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Abstract 

In order to investigate the feasibility and applicability of friction pendulum bearings for vibration control of large-span 

space beam-arch bridges with corrugated steel web box girders, taking the Huian Yellow River Bridge in Guide County, 

Qinghai Province, China, as an example. A three-dimensional calculation model of the friction pendulum isolation space 

beam-arch composite bridge with a corrugated steel web was established by MIDAS, the modal analysis was carried out, 

and the damping effect of the friction pendulum isolation bridge was investigated using the response spectrum and the time 

history analysis methods; the influence of the design parameters of the friction pendulum isolation on the reduction effect 

was further analyzed. The results show that the friction pendulum isolation improves the stress conditions of both the girder 

and the pier and reduces the displacement and acceleration of the pier top, as well as reduces the acceleration of the girder, 

and the damping ratio is more than 50%. The optimal dynamic coefficient of friction and the radius of curvature for the 

corrugated steel web composite bridge are 0.04 and 3.0 m, respectively. Friction pendulum isolation has a good seismic 

absorption effect and provides an effective way for the seismic control of the corrugated steel web composite bridge. 

Keywords: Corrugated Steel Web Box Girder Bridge; Friction Pendulum Isolation; Response Spectrum; Time History Analysis. 

 

1. Introduction 

Recent earthquakes have been occurring frequently, especially in regions of high seismic risk, so bridge structures 

are at serious risk of damage. With the emergence of the corrugated steel web prestressed concrete composite box girder 

bridge, the seismic performance of the bridge structure reached a new height, and the structure has a unique position in 

the steel-prestressed concrete composite structure. The corrugated steel web box girder bridge has many advantages, 

such as light weight, saving materials, and beautiful appearance. At the same time, it also has a certain effect on 

improving the seismic capacity of the bridge structure. Therefore, this kind of bridge has a wide application prospect in 

earthquake-prone areas. 

Bridge structure is prone to different degrees of damage under an earthquake. As a lifeline project, it is very necessary 

to ensure its safety under an earthquake. Because of its unique advantages, friction pendulum isolation has a good 

application prospect in bridge shock absorption. Zhan et al. [1] used ANSYS to establish a full-bridge model, 

investigated the effect of friction coefficient and curvature radius on the seismic responses of continuous beam bridges 

by the nonlinear time history analysis, and suggested that the resistance of the shear studs should preferably not be set 
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too large. Zhang et al. [2] studied the dynamic characteristics and seismic effects of bridges under different seismic 

isolation schemes based on Midas and concluded that when the isolation scheme was applied to all piers, the best 

isolation performance of friction pendulum bearing was achieved. He et al. [3] established and studied the prototype 

bridge of the typical simply supported girder bridges in China, compared the seismic responses of friction pendulum 

bearing (FPB) isolated and non-isolated bridges, and presented a new criterion index to quantifiably measure the 

effectiveness of the seismic isolation of FPB isolated bridges with different pier heights. Li et al. [4] investigated the 

influence of the friction coefficient and isolation period of the FPB on the response of isolated bridges under multi-

hazard source excitations and concluded that the energy dissipation capacity of FPB in isolated bridges was excellent. 

Chen et al. [5] investigated the feasibility and efficiency of base isolation by implementing FPBs at the bottom of tall 

piers and recommended a larger value of radius of concave surface for designing. Meng et al. [6] investigated the effect 

of transverse pounding on a bridge isolated by FPBs using 1:6 large-scale shake table tests and concluded the lateral 

pounding should be considered in the design of isolated bridges. 

Gino et al. [7] investigated the seismic reliability of multi-span continuous deck bridges equipped with FPBs. Gupta 

et al. [8] evaluated a continuously curved bridge equipped with FPS under various earthquake loadings, performed a 

sensitivity analysis, and concluded that FPBs significantly reduced the bridge seismic responses. Zhao et al. [9] proposed 

a new type of rotating mass friction damper (RMFD) with an amplification effect and a negative stiffness effect and 

used SAP2000 software to compare and analyze the seismic responses, damping rate, and displacement control effect 

under large earthquakes. Li et al. [10] analyzed the seismic responses of the 6×110 m long-span continuous girder bridge 

under different wear degrees of FPB. Wang et al. [11] conducted an experimental study on the shear force of the shear 

pin device in practical bridge engineering applications and analyzed the law of the influence of the friction force on the 

shear force of the shear pin when the horizontal bearing capacity of the FPB reached the initial force required for its 

vibration reduction and isolation function. Cao et al. [12] used an adaptive stiffness isolator on a typical multi-span 

bridge structure, analyzed its response under bi-directional ground motion records, and concluded that the isolators 

significantly reduced base shear forces. Wei et al. [13] designed two kinds of variable curvature friction pendulum 

bearings (VFPB) with adaptive ability and concluded that the maximum residual displacement of the bearing was related 

to the friction coefficient and the first derivative of the shape function of the sliding surface. Chang et al. [14] proposed 

a tunable friction pendulum system (TFPS) to study its seismic isolation control performance in bridge structure. 

