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A B S T R A C T   

A random traffic loading method, which is based on the actual traffic data, in vehicle-bridge interaction (VBI) 
system is presented in this paper. In this method, the number and type of vehicles are determined by the hourly 
traffic flow data. Based on the traffic flow characteristic statistics in China, the layout the traffic flow on a multi- 
lane road can be obtained by lane distribution probability of vehicles. After Monte Carlo sampling the vehicle 
gaps, the random traffic flow simulation could be carried out. By incorporating the random traffic flow into the 
precise time-integration based on VBI system, the dynamic response of the bridge under bridge operational load 
was simulated and presented here. This method has a potential feasibility for bridge’s dynamic response analysis 
and comparison with the past structural health monitoring data. Numerical results indicate that the maximum 
dynamic deflection of steel girder is in the mid-span of the suspension bridge. Whereas the side-span of the 
suspension bridge is more sensitive to the forced vibrations excited by vehicles.   

1. Introduction 

As one of the most common live loads acting on a road bridge, the 
traffic load has a significant influence on the bridge operational safety. 
This dynamic load leads to the amplification effect of the static load, 
which mainly relate to vibrations caused by the road surface roughness 
and vehicle-bridge interaction (VBI) effect, which need to be accounted 
for in the design process [1]. With the development of dynamic theories, 
modelling of the VBI system had been continuously improved. Green 
and Cebon [2] provided the dynamic solution of a bridge, which was 
simplified as a Euler-Bernoulli beam, under a ‘quarter-car’ vehicle 
model. Henchi et al., [3] presented a solution of the dynamic interaction 
between bridge and vehicles as a the three-dimensional system. With the 
application of modal superposition technique and finite element 
method, the dynamic interaction research works [4–6] on more complex 
bridge models have continued. 

Research developments in bridge modeling for VBI mean that the 
loading process can be better simulated. Zhu and Law [7] showed that 
the dynamic responses are larger close to the path of moving vehicle, 
which means the transverse vehicle position will directly affect the 
bridge response. Considering multi-lane bridges, Zhou et al., [8] and 
Zhou et al., [9] showed the differences loading effects on number of 

lanes, lane selection and vehicles axle configurations in vehicle-bridge 
interaction research. Compared to complex 3D bridge models [10], 
single-beam bridge models can only consider symmetrical vehicle loads, 
neglecting lateral load distribution. 

Existing research on VBI mainly focused on the bridge characteristics 
[5,6,10–12] and impact of vehicle behavior [13,14]. In such research, 
the traffic flow design is relatively simple, generally considering the case 
of one vehicle crossing the bridge. Whereas for study of VBI with com
plex traffic flow [15,16], the type of vehicle or bridge is relatively 
simple. In addition, the dynamic partitioning method [17], impact co
efficient analysis [18] and three-mass vehicle model analysis [19] for 
vehicle-bridge interaction problem are also the common research scope, 
but the research objects are mainly simple bridges. 

To analyze the dynamic response characteristics of bridges under 
operating loads, the design of random traffic flow and loading methods 
of highway vehicle loads should be researched. Based on the vehicle 
types in China and the traffic flow data of Runyang bridge, a random 
traffic loading method was designed for VBI analysis of dynamic 
response of the suspension bridge. By the way, three types of multi- 
vehicle traffic loads were obtained by studying traffic data, while the 
vehicle lateral distribution was designed according to characteristic 
distribution of vehicles on different lanes in China. The vehicle gaps 
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were sampled by Monte Carlo method based on these distributions, then 
precise time-integration VBI [20] system was applied for the dynamic 
response analysis. 

2. The vehicle model 

2.1. The classifications of vehicle load 

Based on the China General Design Specification for Highway 
Bridges and Culverts [21], traffic model research [22,23] and the traffic 
flow data provided by Runyang bridge toll station, the classifications of 
vehicle model could be described in terms of vehicle axle spacing, lateral 
tyre spacing, and the type, weight, proportion of vehicles as shown in 
Table 1. 

