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Research paper

Vehicle-bridge coupled dynamic response of cable-stayed
bridges under heavy-cargo transportation loads

Zhigao Long1, Che Yao2

Abstract: The burgeoning market for heavy-cargo transportation poses an increasing challenge to the
normal use of highway bridges. This study investigates the vehicle-bridge coupled dynamic response of
a twin-tower three-span cable-stayed bridge under the load of heavy-cargo transportation by employing the
holistic solution method and the direct integration method. The influence of vehicle load and speed on the
dynamic response of the bridge when heavy-cargo transportation vehicles pass through cable-stayed bridges
is discussed. The main research conclusions are: (1) The peak stress of the stay cables increases linearly
with the increase in load weight. There is a nonlinear relationship between the vibration amplitude of the
stay cables and the vehicle load parameters, with the rate of increase in the vibration amplitude accelerating
as the load weight increases. (2) The maximum displacement values of the towers show a trend of linear
increase with the load parameters. The deflection at the mid-span cross-section increases linearly with the
load weight, with an increase of approximately 26.8 mm in mid-span deflection for every additional 100t
of load weight. (3) The vehicle speed has a significant influence on the cable vibration amplitude, with
the growth rate of the vibration amplitude continuously increasing as the vehicle speed increases. (4) The
displacement of two bridge towers shows a positive correlation with vehicle speed variation. The oscillation
amplitude of the displacement at the mid-span cross-section shows a clear increase.
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1. Introduction

With the continuous development of the global economy, the demand for high added-value,
non-dismountable large objects remains, and the heavy-cargo transportation industry will continue
to thrive [1]. Along the heavy-cargo transportation routes, there are usually numerous bridges
with varying technical conditions. When heavy-cargo vehicles pass over bridges, the phenomenon
of vehicle-bridge coupled vibration is very pronounced. Especially for long-span bridges, there
are noticeable differences in the components under static loads and vehicle loads [1–3].

Building upon classical models, modern vehicle-bridge coupling models have introduced
more accurate vehicle models and employed finite element methods to discretize bridges [4–6].
Li conducted a study on the dynamic response and impact factors of cable-stayed bridges under
vehicle- bridge coupling effects using finite element modeling [7]. Li investigated the impact
effects on the main beam, bearings, cable-stayed tendons, and bridge towers of a long-span
railway cable-stayed bridge at various vehicle speeds [8]. Zhu et al. assessed the driving safety
of vehicles on coastal cable-stayed bridges and the safety of the bridges themselves [9]. Song
utilized the orthogonal relationship of the precise modal shapes of a linearized undamped
cable-stayed bridge model and transformed the original nonlinear coupled partial differential
equations of the cable-stayed bridge model into a set of ordinary differential equations using
the Galerkin method [10]. Additionally, numerous numerical computation methods have been
proposed by scholars for solving coupled vibration equations [11–13].

Therefore, this study investigates the vehicle-bridge coupled dynamic response of a twin-
tower three-span cable-stayed bridge under heavy-cargo transportation, explores the dynamic
response of the bridge under special loads and its influencing factors, and lays the foundation
for subsequent research on the safety and durability of bridge structures.

2. Model establishment

2.1. Cable-stayed bridge model

This study takes the Ganxigou Bridge in Eastern Chongqing as the research subject, as
shown in Fig. 1. The main bridge has a span of 670 meters, with a span combination of
155+360+155 meters, and is a double-tower, three-span, double-cable-plane concrete cable-
stayed bridge with a fully floating structural system and a self-anchored anchorage method.
The main towers are designed in a gem-shaped concrete hollow column form, with Tower 1 at
a height of 147 meters and Tower 2 at a height of 182 meters. The bridge deck is 27.1 meters
wide, with a main beam height of 2.5 meters, and a transverse diaphragm is set every 8 meters.
There are 22 cables symmetrically arranged on each side of the central span and side span,
totaling 90 cables.
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Fig. 1. Layout of Ganxigou Bridge

This study utilizes ABAQUS for modeling the studied bridge. In the finite element model
of the bridge, the bottom of two towers and two ends of the main beam are fixed with 6 DOFs.
The main towers are modeled using B31 spatial linear beam elements, the stay cables are
modeled using T3D2 spatial linear truss elements, and the main beams and cross-diaphragms
are modeled using C3D8R eight-node linear hexahedral elements with reduced integration for
internal interpolation calculations within the elements. The established finite element model is
shown in Fig. 2. Utilizing ABAQUS, modal analysis calculations are performed on the bridge
to determine the first five vibration modes and frequencies, as shown in Fig. 3.