Some researchers have also carried out related research on the corrugated steel web bridge with friction pendulum 

bearings. Liu et al. [15], based on the Hanjiang Bridge of the Xiangyang Ring Expressway, adopted the composite 

seismic measures of speed locker + FPB and optimized the design of the relevant parameters of the bearing based on 

Midas. Han et al. [16] conducted a seismic fragility assessment of prestressed concrete composite girder bridges with 

corrugated steel webs under near-fault pulse-like ground motions and concluded that the bridges with corrugated steel 

webs are less vulnerable than the concrete bridges, and the shock absorption effect of the friction pendulum bearing was 

better than that of the viscous damper. 

To sum up, there are many studies on the friction pendulum isolation bridges, but there are few studies on the large-

span space beam-arch corrugated steel web box girder bridges using friction pendulum isolation, so it is necessary to 

further study the damping performance and the corresponding influencing factors of the corrugated steel web bridge 

with friction pendulum bearing. In this paper, taking the Huian Yellow River Bridge in Guide County, Qinghai Province, 

China, as the research object, a 3-D calculation model of the corrugated steel web composite bridge was established by 

using MIDAS, and the modal analysis was carried out firstly, and then the dynamic characteristics and response of the 

bridge under the conditions of ordinary fixed bearing and friction pendulum isolation were studied by using the response 

spectrum method and the time history analysis method, respectively. The influence of the design parameters of the 

friction pendulum isolation on the seismic isolation performance of the bridge was analyzed, and some suggestions for 

the design of optimal parameters were also given. By analyzing the dynamic responses of corrugated steel web box 

girder bridges, it is helpful to better understand the mechanical behavior under earthquakes, which can provide useful 

experience and guidance for the design and damping control of similar bridges. The flowchart of the methodology 

process is shown in Figure 1. 

2. Project Overview 

The Huian Yellow River Bridge is located in Guide County, Qinghai Province, China. The bridge is a key project 

and livelihood project, as shown in Figure 2. The length of the main bridge is (60+3×103+60) m, and the prestressed 

concrete structure of corrugated steel web is used. The completion of the bridge will be of great significance to the 

development of the transportation industry in Guide County. The bridge girder is a five-span, variable-height, continuous 

beam using prestressed concrete and a corrugated steel web. The seismic fortification intensity of the bridge is 7 degrees, 

the seismic acceleration is 0.15 g, the site characteristic period is 0.40 s, and the maximum horizontal seismic influence 

coefficient is 0.12. 
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Figure 1. Flowchart of methodology process 

 

Figure 2. Huian Yellow River Bridge in Guide County 

3. Friction Pendulum Isolation 

The simplified calculation model of the friction pendulum bearing is shown in Figure 3. Under the action of an 

earthquake, when the component force of the hinged slide block in the tangential direction is greater than the bounding 

static friction force on its bottom, the slider will move back and forth on the sliding surface. Equation 1 can be used to 

represent the equation of moment equilibrium of the slider at the center of the circle [17]: 

𝐹𝑅cos𝜃 = 𝑊𝐷 + 𝑓𝑅  (1) 

where F is the horizontal restoring force; f is the sliding friction; R is the sliding radius; D is the maximum amount of 

slippage; W is the vertical load borne by the bearing; θ is the vertical included angle. 
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Figure 3. Simplified model of friction pendulum bearing 

Since the friction pendulum isolation is very small in actual operation, F can be simplified to Equation 2: 

𝐹 =
𝑊𝐷

𝑅
+ 𝜇𝑑𝑊  (2) 

where μd is the coefficient of dynamic friction. 

Finally, the equivalent shear stiffness of the friction pendulum bearing can be calculated according to Equation 3: 

𝑘eff =
𝑊

𝑅
+

𝑢𝑑𝑊

𝐷
  (3) 

where keff is the equivalent shear stiffness of the friction pendulum isolation 

After repeating calculations and verifications, the main design parameters of the friction pendulum bearing are as 

follows: the sliding radius of the friction pendulum isolation is set to 2 m; the coefficient of friction is 0.03 when moving 

at low speed; in the case of fast movement, the coefficient of friction is 0.05; the maximum slippage is 300 mm. 