The vehicle type in the traffic flow data is defined based on rules of 
vehicle classification used for highway tolls [24]. Then, the 13 types of 
vehicles in Table 1 were finally combined into five vehicle models as 
shown in Table 2. 

2.2. The vehicle modal parameters 

A three-dimensional vehicle comprised by a mass body and vehicle 
suspension system is shown in the Fig. 1, which takes the M5 vehicle 
model as an example. The mass interfaces the bridge surface through 
spring-dashpot systems, which consist of a suspension mass, represent
ing the combined masses of the wheel and suspension assemblies, and 
the spring-dashpot of suspension and wheel, respectively. The vehicle 
model parameters were derived from literatures [22,23,25–27] covering 
vehicle modelling and relevant Chinese bridge design codes [21,24,28]. 
The barycenter of vehicle model was obtained by the axle weight detail 
and the wheelbase. These similar vehicle models are widely used in the 
references [6,10,12] and are considered to represent accurately vehicle- 
bridge interaction [27]. The parameters of M5 vehicle model in Fig. 1 

were explained as follows. Kvi, Kti (i = 1 ~ 10) are the stiffness of the 
vehicle suspension and wheel respectively. Cvi, Cti (i = 1 ~ 10) are the 
damping of the vehicle suspension and wheel respectively. Mv is the 
mass of vehicle body. Ip and Ir are the mass moment of inertia for pitch 
and rollover respectively. mi (i = 1 ~ 10) are the combined masses of the 
suspension assemblies and vehicle wheel. aj (j = 1 ~ 10) are the distance 
between wheel and vehicle barycenter. b1 and b2 are the horizontal 
distance between axle and vehicle barycenter. The parameters for five 
different vehicle models are given in Table 3-Table 5. 

3. The random traffic flow distribution based on actual traffic 
conditions 

3.1. Traffic volume analysis based on Daily traffic flow of Runyang bridge 

The traffic volume detail in the random traffic flow design was ob
tained from the hourly traffic flow data of Runyang bridge in 2009, 
which provided by Runyang bridge toll station, classified based on 
Table 2. According to this data from December 3rd to December 9th in 
2009, it was found that the hourly traffic volume of every vehicle type 
shows a regular distribution. Taking the hourly traffic data on December 
3rd as an example (as shown in Fig. 2), each bar represents the traffic 
volume of one vehicle type in one hour, and the curve represents the 
total volume of traffic flow in one hour. The volume variations of M1, 
M2 and M3 vehicles were similar, and the traffic density of these vehi
cles was relatively high between 7:00 to 22:00 during a day. The M1 
vehicles were most common in the daytime, and the largest hourly 
traffic volume in a day exceeded 2000. For the heavy vehicles, such as 
M4 and M5, their high traffic densities are mainly concentrated between 
0:00 to 5:00 and 16:00 to 24:00. Since the traffic flow changed regularly 
with time, hourly traffic volume was used in traffic distribution design. 
Three typical hourly traffic volumes, which were the average traffic 
volume during the day, the largest total traffic volume (during 16:00 to 
17:00) and the largest traffic volume of heavy vehicles (during 22:00 to 
23:00), were selected as the loading cases in VBI dynamic response 
analysis. Three typical traffic volumes were selected as shown in 
Table 6. The traffic volumes at 16:00–17:00 is the largest, but the vehicle 
M1 accounted for about two-thirds, while the heavy vehicle (M4 and M5 
vehicle models) volumes at 22:00–23:00 increased significantly 
compared to 16:00–17:00. 

3.2. Plane distribution analysis of random traffic flow 

Runyang suspension bridge is a two-way six-lane bridge (as shown in 
Fig. 3). The design of random traffic flow should mainly focus on the 
lane selection and the vehicle gaps. The overtaking and lane changing of 
vehicles are ignored in random traffic flow design because of the low 
traffic density. Based on the traffic volume statistics at the entrance and 
exit of the bridge toll station, the proportion of two-way traffic flow is 
obtained as shown in the Fig. 4. 