Fig. 2. Finite element model of Ganxigou Cable-Stayed Bridge

(a) (b) (c)

(d) (e)
Fig. 3. Illustrations of the first five vibration modes; (a) First mode ( 𝑓 = 0.285 Hz), (b) Second mode
( 𝑓 = 0.316 Hz), (c) Third mode ( 𝑓 = 0.0.323 Hz), (d) Fourth mode ( 𝑓 = 0.387 Hz), (e) Fifth mode

( 𝑓 = 0.511 Hz)
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2.2. Vehicle model

This study takes the 14-axle hydraulic flatbed trailer produced by Wanshan Company
as the research subject. The vehicle is composed of one 2-axle, two 3-axle, and one 6-axle
modular unit trucks, with an axle track of 1.6 meters and a lateral wheel track of 2.28 meters.
A schematic diagram of the vehicle is shown in Fig. 4.

Fig. 4. 14-axle hydraulic combination semi-trailer (Unit: cm)

The vehicle studied in this paper is simulated using the ABAQUS finite element software.
The vehicle body is modeled using C3D8R solid elements, and the elastic damping character-
istics of the suspension and wheels are simulated using two-point connected spring-damper
units. The specific parameters of the vehicle are shown in Table 1.

Table 1. Hydraulic flatbed semi-trailer vehicle parameters

Parameters Values Parameters Values

Rated load capacity (kg) 500000
Vehicle body pitch
moment of inertia

(kg·m2)
127982

Maximum total vehicle weight (kg) 560000 Vehicle body roll moment
of inertia (kg·m2) 23200000

Wheel weight (m) 670 First-stage spring stiffness
(N·m˘1) 2400000

External dimensions (m) 22.4×3.6×1.32 First-stage spring
damping(N·s·m˘1) 25000

Axle spacing (m) 1.6 Second-stage spring
stiffness (N·m˘1) 4400000

Taking the bridge length 𝐿 = 670 m and calculating the road step length Δ𝐿 = 0.5 𝑚, the
number of simulation calculations for the bridge road surface irregularity is N. Based on the
road power spectrum suggested by the Chinese standard (GB/T7031-2005) [14] for simulating
bridge surface irregularity, we consider road surfaces of grade C, with the geometric mean for
𝑚 lgΔ𝜎 + lg N = lg C taken as 256. Using Visual Studio 2017 with C++, a program is written
to calculate the road surface irregularity time series samples, and the resulting curves are
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shown in Fig. 5. This study employs the holistic solution method to establish the vehicle-bridge
coupled vibration equations. Compared with the non-iterative partitioned method with energy
conservation properties proposed in [15], the immediate integration method adopted in this
study maybe more accurate.

Fig. 5. Level C roughness sample curves

3. Results analysis

3.1. The influence of total vehicle weight

This section discusses the impact of vehicle load weight on the dynamic response of the
heavy-cargo vehicle-bridge coupling system. It considers the following four scenarios for the
heavy-cargo vehicle traveling at a constant speed (𝑉 = 5 m/s) on a road surface with level C
irregularity, moving in one direction and centrally located on the bridge: total vehicle and
cargo weight of 200 t (axle load of 14.3 t), 300 t (axle load of 21.4 t), 400 t (axle load of
28.6 t), and 500 t (axle load of 35.7 t). The initial vehicle weight is set to 𝑚0 = 200 t, and the
load parameter 𝑡 = 𝑚/𝑚0 is defined to discuss the changes in bridge dynamic response when
𝑡 = 1, 1.5, 2, and 2.5.

3.1.1. Dynamic response of cables

Figure 6(a) illustrates the stress variation curve of cable 𝑇22 under different total vehicle
weights. It can be observed that cable𝑇22 experiences two stress extrema (minimum point A and
maximum point B), and the stress variation at both extrema increases with the increase in load
weight. The stress variation at the minimum point A grows linearly with the increase in load, with
an increase of approximately 6.5 MPa for every additional 100 t of load. Figure 6(b) illustrates
the stress variation curve of cable 𝑍22 under different load parameters. It can be seen that cable
𝑍22 experiences three stress extrema (minimum point B and maximum points A and C).
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(a) (b)

Fig. 6. Stay cable stress variations under different load weights: (a) Cable 𝑇22; (b) Cable 𝑍22

As shown in Fig. 7(a), the stress variation of cable 𝑇22 is relatively large under different
load conditions, with the maximum stress variation reaching 50.7 MPa when 𝑡 = 2.5. Cable
𝑍22 has a smaller stress variation than cable 𝑇22 at maximum point A and minimum point
B, but there is a noticeable amplification at maximum point C. When 𝑡 = 2 and 𝑡 = 2.5, the
stress increase is very pronounced, with the stress increment increasing by 81.2% and 125.6%
compared to when 𝑡 = 1. Figure 7(b) represents that due to the increase in load weight, the
amplitude of the cable vibration exhibits nonlinear growth, and the stress peak values also
increase accordingly.