4. Numerical Calculation Model 

The arch rib span of the middle span is 103 m, the vector height is 24.5 m, the vector span ratio is 1/4.2, and the arch 

axis is a quadratic parabola. The edge span arch rib span is 112.5 m, the vector height is 24 m, the vector span ratio is 

1/4.7, and the arch axis is a quadratic parabola. The subarch of the side span is a space arch, the projection span of the 

facade is 147 m, the vector height is 38, the arch axis is an arc line with a radius of 120 m, and the plane projection is a 

numerically fitted hexid parabola. The suspension cables are extruded with steel strands in whole, with 32 strands of 

vertical suspension cables and 48 strands of diagonal suspension cables. The specifications of the suspension cables are 

1860 MPa epoxy steel strands with a diameter of 15.2 mm. The thickness of the corrugated steel web is 12-26 mm. A 

three-dimensional numerical calculation model of the large-span space beam-arch composite bridge with a corrugated 

steel web was established by MIDAS/Civil, as shown in Figure 4. Considering that the bridge is mainly shear during the 

stress process, the steel web is equivalent to a concrete web with a thickness of 10 mm according to the equivalent 

interface law [18]. The main girder of the bridge has a total of 162 structure elements and 199 nodes. The whole bridge 

is supported by friction pendulum bearings, and the friction pendulum bearings are arranged at the positions of abutments 

and piers, and a total of 18 friction pendulum bearings are arranged. Parameters of the friction pendulum bearing are 

shown in Table 1. In order to study the damping effect of the bridge structure, a comparison model is established by 

using the conventional fixed bearing, and the main girder is rigidly connected with the bridge pier in the numerical 

simulation model. 

 

Figure 4. Numerical calculation model 
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Table 1. Friction pendulum bearing parameters 

Type 1 2 

Pier number 6, 7, 8, 9 5, 10 

Coefficient of static friction 0.03 0.02 

Coefficient of dynamic friction 0.05 0.03 

Radius of curvature (m) 2.0 1.8 

5. Modal Analysis 

The finite element equation is obtained by superimposing the inertial force, damping force and elastic force of each 

element: 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝛿} = [𝑃]  (4) 

where [𝑀] is the mass matrix; [𝐶] is the damping matrix; [𝐾] is the stiffness matrix; [𝑃] is the load array. 

When the free vibration [P] = 0 and the damping force is ignored, then Equation 4 becomes the free vibration 

Equation of the system: 

[𝑀]{�̈�} + [𝐾]{𝛿} = [𝑃]  (5) 

In the case of free vibration, taking the displacement {δ}=[A]cosωt into Equation 5: 

([𝐾] − 𝜔2[𝑀])[𝐴] = {0}  (6) 

where A is the amplitude; ω is the natural frequency. 

The amplitude [A] cannot all be zero in the case of free vibration, so a value of 0 for the coefficient matrix determinant 

in Equation 6: 

|[𝐾] − 𝜔2[𝑀]| = 0  (7) 

In the case of a large number of degrees of freedom in finite element analysis, it is difficult to solve the n-th order 

Equation 7, so it can be solved by the method of mathematical eigenvalue [19]. In this study, the eigenvalue analysis of 

the corrugated steel web box girder bridge is carried out by using the subspace iterative method. 

For the purpose of studying the seismic isolation effect of the friction pendulum isolation, the friction pendulum 

bearing is replaced by an ordinary fixed bearing, in which the girder is rigidly connected with the bridge pier. The 

dynamic characteristics of corrugated steel web box girder bridges under two different bearings are compared. Table 2 

shows the vibration frequencies of the first ten-orders of the modal under the two bearings. 

Table 2. Comparison of vibration frequencies of the first ten-orders 

Modal order Friction pendulum bearing Ordinary fixed bearing Difference ratio 

1 1.037 1.256 22.3% 

2 1.543 1.989 29.1% 

3 2.182 2.389 9.8% 

4 2.421 2.858 18.5% 

5 2.953 3.986 35.0% 

6 3.707 4.109 10.9% 

7 4.111 4.442 8.1% 

8 4.441 5.019 13.1% 

9 5.020 6.150 22.4% 

10 6.716 7.780 16.1% 

From Table 2, it can be seen that with the increase of modal order, the vibration frequencies corresponding to the 

friction pendulum bearing and ordinary fixed bearing are significantly different. In general, from the first-order mode to 

the tenth-order mode, the vibration frequency of the structure with the friction pendulum isolation is always lower than 

that of the latter, and the relative difference can reach up to 35.0%. The results show that the friction pendulum isolation 

has a significant effect in prolonging the vibration period of the structure. Moreover, it can reduce the structural natural 

vibration frequency, which is very important to reduce the seismic response of the bridge. 
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6. Seismic Responses Analysis 