As shown in Fig. 4, it could be found that the proportion of traffic 
volume at the entrance and exit is almost equal. Therefore, it was 
assumed that traffic volume of the bridge was the same in both 

Table 1 
The classifications of traffic flow on Runyang Bridge.  

Vehicle 
Label 

Vehicle 
Type 

Axles 
& 
tyres 
Group 

Average 
Weight 

Proportion Lateral 
tyre 
Spacing 

Axle 
Spacing 

V1 Car 2 + 2 19kN  48.68 % 1.5 m 2.75 m 
V2 Van 2 + 2 50kN  1.93 % 1.9 m 3.18 m 
V3 Bus 2 + 4 115kN  4.09 % 1.9 m 4.2 m 
V4 Bus 2 + 4 185kN  7.05 % 1.9 m 5.8 m 
V5 Truck 2 + 2 17kN  2.41 % 1.5 m 2.3 m 
V6 Truck 2 + 2 47kN  8.3 % 1.9 m 3.2 m 
V7 Truck 2 + 4 98kN  4.4 % 1.9 m 4.3 m 
V8 Truck 2 + 4 150kN  16.46 % 1.9 m 5.1 m 
V9 Truck 2 + 4 

+ 4 
280kN  1.04 % 1.9 m 4.85 m +

1.5 m 
V10 Truck & 

trailer 
2 + 4 
+ 4 +
4 

370kN  0.58 % 1.9 m 3.6 m +
8.5 m +
1.32 m 

V11 Truck & 
trailer 

2 + 2 
+ 4 +
4 + 4 

460kN  2.11 % 1.9 m 3.1 m +
1.5 m +
8.5 m +
1.32 m 

V12 Truck & 
trailer 

2 + 4 
+ 4 +
4 + 4 

460kN  1.2 % 1.9 m 3.6 m +
7.26 m +
1.32 m +
1.32 m 

V13 Truck & 
trailer 

2 + 2 
+ 4 +
4 + 4 
+ 4 

520kN  1.75 % 1.9 m 3.1 m +
1.5 m +
7.26 m +
1.32 m +
1.32 m 

Note: 1. The axle spacing is the distance between adjacent axles. 2. Due to the 
lack of vehicle weight in the data provided by the Runyang bridge toll station, 
the average vehicle weights in this paper are based on the weight data in the 
references[22,25] of traffic flow statistics in China. 

Table 2 
The vehicle classification in Runyang bridge VBI system.  

Vehicle 
Models 

Axles & 
tyres 
Group 

Lateral 
tyre 
Spacing 

Axle Spacing Average 
Weight 

The Vehicle 
Labels 
included 

M1 2 + 2 1.5 m 2.75 m 19kN V1,V5 
M2 2 + 2 1.9 m 3.2 m 48kN V2,V6 
M3 2 + 4 1.9 m 4.3 m 107kN V3,V7 
M4 2 + 4 1.9 m 5.1 m 160kN V4,V8 
M5 2 + 2 +

4 + 4 +
4 

1.5 m 3.1 m + 1.5 
m + 8.5 m +
1.32 m 

440kN V9,V10, 
V11,V12, 
V13  
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directions. Then, based on the investigation about the vehicle distribu
tion characteristics in China [8,9,29] and the traffic volume assumption 
in two-way directions, a three-lane road model was selected in the 
vehicle lanes distribution analysis. The probability of lanes selection for 
different vehicle types based on the three-lane traffic model in China is 
shown in Fig. 5. 

Based on the lane division of Runyang bridge, the statistics of lane 
selection characteristics of different vehicle models have the following 
characteristics: 

1. M1 vehicles, which account for the most part of traffic volume, 
mainly drove in the inner two lanes. 

2. M2 vehicles were mainly driven in the two outer lanes. 
3. The midsize vehicles M3 and heavy vehicles M4, M5 preferred to 

Fig. 1. M5 vehicle model sketch (13-degree of freedoms), (a) side view, (b) section A-A.  

