TTA 

structure cause the front and rear anchorage surfaces to 

experience different force conditions. Since the main cable 

force primarily acts on the rear anchorage surface during 

simulated normal operation of the TTA, the rear anchorage 

surface is more sensitive to changes in PGA values. The 

rear anchorage not only needs to transmit the inertial forces 

caused by seismic motion, but also needs to transmit the 

cable forces of the main cable. As the PGA value increases, 

the displacement response will be greater. 

As can be seen from Fig. 16, the development of the  

 

 

 

plastic zone at the average point varies under different PGA 

values. With increasing PGA values, the plastic zone of the 

TTA surrounding rock continues to expand. At an 

earthquake acceleration of 0.05 g, the plastic zone is very 

small and almost non-existent, regardless of whether it is a 

tensile stress plastic zone or a shear stress plastic zone. 

However, when the PGA reached 0.1 g, the plastic zone of 

the TTA surrounding rock rapidly expanded, forming a 

tensile stress plastic zone around the TTA. This was mainly 

due to the enormous tensile stress exerted by the suspension 

bridge on the rear anchorage surface of the TTA, coupled 

with the effects of seismic acceleration, which made the 

“clamping effect” of the rock mass surrounding the TTA 

more pronounced.Under an earthquake acceleration of 0.15 

g, the plastic zone further expanded, showing a more 

pronounced increase compared to 0.1 g, indicating that the 

rock mass surrounding the TTA is highly sensitive to 

changes in PGA values under different PGA conditions. The 

development of the plastic zone aligns with the trend of 

reliability changes shown in Fig. 17 for the TTA. 

As demonstrated in Fig. 17, an increase in PGA value 

from 0.05 g to 0.1 g and subsequently to 0.15 g results in a 

gradual decrease in the reliability of the front and rear 

anchor surfaces. The figure illustrates that at a PGA value 

of 0.1 g or 0.15 g, there is a notable decline in reliability 

when compared to 0.The reliability of the front anchor face  

 
Fig. 14  Ground motion acceleration of three different PGA 

  
(a) The maximum displacement of different monitoring 

points on the front anchorage surface 

(b) The maximum displacement of different monitoring 

points on the back anchorage surface 

Fig. 15 Displacement of different measuring points under three kinds of PGA 
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exhibits an average decrease of 25%, while the reliability of 

the rear anchor face demonstrates a decline of 16% and 

26%, respectively. This phenomenon can be attributed to 

the observation that an increase in PGA values signifies an 

enhancement in earthquake intensity, consequently resulting 

in elevated impact forces on the TTA and its surrounding 

rock mass. It has been demonstrated that high-intensity 

seismic activity has a direct impact on the TTA, increasing 

the impact forces and stresses to which it is subjected. This,  

 

 

 

in turn, has a negative effect on the reliability of the TTA. 

This finding is consistent with the observed trend of the 

development of plastic zones within the TTA under different 

PGA values, indicating that the reliability of the TTA 

structure is highly sensitive to changes in PGA values. 

Conversely, as the PGA value increases, the reliability of 

TTA decreases accordingly, with a maximum decrease of up 

to 33%. 

 

  
(a)  Plastic zone distribution of TTA surrounding rock under 

0.05 g ground motion acceleration 

(b)  Plastic zone distribution of TTA surrounding rock under 

0.1 g ground motion acceleration 

 

(c) Plastic zone distribution of TTA surrounding rock under 0.15 g ground motion acceleration 

Fig.16 Plastic zone distribution of tunnel-type anchorage rock under different PGA 

  
(a)   Reliability of front anchorage surface under three 

different PGA 

(b)   Reliability of aft anchorage surface under three 

different PGA 

Fig. 17  Reliability of front and rear anchorage surfaces under three different PGA 
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6. Conclusions 
 

This study combined finite difference software and the 

second-order response surface method to model the TTA of 

Puli Bridge in Yunnan Province. Mathematical probability 

calculation methods were used to analyze rock parameters 

with high coefficients of variation. The dynamic response 

characteristics of the TTA structure under different working 

conditions were calculated, and specific rock parameters 

that significantly affect the dynamic response under seismic 

excitation were identified, as well as the differences in 

dynamic response between the front and rear anchorages. 

Having identified the root causes of these differences, we 

evaluated the reliability of TTA at different locations using 

data from numerical simulations, calculated the reliability 

under different PGA values, and analyzed the reasons for its 

decline. The specific conclusions are as follows: 

 The TTA rock parameters obtained through 

mathematical probability and statistical calculations 

demonstrate that elastic modulus and cohesion 

significantly influence the dynamic response of TTA. 

Through the calculation of the coefficient of variation 

for various rock parameters in different TTA 

environments, it was determined that the coefficients of 

variation for elastic modulus and cohesion exceeded 

0.2 in all surrounding rock parameters. This finding 

suggests that these parameters exert a more substantial 

influence on the dynamic response of TTA under 

seismic excitation. 

 After calculating five operating conditions using finite 

difference software, the study found that the elastic 

modulus and cohesion of the surrounding rock in the 

TTA area have a significant impact on the dynamic 

response of the TTA. When the elastic modulus 

increases, the dynamic response of the TTA decreases; 

when the cohesion increases, the dynamic response 

increases. In addition, under seismic excitation, the 

dynamic response of the front anchor face is greater 

than that of the rear anchor face. 

 Using the secondary sequence response surface 

method, it was calculated that the reliability of the front 

anchorage face of the suspension bridge TTA under 

seismic excitation is lower than that of the rear 

anchorage face, while the reliability of the lower part of 

the TTA is higher than that of the upper part. The 

weight of the anchor plug has a significant impact on 

the surrounding rock below, causing the rock to 

withstand greater compressive shear forces. This results 

in the dynamic response of the top of the TTA to 

ground movement being more intense than that of the 

bottom. 

 By adjusting the size of the PGA, the reliability of TTA 

under three different PGA levels was calculated. The 

results showed that the reliability value of TTA is 

significantly affected by PGA. As PGA increases, the 

overall structural reliability of TTA gradually 

decreases, with a maximum decrease of 33%. 

Subsequently, we will conduct scaling experiments and 

vibration table tests to more accurately simulate the 

dynamic response of TTA under seismic excitation. The 

objective of this study is to evaluate the reliability of TTA 

by combining probability and statistical methods. In 

addition, the study will provide reference and assistance for 

the reinforcement and design optimization of TTA prior to 

earthquakes. 
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