6.1. Response Spectrum Method 

6.1.1. Basic Theory 

In a single-degree-of-freedom system, the displacement δg of the ground results in a single point of mass vibration, 

and according to D'Alembert's principle, the motion equation is expressed as [20]: 

𝑚(�̈�𝑔 + �̈�) + 𝑐�̇� + 𝑘𝑦 = 0  (8) 

where m is the mass; �̈� is the acceleration; c is the damping; �̇�is the velocity; k is the stiffness; y is the displacement. 

In the Equation 8, the inertial force, damping ratio, and elastic recovery force should be balanced. It can be obtained 

after transformation: 

�̈�(𝑡) + 2𝜉𝜔�̇�(𝑡) + 𝜔2𝑦(𝑡) = −�̈�𝑔  (9) 

where 𝜉 = 𝑐/(2√𝑘 ⋅ 𝑚); 𝜔 = √𝑘/𝑚. 

For the seismic relative displacement response of a single-degree-of-freedom system, the Duhamel's integral is: 

𝑦(𝑡) = −
1

𝜔𝑑
∫ 𝑒−𝜉𝜔(𝑡−𝜏) �̈�𝑔(𝜏) 𝑠𝑖𝑛 𝜔𝑑 (𝑡 − 𝜏)𝑑𝜏  (10) 

where 𝜔𝑑 = √1 − 𝜉2𝜔0. 

The integral expressions for relative velocity and acceleration under seismic action are obtained by Equations 11 and 

12: 

�̇�(𝑡) = ∫ 𝑒−𝜉𝜔(𝑡−𝜏) �̈�𝑔(𝜏)[
𝜉𝜔

𝜔𝑑
𝑠𝑖𝑛 𝜔𝑑 (𝑡 − 𝜏) − 𝑐𝑜𝑠 𝜔𝑑 (𝑡 − 𝜏)]𝑑𝜏  (11) 

�̈�(𝑡) = 𝜔𝑑 ∫ 𝑒−𝜉𝜔(𝑡−𝜏) �̈�𝑔(𝜏) {[1 − (
𝜉𝜔

𝜔𝑑
)

2

] 𝑠𝑖𝑛 𝜔𝑑 (𝑡 − 𝜏) + 2
𝜉𝜔

𝜔𝑑
𝑐𝑜𝑠 𝜔𝑑 (𝑡 − 𝜏)} 𝑑𝑡 − �̈�𝑔(𝜏)  (12) 

In general, the Equations 11 and 12 can be simplified as: 

�̇�(𝑡) = − ∫ 𝑒−𝜉𝜔(𝑡−𝜏) �̈�𝑔(𝜏) 𝑐𝑜𝑠 𝜔𝑑 (𝑡 − 𝜏)𝑑𝜏  (13) 

�̈�(𝑡) = 𝜔𝑑 ∫ 𝑒−𝜉𝜔(𝑡−𝜏) �̈�𝑔(𝜏) 𝑠𝑖𝑛 𝜔𝑑 (𝑡 − 𝜏)𝑑𝑡 − �̈�𝑔(𝜏)  (14) 

6.1.2. Response Spectrum 

According to the seismic design concept of two-level fortification and two-stage design in the Guidelines for Seismic 
Design of Highway Bridges (JTG/T B02-01-2008) [21], the seismic action is divided into two levels: E1 and E2. Among 
them, the E1 is a short-lived earthquake, and the E2 is with a long return period. In this paper, the response of the Huian 

Yellow River Bridge in Guide County under the action of the E2 earthquake is analyzed, the Smax is calculated to be 
6.251 m/s², and Figure 5 shows the acceleration response spectrum curve. Calculation of the dynamic responses of 
bridge structure under E2 earthquake with the above-mentioned parameters, the input in the forward direction of the 
bridge is considered. These calculation results and analyses will help to evaluate the seismic performance of bridge 
structures under seismic action and provide important references for bridge design and improvement. 
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Figure 5. Horizontal acceleration response spectrum 
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6.1.3. Seismic Responses along Bridge 

The displacement curves of the main beam under the action of the longitudinal bridge earthquake are shown in Figure 