Table 3 
the parameter of proposed Chinese vehicle models.  

Vehicle 
Model 

Vehicle 
body 
mass (kg) 

Pitch 
moment of 
inertia 
(kg⋅m2) 

rollover 
moment of 
inertia 
(kg⋅m2) 

Axle Mass of 
suspension 
assemblies & 
tyre 

M1 1139 2122.2 641 Front 200 
Rear 200 

M2 3327 5656 1291 Front 340 
Rear 445 

M3 8559 15,406 2825 Front 500 
Rear 680 

M4 13,327 28,845 3598 Front 700 
Rear 800 

M5 36,300 229,444 35,235 Front 700 
Middle 1000 
Rear 800 

Note: The middle axle mass of suspension assemblies & tyre including m2, m3, 
m7 and m8. The rear axle mass of suspension assemblies & tyre including m4, m5, 
m9 and m10. 

Table 4 
Geometric parameters of proposed Chinese vehicle models.  

Vehicle Model parameter Value (m) parameter Value (m) 

M1 a1  1.447 b1 0.75 
a2  1.303 b2 0.75 

M2 a1  1.867 b1 0.95 
a2  1.333 b2 0.95 

M3 a1  2.693 b1 0.95 
a2  1.607 b2 0.95 

M4 a1  2.550 b1 0.95 
a2  2.550 b2 0.95 

M5 a1  8.15 b1 0.95 
a2  5.05 
a3  3.55 b2 0.95 
a4  4.95 
a5  6.25  

Table 5 
Stiffnesses and damping of the proposed Chinese vehicle model.  

vehicle 
parameter 

Front 
axles 

Middle 
axles 

Rear 
axles 

Front 
tyre 

Middle 
tyre 

Rear 
tyre 

M1 stiffness 
(kN⋅m− 1) 

251.9 – 251.9 240 – 240 

M2 stiffness 
(kN⋅m− 1) 

300 – 350 500 – 500 

M3 stiffness 
(kN⋅m− 1) 

300 – 500 500 – 500 

M4 stiffness 
(kN⋅m− 1) 

350 – 650 500 – 750 

M5 stiffness 
(kN⋅m− 1) 

400 1000 750 1750 3500 3500 

M1 damping 
(kN⋅s⋅m− 1) 

3 – 3 2 – 2 

M2 damping 
(kN⋅s⋅m− 1) 

3 – 3 3 – 3 

M3 damping 
(kN⋅s⋅m− 1) 

3 – 3 3 – 3 

M4 damping 
(kN⋅s⋅m− 1) 

5 – 5 5 – 5 

M5 damping 
(kN⋅s⋅m− 1) 

10 10 10 10 0 0  
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drive in the outermost lane rather than driven in the middle lane, and 
almost none of these vehicles were driven in the innermost lane. 

The lane selection significantly affects the traffic flow composition of 
every lane, which in return affects the lanes loads and their load re
sponses [9]. 

Another key factor of random traffic flow design is the vehicles gap. 
The stochastic process model researches of vehicle loads [23,30] and the 
traffic distribution surveys in China [31] show that vehicle gap proba
bility distribution could be described by lognormal distribution or 
Weibull distribution. Due to lack the vehicle gap survey of Runyang 
Bridge, the vehicle gap data for highway bridges in Jiangsu province 
[31,32], where Runyang Bridge is located, was referred in this distri
bution analysis of random traffic flow. Based on the vehicle gap prob
ability distribution of Xinyi River Bridge, the lognormal distribution (as 
shown in Eq.(1)) was chosen to describe the vehicle gap. 

f (x) =
1
̅̅̅̅̅
2π

√
σx

exp[−
(lnx − μ)2

2σ2 ] (1) 

By fitting the vehicle gap probability distribution on different lanes 
of the highway bridge in Jiangsu province, the parameters of the 
lognormal distribution were estimated as:μ̂ = 4.929446,σ̂ = 0.985583. 