(a) (b)

Fig. 7. Parameter variation versus load weight variation: (a) Cable stress; (b) Cable vibration amplitude

The stress variation of cable 𝑇11 under different load parameters are shown in Fig. 8. As
shown in Fig. 8, the dynamic response of cable 𝑇11 closely matches the results of the static
calculation, indicating that the stress peak at the extreme point A increases approximately
linearly with load. There is a significant difference between the dynamic response and static
calculation results at the maximum point C of the cable.
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(a) (b)

(c) (d)

Fig. 8. Stress variation of cable 𝑇11: (a) 𝑡 = 1; (b) 𝑡 = 1.5; (c) 𝑡 = 2; (d) 𝑡 = 2.5

Figure 9(b) illustrates that as the load increases, the rate of change of the cable stress
vibration amplitude increases, leading to more intense stress oscillations.

(a) (b)

Fig. 9. Parameter variation of Cable 𝑇11 versus load weight variation: (a) Cable stress; (b) Cable vibration
amplitude

The stress variation curves of cable 𝑇0 under different load parameters are shown in Fig. 10.
As shown in Fig. 10, the dynamic stress response curve of cable 𝑇0 closely matches the static
results, indicating that the stress peak of cable 𝑇0 tends to increase linearly with the increase in
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load. Within the first 100 meters of vehicle travel, changes in load have a noticeable impact on
the stress oscillation amplitude of cable 𝑇0.

(a) (b)

(c) (d)

Fig. 10. Stress variation of cable 𝑇0: (a) 𝑡 = 1; (b) 𝑡 = 1.5; (c) 𝑡 = 2; (d) 𝑡 = 2.5

The maximum stress amplitude varies with the load parameter, as shown in Fig. 11. This
indicates that the stress amplitude of cable 𝑇0 is highly sensitive to load factors, and the stress
oscillation amplitude exhibits a nonlinear increase with increasing load.

Fig. 11. Maximum vibration amplitude of cable 𝑇0 stress – load variation
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3.1.2. Dynamic response of bridge tower displacement

Figure 12 illustrate the longitudinal displacement variation curves of Tower 1 and Tower 2
under different load parameters. It can be observed from the figures that as the heavy vehicle
passes over the bridge, both bridge towers exhibit a bivariate "S" shaped displacement change
with double extrema. By plotting the displacement extrema versus load parameter graphs
(Fig. 13), it is evident that the maximum displacement of both towers increases linearly with
the load parameter, and the minimum displacement of the towers decreases with the increase
in load, which can be approximated as a linear change.

(a) (b)
Fig. 12. Longitudinal displacement variation curves of the bridge towers: (a) Tower 1; (b) Tower 2

(a) (b)
Fig. 13. Displacement variation versus load variation: (a) Tower 1; (b) Tower 2

3.1.3. Dynamic response of the mid-span cross-section
Figure 14 presents the vertical displacement variation curve for the mid-span cross-section.

The maximum deflection at the mid-span cross-section (absolute value of displacement at point
B) increases linearly with the increase in load weight, with an increase of approximately 26.8 mm
in mid-span deflection for every additional 100 t of load. After the vehicle enters the bridge and
before it leaves, the mid-span cross-section moves upward, exhibiting displacement maximum
points A and C. The displacement at these points, as shown in Fig. 15, decreases in slope with the
change in load, indicating a downward trend in the rate of change with respect to load variation.
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Fig. 14. Mid-span cross-section vertical dis-
placement versus load parameter variation

Fig. 15. Variation in mid-span cross-section
displacement versus load parameter variation

3.2. The impact of vehicle speed

This section discusses the impact of vehicle speed on the dynamic response of the heavy-
cargo vehicle-bridge coupling system [16], studying the dynamic response of the bridge
under various vehicle speed scenarios. The heavy-cargo vehicle travels in one direction and
is centrally located, with a vehicle load of 400 t (axle load of 28.57 t) and a road surface
grade of C. The initial vehicle travel speed is 𝑉0 = 2.5 m/s. The travel speeds of heavy-cargo
vehicles are normally limited below 10m/s by relevant administration departments to avoid
large vibration of the bridge. Therefore, the speed parameter 𝛼 = 𝑉/𝑉0 is defined to discuss
the changes in bridge dynamic response when 𝛼 ranges from 1 to 4.