6. It can be obtained that the maximum transverse, vertical, and longitudinal displacements occur at the mid-span 

position. Regardless of whether friction pendulum bearings or conventional fixed bearings are employed, under the E2 

earthquake scenario, the longitudinal displacement of the bridge structure exhibits the greatest magnitude, followed by 

the lateral and the vertical displacements. Furthermore, the peak displacement values of the corrugated steel web box 

girder bridge for both types of supports demonstrate a symmetrical distribution pattern along the mid-span, attaining 

their maximum at this location and subsequently decreasing towards the side spans. When using the ordinary fixed 

bearing, because of the large stiffness of the bearing, the substructure plays a stronger restraining effect on the 

superstructure, so that the peak value of the displacement response of the main beam under the ordinary fixed bearing 

is much smaller than that of the friction pendulum isolation. 
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(a) Transverse displacement (b) Vertical displacement 
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(c) Longitudinal displacement 

Figure 6. Displacement of main beam under E2 earthquake along the bridge 

When the ground motion E2 is input along the bridge, the bending moment envelope diagram of the main beam of 

the corrugated steel web box girder bridge is shown in Figure 7. Regardless of the ordinary fixed bearings or the friction 

pendulum bearings are used, the largest bending moment takes place at the supporting position of the four middle piers, 

and the adjacent beam segments bear most of the bending moment, while the side spans and middle spans bear relatively 

small bending moment. On the whole, the bending moment of the main beam with friction pendulum bearings is smaller 

than that of ordinary fixed bearings in most cases. Therefore, by using the friction pendulum isolation, it is possible to 

reduce the bending moment in the cross section of the bearing. Moreover, it has a slight adjustment effect on the bending 

moment distribution of the side span and the middle span, so as to make the force of the whole bridge be more reasonable 

and the seismic performance be better. 
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Figure 7. Envelope diagram of main beam bending moment under E2 earthquake along bridge direction 

6.2. Time History Analysis 

6.2.1.Dynamic Equation and Solution 

The dynamic equation of bridge under earthquake action is shown in Equation 15: 

𝑀�̈� + 𝐶�̇� + 𝐾𝑈 = 𝐹𝑒  (15) 

Newmark- method [22] is used for the solution of Equation 15, the method is a step-by-step integration method 

developed on the basis of linear acceleration method, and which can be applied to solve all kinds of nonlinear problems. 

Firstly, it is assumed that: 

�̇�𝑖+1 = �̇�𝑖 + [(1 − 𝛽)�̈�𝑖 + 𝛽�̈�𝑖+1]𝛥𝑡  (16) 

𝑈𝑖+1 = 𝑈𝑖 + �̇�𝑖𝛥𝑡 + [(
1

2
− 𝛾) �̈�𝑖 + 𝛾�̈�𝑖+1] 𝛥𝑡2  (17) 

where  and  are the adjustment coefficients introduced for consideration of accuracy and stability. When =0.5 and 

=0.25, it is equivalent to the constant average acceleration method, that is, when the time is increased from t to t+t, 

the speed remains constant, namely, (�̈�𝑖 + �̈�𝑖+1)/2. Existed research have shown that when 0.5 and 0.25(0.5+2), 

Newmark- method is unconditionally stable. 

The increment form 𝛥�̇� and 𝛥𝑈 of velocity �̇� and displacement 𝑈 can be obtained by Equation 16 and Equation 17: 

𝛥�̇�𝑖 = �̇�𝑖+1 − �̇�𝑖 = (�̈�𝑖 + 𝛽𝛥�̈�𝑖)𝛥𝑡  (18) 

𝛥𝑈𝑖 = 𝑈𝑖+1 − 𝑈𝑖 = �̇�𝑖𝛥𝑡 +
1

2
�̈�𝑖𝛥𝑡2 + 𝛾𝛥�̈�𝑖  (19) 

Increment of acceleration 𝛥�̈�𝑖 can be obtained by transforming Equation 19, then taking 𝛥�̈�𝑖 into Equation 18: 

𝛥�̈�𝑖 =
1

𝛾𝛥𝑡2 𝛥𝑈𝑖 −
1

𝛾𝛥𝑡
�̇�𝑡 − (

1

2𝛾
− 1) �̈�𝑡  (20) 

𝛥�̇�𝑖 =
𝛽

𝛾𝛥𝑡
𝛥𝑈𝑖 + (1 −

𝛽

𝛾
) �̇�𝑡 + (1 −

𝛽

2𝛾
) 𝛥𝑡�̈�𝑡  (21) 

The incremental form of dynamic Equation 15 can be expressed as: 

𝑀𝛥�̈�𝑖 + 𝐶𝛥�̇�𝑖 + 𝐾𝛥𝑈𝑖 = 𝛥𝐹𝑒(𝑖)  (22) 

Taking Equations 19 to 21, then Equation 22 can be obtained: 

�̄�𝛥𝑈𝑖 = �̄�  (23) 

where �̄� = 𝐾 +
1

𝛾𝛥𝑡2 𝑀 +
𝛽

𝛾𝛥𝑡
𝐶;�̄� = 𝛥𝐹𝑒(𝑖) + 𝑀 [

1

𝛾𝛥𝑡
�̇�𝑖 + (

1

2𝛾
− 1) �̈�𝑖] + 𝐶 [(

𝛽

𝛾
− 1) �̇�𝑖 + (

𝛽

2𝛾
− 1) 𝛥𝑡�̈�𝑖]. 