3.3. The generation process of random traffic flow 

The random traffic flow needs to satisfy the following assumptions: 
1. In vehicle models, constant vehicle speed, wheel-bridge contact at 

one single point, vertical vehicle forces and linear stiffness and damping 
elements are assumed. 

2. In good traffic condition, no traffic jams. 
3. Vehicles do not change lanes and overtake others. 
In addition, it takes about 54 s to pass the Runyang Bridge at the 

speed of 100 km/h. After considering the continuity of the traffic flow 

Fig. 2. Hourly traffic volume detail on Dec 3rd in 2009.  

Table 6 
Three typical traffic volumes of vehicles.  

Vehicle 
Model 

Traffic Volumes at 
16:00–17:00 (Case1) 

Traffic Volumes at 
22:00–23:00 (Case2) 

Average Daily 
Traffic Volumes 
(Case3) 

M1 2031 404 988 
M2 278 128 198 
M3 248 115 164 
M4 393 582 455 
M5 86 207 129 
SUM 3036 1256 1934  

Fig. 3. Lane division cross section of Runyang suspension bridge.  

Fig. 4. The proportion of traffic volume at the entrance and exit of the Runyang 
bridge toll station. 

Fig. 5. Vehicles distribution proportion on different lanes.  
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and the computational effort in VBI system, 5 min, which is 5 times as 
long as the vehicle was driven cross the bridge, was determined as the 
traffic flow loading time. Based on this loading time and the traffic 
density, the traffic volumes for different vehicle models in three loading 
cases are shown in Table 7. 

After determining the traffic volume for each loading case, the se
lection of lanes, the sequence of vehicles entering the bridge and the 
distance between vehicles are randomly sampled by Matlab to generate 
the random traffic flow. The generation process is shown in Fig. 6. 

4. The introduction of Runyang bridge and VBI system 

4.1. The finite element model and modal parameters of Runyang 
suspension bridge 

The Runyang bridge system, which was opened to traffic in 2005, 
crosses the Yangtze River and connects the two cities of Yangzhou and 
Zhenjiang in Jiangsu Province. This bridge system is composed of one 
suspension bridge and one cable-stayed bridge. The Runyang suspension 
bridge is a double tower and three-span steel box girder bridge with the 
span layout of 470 m + 1490 m + 470 m [33]. The width and height of 
the streamlined steel box girder are 36.3 m and 3.0 m respectively. The 
configuration of Runyang suspension bridge is shown in Fig. 7. 

As shown in the cross section of the box girder, the thickness and 
spacing of each part of the main girder is as follows: The thickness is 14 
mm at the box girder roof, 12 mm at girder edge plate, 10 mm at the box 
girder bottom plate, and 6 mm at U-shaped stiffener plate. The widths of 
the U-shaped stiffeners located at the girder roof are 300 mm at the top 
and 169.3 mm at the bottom. The height is 280 mm, and there are 
spaced at 600 mm centers. The wide of U-shaped stiffeners, which 
located at bottom of the girder, are 180 mm at the top and 400 mm at the 
bottom. The height is 250 mm, and their spacing is 900 mm. The 
thickness of the box girder diaphragm is 10 mm, and their spacing is 
3.22 m. The elasticity modulus of steel and is 2.1*105MPa. 

The concrete elastic modulus of the bridge tower is 3.45*104MPa. 
The tower height is 207.58 m, and the tower beams are set at the heights 
of 41.45 m, 141.3 m and 197.58 m respectively. The section size of the 
column decreases from bottom of the tower to top. Since this study 
concentrated on the vehicle-bridge interaction response of the main 
girder, the bridge tower cross size is simplified to three different sections 
in the analysis. The detail of tower parameters is shown in the Table 8. 
And the parameters of main cable and suspenders are shown in Table 9. 