3.2.1. Dynamic response of cables
Figure 16 illustrate the stress-time curves of cables 𝑇22 and 𝑍22 under different speed

parameters. By plotting the variation of peak stresses in the stress-time history against the
speed parameter (as shown in Fig. 17(a)), it is observed that the peak stress of the stay cables
does not change significantly with speed. However, the stress vibration amplitude of the stay
cables is significantly affected by the speed, as shown in Fig. 17(b), where the stress increment
of cable 𝑍22 is greater than that of cable 𝑇22.

(a) (b)

Fig. 16. Stay cable stress variations under different speeds: (a) Cable 𝑇22; (b) Cable 𝑍22
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(a) (b)
Fig. 17. Parameter variation versus speed variation: (a) Cable stress; (b) Cable vibration amplitude

Figure 18 illustrate the stress variation curves of cable 𝑇11 under different speed parameters.
Comparing the dynamic and static stress changes, it can be observed that before the stress
minimum point B, the vibration amplitude of cable stress increases with the increase in speed,
and the stress path generally matches the static response results. After point B, the stress
variation curve of cable 𝑇11 deviates from the static calculation results. Figure 19(a) shows
the stress variation at the extremum points with respect to the speed parameter. The stress at
the minimum point A is nearly linearly related to speed changes, while the stress variation at
points B and C continues to increase. Figure 19(b) indicates that the stress vibration amplitude
of cable 𝑇11 exhibits nonlinear growth with increasing speed.

(a) (b)

(c) (d)
Fig. 18. Stress variation of cable 𝑇11: (a) 𝛼 = 1; (b) 𝛼 = 2; (c) 𝛼 = 3; (d) 𝛼 = 4
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Figure 20 present the stress variation curves of cable 𝑇0 under different speed parameters.
The dynamic response curve of 𝑇0 cable stress closely matches the static response results. The
increase in the peak stress is primarily due to the increase in the stress vibration amplitude of the
cable, with peak stresses being 661.3 MPa (𝛼 = 1) and 673.8 MPa (𝛼 = 4). Within the first 100
meters of vehicle travel, the cable stress vibrates intensely, and the stress vibration amplitude
increases with increasing speed. The variation curves of the stress vibration amplitude and
peak stress of cable 𝑇0 with speed are shown in Fig. 21, and the growth trends of both curves
are essentially the same.

(a) (b)
Fig. 19. Parameter variation of Cable 𝑇11 versus speed variation: (a) Cable stress; (b) Cable vibration

amplitude

(a) (b)

(c) (d)
Fig. 20. Stress variation of cable 𝑇0: (a) 𝛼 = 1; (b) 𝛼 = 2; (c) 𝛼 = 3; (d) 𝛼 = 4
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(a) (b)
Fig. 21. Parameter variation of Cable 𝑇0 versus speed variation: (a) Cable stress; (b) Cable vibration

amplitude

3.2.2. Dynamic response of bridge tower displacement
As shown in Figs. 22 and 23, comparing the displacement curves of Tower 1 and Tower 2, it is

found that the abscissas of the displacement extremum points of both towers significantly shift
backward with the increase of the speed parameter, indicating that an increase in speed delays the
occurrence of peak displacement of the bridge towers. When the vehicle travels to the mid-span,
the towers deflect towards the mid-span side, followed by a displacement minimum point. When
𝛼 ≥ 2, the rate of displacement changes at the extremum points C of Tower 1 and B of Tower 2
increases, which is reflected as a noticeable increase in the slope of the curves in Fig. 23.

(a) (b)
Fig. 22. Longitudinal displacement variation curves of the bridge towers: (a) Tower 1; (b) Tower 2

(a) (b)
Fig. 23. Displacement variation versus speed variation: (a) Tower 1; (b) Tower 2
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4. Conclusions
1. The peak stress of the stay cables increases linearly with the increase in load weight;

when the load weight exceeds this range (either too large or too small), the stress in the
stay cables exhibits a distinct nonlinear behavior. The vibration amplitude of cable T0 is
most affected by the load parameters compared to others.

2. The displacement of both bridge towers exhibits a bivariate "S" shaped displacement
change with double extrema, and the maximum displacement values of the towers show
a trend of linear increase with the load parameters.

3. The vehicle speed has a minimal impact on the peak stress of stay cables but a significant
influence on the cable vibration amplitude, with the growth rate of the vibration amplitude
continuously increasing as the vehicle speed increases.

4. The displacement of two bridge towers shows a positive correlation with vehicle speed
variation. The displacement peak at the second stress extremum point is significantly
larger than that at the first extremum point, and when the speed exceeds 5 m/s, the
displacement increases very rapidly with speed.
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