The increment of displacement 𝛥𝑈𝑖  can be obtained by Equation 23, and the increment of velocity 𝛥�̇�𝑖  can be 

obtained by taking 𝛥𝑈𝑖 into Equation 21, then displacement and velocity of i+1 time step can be obtained: 
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𝑈𝑖+1 = 𝑈𝑖 + 𝛥𝑈𝑖   (24) 

�̇�𝑖+1 = �̇�𝑖 + 𝛥�̇�𝑖   (25) 

The acceleration �̈�𝑖+1 of i+1 time step can be obtained by taking Equation 24 and Equation 25 into Equation 15: 

�̈�𝑖+1 = 𝑀−1 ⋅ [𝐹𝑒 − 𝐶 ⋅ �̇�𝑖+1 − 𝐾 ⋅ 𝑈𝑖+1]  (26) 

6.2.2. Seismic Waves 

Based on the time history analysis, the seismic responses of the corrugated steel web box girder bridge are analyzed. 

The earthquake duration is 60s, the interval is 0.02s, and the damping ratio is 0.05. In this paper, the El-Centro wave 

and the Taft wave are input in three directions to calculate the seismic responses. The earthquake acceleration time 

history curves are shown in Figures 8 and 9. 
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Figure 8. El-Centro wave 
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Figure 9. Taft wave 

6.2.3. Displacement and Acceleration 

Under the El-Centro wave and Taft wave, the displacement and acceleration time-history curves of the main beam 

and pier top of the corrugated steel web box girder bridge are shown in Figures 10 to 13. When the ordinary fixed 

bearings are adopted, the restraint ability of the substructure to the superstructure is significantly enhanced because the 

bearing itself has a large stiffness, so that a more reliable restraint mechanism is provided, and the peak value of the 

displacement response of the main beam is relatively small. Furthermore, compared with the main beam with the 

ordinary fixed support design, the bridge with friction pendulum isolation exhibits higher friction characteristics under 

seismic action, resulting in a relatively small peak acceleration response of the bridge pier. The results indicate that 

although both of them can provide steady support for the main beam under an earthquake, the design of the friction 

pendulum isolation is more inclined to guarantee the whole stability and security of the structure. This design concept 

is critical for bridge structures in earthquake-prone areas because it can reduce post-earthquake damage while 

maintaining structural integrity. 
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(c) Right span 

Figure 10. Time history of mid-span displacement under El-Centro wave 
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Figure 11. Time history of mid-span displacement under Taft wave 
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(a) 5# bridge abutment (b) 6# bridge pier 
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(c) 7# bridge pier 

Figure 12. Pier acceleration time history under El-Centro wave 

0 10 20 30 40 50 60

-1.0

-0.5

0.0

0.5

1.0

A
cc

el
er

at
io

n
 (

g
)

Times (s)

 Ordinary fixed bearing

 Friction pendulum bearing

 

0 10 20 30 40 50 60

-3

-2

-1

0

1

2

A
cc

el
er

at
io

n
 (

g
)

Times (s)

 Ordinary fixed bearing

 Friction pendulum bearing

 
(a) 5# bridge abutment (b) 6# bridge pier 

0 10 20 30 40 50 60

-4

-2

0

2

4

A
cc

el
er

at
io

n
 (

g
)

Times (s)

 Ordinary fixed bearing

 Friction pendulum bearing

 
(c) 7# bridge pier 

Figure 13. Pier acceleration time history under Taft wave 

Due to the symmetry on both sides of the bridge, Table 3 only shows the displacement and acceleration of the pier 

peak of the three piers under the effect of the El-Centro wave and Taft wave. It can be seen that the displacement and 

acceleration of the pier crest corresponding to the bridge with friction pendulum bearings are significantly reduced, and 

the damping ratio is more than 50%. In conclusion, the friction pendulum isolation can significantly reduce the 
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displacement and acceleration of the pier top, which fully demonstrates the effectiveness and superiority of the friction 

pendulum isolation in shock absorption of this kind of bridge. 