The finite element model of Runyang suspension bridge was built in 
ANSYS. The main girder of bridge, bridge tower, main cable and sus
penders were modeled by SHELL63, BEAM4, and LINK10 elements 
respectively. To perform the vehicle-bridge interaction analysis, the 
modal parameters of the bridge are required. For comparing the dif
ference between the finite element bridge model and the actual struc
ture, the first eight vibration modes obtained by simulation and 
measurement [33,34] are presented in the Table 10. The frequencies are 
well matched. 

4.2. The description of VBI system and road surface roughness 

Based on the vehicle-bridge interaction system [35] proposed by the 

author and since response would remain in the linear range, modal su
perposition was applied to reduce the computation in the vehicle-bridge 
dynamic analysis. The modal parameters, such as mass, stiffness and 
damping, could be obtained from the unity scaled vertical mode shapes 
of structure, and the vehicle motion equation of the bridge and vehicle 
are shown in the Eq.(2)-Eq.(3). 

1
DMX2

r

[{

ξ̈b

}

+
(
α + βω2

r

)
{

ξ̇b

}

+ ω2
r{ξb}

]

=
[
ϕi,r

]T
{Fb} (2)  

[Mv]⋅
{

d̈v

}

+ [Cv]⋅
{

ḋv

}

+ [Kv]⋅{dv} = − {FG}+{Fv− b} (3) 

where
{

ξ̈b

}

,
{

ξ̇b

}

,{ξb} are the bridge normal coordinates corre

sponding acceleration, velocity and displacement vector; {Fb} is forces 
vector of the bridge; α and β are the Rayleigh damping coefficients; ωr is 
the mode frequency of structure; 

{
ϕi,r

}
is rth unity scaling mode shape of 

the bridge at node i; DMXr is the maximum value of normalized mode 
shape;[Mv],[Cv],[Kv] are the vehicle structural matrices of mass, damping 

and stiffness, respectively; 
{

d̈v

}

,

{

ḋv

}

, {dv} are the vertical accelera

tion, velocity and displacement vector of vehicle model; {FG} is the 
gravity load of vehicle; {Fv-b} is the interaction force between the bridge 
and vehicle.. 

When a vehicle is present on the bridge, the interaction force be
tween jth wheel and bridge is: 

Fj
v− b = − Fj

b− v = − Ktj⋅Δj − Ctj⋅Δ̇j (j = 1, 2, 3...) (4)  

Δj = dtj − db contactj − rj(x), Δ̇j = ḋtj − ḋb contactj − ṙj(x) (5) 

where Fj
v− b and Fj

b− v are the vehicl loads acting on the bridge and 
bridge reaction loads acting on the vehicle respectively; Δj and Δ̇j are the 
relative vertical displacement and velocity between the jth wheels and 
bridge respectively; Ktj and Ctj are the stiffness and damping of wheels; 
dtj and ḋtj are the vertical displacement and velocity of jth wheel; db contactj 

and ḋb contactj are vertical displacement and velocity of bridge at jth 
wheel; rj(x) road surface roughness under jth wheels. 

In FE structure dynamic analysis, db_contact could be obtained by using 
the bridge shape function equation, which is based on the interaction 
load between jth vehicle wheels and bridge, and the bridge finite 
element structure node displacement. 

db contactj =
[
Nj

b

]
⋅{db} (6) 

where 
[
Nj

b

]
is the bridge shape function under jth wheel; {db} is the 

equivalent node displacement of bridge finite element model. 
Based on the modal correlation factor [35], the first 50 modes related 

to deck vibration participate in the VBI operation, which have a good 
performance in VBI simulation. 

Since the traffic data in this analysis was three years after the bridge 
opened to traffic, the degree of the road surface roughness is assumed as 
grade A, based on the relevant code [36] in China. The distribution of 
the road surface roughness can be represented by a periodic modulated 
random process [37]. The road surface roughness function d(x) in the 
time domain can be simulated by the spectral representation method for 
the displacement power spectral density (PSD) of the road surface 
roughnessGd(fi), which is given in the code [36] via Eq.(7) [3]. 

d(x) =
∑N

i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4Gd(fi)Δf

√
cos(2πfix + θi) (7)  

where fi is the spatial frequency, Δf is the spatial frequency distance 
interval between successive ordinates of the surface profile, and θi is a 
set of independent random phase angle uniformly distributed between 
0 and2π. Then the road surface roughness can be obtained such as shown 

Table 7 
Traffic volume of different vehicles whin load time.  