Table 3. Shock absorption effect of friction pendulum isolation 

Location Type 
Displacement (mm) Damping ratio Acceleration (m/s2) Damping ratio 

El-Centro Taft El-Centro Taft El-Centro Taft El-Centro Taft 

5# abutment 

top 

Ordinary fixed bearing 30.9 25.6 
60.2% 61.7% 

2.886 1.056 
54.5% 53.3% 

Friction pendulum isolation 12.3 9.8 1.312 0.493 

6# Pier top 
Ordinary fixed bearing 42.5 36.5 

52.2% 51.5% 
4.430 2.222 

71.1% 62.8% 
Friction pendulum isolation 20.3 17.7 1.279 0.826 

7# Pier top 
Ordinary fixed bearing 54.9 46.8 

58.5% 59.6% 
4.392 3.906 

69.8% 68.6% 
Friction pendulum isolation 22.8 18.9 1.326 1.226 

In general, while both types of supports can provide stable reinforcement for the main beam during seismic events, 

the design of friction pendulum bearings is more focused on ensuring the overall stability and safety of the structure 

rather than solely depending on the localized impact forces. This design philosophy is crucial for bridge structures 

subjected to seismic effects, as it mitigates post-earthquake damage while preserving structural integrity. 

7. Parameter Influence Analysis 

According to the mechanical properties of the friction pendulum bearing, the two key factors affecting the seismic 

reduction and isolation effect are the curvature radius R and the dynamic friction coefficient μ. The isolation period of 

the friction pendulum isolation is dependent on the R, and increasing the R can effectively extend the isolation period. 

Therefore, based on the finite element model of the Huian Yellow River Municipal Bridge in Guide County, the 

parameters analysis of the R of and the μ of the isolation bearing is carried out [23]. 

The design pressure of the sliding surface can be determined by Equation 27: 

𝜎 =
𝐹

2𝜋𝑅ℎ
≤ [𝜎] = 30𝑀𝑃𝑎  (27) 

where R is the curvature radius; h is the ball crown height; F is the bearing pressure; σ is the design pressure. 

The ball crown height h of the sliding surface can be approximated to take 1/4-1/5 of the bearing height, and the 

minimum radius of curvature of the friction pendulum bearing can be obtained by using the allowable stress method: 

𝑅 ≥
𝐹

2𝜋[𝜎]ℎ
=

50000

2×𝜋×30×103×0.125
= 2.12 𝑚  (28) 

In addition, the maximum curvature radius of the sliding surface can be determined by the maximum allowable 

displacement of the bearing. The design experience shows that for continuous beam bridges with span of 50m-150m, 

the post-flexion stiffness is roughly between 4000 kN/m-10000 kN/m, from which the maximum radius of curvature 

can be determined. 

𝑅 ≤
𝑊

𝐾
=

50000

4000
= 12.5 𝑚  (29) 

where W is the post-flexion stiffness. 

Therefore, 2 m ≤ R ≤ 12 m is adopted. In this paper, the curvature radius R is set as 2 m, 3 m, 4 m, 6 m, 8 m and 10 

m. Besides, the range of the dynamic friction coefficient for the bridge bearing is 0.01-0.12. 

The previous results show that the internal force of the pier top and the displacement of the main beam are similar 

under the action of the El-Centro wave and the Taft wave, so only the response under El-Centro wave action is used as 

the analysis object in this section. The effects of the μ and R on the maximum displacement of the main beam, maximum 

displacement of the pier top, and bending moment of the 6# pier top are shown in Figures 14 and 15. 

It can be seen from Figure 14 that with the increase of the dynamic friction coefficient μ, the longitudinal maximum 

displacement of the main beam decreases, and with the increase of the R, the longitudinal maximum displacement of 

the main beam increases. Therefore, the longitudinal maximum displacement of the main beam depends on the 

coefficient of dynamic friction μ and the curvature radius R. When the μ<0.06, both μ and R have significant control 

effects on the displacement of the main beam. However, when the μ=0.06, the influence of R gradually weakened, and 

the sensitivity of the main beam displacement to the μ change decreased. When μ=0.10, the influence of μ and R on the 

displacement of the main beam becomes minimal, and further increasing R and μ cannot effectively reduce the 

displacement of the main beam. 
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As shown in Figure 15, the maximum bending moment of the pier top is first reduced, and then it becomes stable 

with the increase of R. When R remains constant, the bending moment of the pier top is firstly decreased and then 

increased with the increase of μ. When μ=0.04, the bending moment at the top of the pier is the smallest, which shows 

that the damping effect of the friction pendulum isolation is the best. The change rule of pier top displacement is basically 

the same as that of the bending moment of pier top. When μ=0.04, the displacement of the pier top is also the smallest, 

which reflects the best displacement control effect. Similarly, according to the existing reference [4], there exists a 

particular value of the friction coefficient of the friction pendulum isolation for which the structure response of the 

isolated bridge reaches the minimum value. 

0.02 0.04 0.06 0.08 0.10 0.12
5

10

15

20

25
M

ai
n
 b

ea
m

 d
is

p
la

ce
m

en
t 

(m
m

)

Coefficient of dynamic friction

 R=2m

 R=3m

 R=4m

 R=6m

 R=8m

 R=10m

 

Figure 14. Relationship between the maximum displacement of the main beam and μ and R 
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Figure 15. Relationship between the maximum bending moment and the maximum displacement of the pier with μ and R 

When the dynamic friction coefficient of the friction pendulum isolation is constant, the maximum displacement and 

the maximum bending moment of the pier top decrease with the increase of the radius of curvature R, but the decreasing 

trend gradually weakens. Table 4 further compares the damping performance of friction pendulum isolation under 

different radius of curvature when the optimal dynamic friction coefficient is adopted. 

Table 4. Pier top displacement and pier bending moment under different R (μ=0.04) 

Radius of curvature (m) Pier top displacement (mm) Change ratio Pier top bending moment (MN·m) Change ratio 

2 37.2 — 35.3 — 

3 32.2 13.4% 30.3 14.2% 

4 31.6 1.9% 29.8 1.7% 

6 30.0 5.1% 28.5 4.4% 

8 29.4 2.0% 28.3 0.7% 

10 29.2 0.7% 28.1 0.7% 
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As shown in Table 4, when R increases from 2m to 3m, the displacement of the pier top decreases from 37.2mm to 

32.2mm, which is reduced by 13.4%, and the bending moment at the pier top is reduced from 35.3 MN·m to 30.3 MN·m, 

which is reduced by 14.2%. When R increases from 3m to 10m, the displacement of the pier top is only reduced by 

9.3%, and the bending moment of the pier top is only reduced by 7.3%, which indicates that when the radius of curvature 

R exceeds 3m, the continuous increase of the radius of curvature has no significant influence on the damping property 

of the friction pendulum isolation, and it has no economic benefit. 

To sum up, under the premise of ensuring the allowable displacement of the design of the friction pendulum isolation, 

in order to give full play to the shock absorption energy dissipation capacity of the friction pendulum isolation, the 

recommended friction coefficient is close to 0.04, and R should not be too large; on the whole, the comprehensive benefit 

is the best when R is taken as 3 m. Besides, the specific value should be determined according to the vertical bearing 

capacity and design displacement of the bridge. 

8. Conclusions 

On the background of practical engineering, the three-dimensional calculation model of long-span corrugated steel 

web bridges is established. The damping effect of friction pendulum isolation is studied by the response spectrum 

method and time history analysis method, and the influence of parameters is analyzed. The main conclusions are as 

follows: 

 The vibration frequency of the bridge with friction pendulum isolation is always lower than that of the bridge with 

ordinary fixed bearings, and the relative difference reaches up to 35.0%. 

 The friction pendulum isolation effectively separates the superstructure of the bridge from the substructure, thereby 

isolating most of the seismic wave energy and reducing the seismic responses. 

 By comparing and analyzing the seismic responses of the bridge with ordinary fixed bearings and friction pendulum 

bearings, it is obtained that the friction pendulum isolation can not only effectively improve the stress state of the 

main beam and the bridge pier, but also reduce the displacement and acceleration of the pier top, so as to achieve 

the purpose of shock absorption, and the damping ratio is more than 50%. 

 With the increase of the dynamic friction coefficient, the damping performance of the friction pendulum isolation 

shows a tendency to increase firstly and then decrease, and there is an optimal dynamic friction coefficient of 0.04. 

With the increase of the radius of curvature, the damping performance also shows a change of first increasing and 

then basically stable, and the optimum curvature radius is 3 m. 

 Relying on the friction pendulum isolation alone is easy to lead to the increase of the displacement of the main 

beam, which may lead to other problems. In order to reduce the residual displacement and peak displacement of a 

friction pendulum isolation bridge, it is necessary to carry out the corresponding self-resetting and limiting research. 

For bridges using friction pendulum isolation, a variety of factors should be considered comprehensively in the 

design of seismic reduction and isolation so as to accurately evaluate the damping amplitude and achieve the best 

damping effect. 
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