Vehicle Model Case1 Case2 Case3 

M1 170 34 83 
M2 24 11 17 
M3 21 10 14 
M4 33 49 38 
M5 8 18 11 

Note: Data is rounded up. 
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in Fig. 8. 

5. Result 

5.1. The dynamic response of Runyang bridge 

Based on the analysis of vehicle-bridge interaction, the dynamic 
response of bridge was obtained. To verify the bridge response, the 
maximum acceleration at the measuring point of Runyang bridge was 
compared with response of the bridge recorded by the structural health 
monitoring (SHM) data, which is shown in the Fig. 9. Based on the 
modal analysis of Runyang bridge [38], the first 40 modes frequencies of 
Runyang bridge are within 1 Hz. Since the SHM data contain signal 
noise, the SHM data was low pass filtered with the threshold of 1 Hz. 

As shown in Fig. 9, the maximum acceleration from the SHM data is 
slightly larger than that obtained from the VBI system simulation. 
However, the three cases have similar maximum acceleration variation 
along the bridge direction. The maximum value of acceleration is 
simulated for the 1/8-span position while the acceleration at 1/2-span is 
relatively smaller compared to other spanwise location. The values at 1/ 
4-span and 3/8-span are similar. Thus, the dynamic responses of Run
yang bridge obtained by the VBI system have reference value compared 
with the actual cases. 

The displacement time histories at 1/2-span for three cases are 
shown in Fig. 10 with the maximum displacement of Runyang suspen
sion bridge under the action of traffic load being 0.28 m. In Case1, the 

Fig. 6. The flow chart of random traffic flow generation.  

Fig. 7. Configuration of Runyang suspension bridge: (a) bridge schematic; (b) cross section of steel box girder.  

Table 8 
The tower parameters detail of Runyang suspension bridge.  

Structural 
component 

Area 
(m2) 

Bending 
moment of 
inertia Iz (m4) 

Bending 
moment of 
inertia Iy (m4) 

Anti-torsional 
moment of 
inertia Ix (m4) 

Upper 
column  

28.7835  145.9248  371.5682  305.3238 

Middle 
column  

36.2809  172.2066  570.0485  399.2019 

Bottom 
column  

65.1729  224.4254  932.1290  487.2490 

Upper beam  24.0640  243.8944  214.8489  338.9762 
Middle beam  25.3920  306.2156  232.1306  392.8676 
Bottom beam  34.2880  589.6408  469.7628  772.3233  

Table 9 
main cable and suspenders parameters of Runyang suspension bridge.  

Structural component Parameters Value 

Main Cable Area (m2)  0.5155 
Elasticity modulus (MPa)  2.0*105 

Density (kg/m3)  7.86*103 

Suspenders Area (m2)  4.28*10-3 

Elasticity modulus (MPa)  2.0*105 

Density (kg/m3)  7.21*103  
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number of vehicles is the largest, but the maximum displacement only 
occurs when the heavy vehicles, such as M4 and M5 vehicle are on the 
bridge. The total number of vehicles is the least, but the number of heavy 
vehicles is the largest in Case2. In this Case, the bridge displacement 
fluctuation is the most severe. The bridge displacement in Case3 is 

between the first two. Comparing the displacement time histories in the 
three cases, the bridge displacement is more sensitive to the volume of 
heavy vehicles rather than other factors, such as the volume of total 
traffic flow. Thus, the displacement responses at the key points of the 

Table 10 
Vibration modes and natural frequencies of Runyang suspension bridge.  

Order Mode shape Calculated frequency (Hz) Measured frequency (Hz) 

LS1 

1st symmetric lateral bending  

0.0606  0.0634 

VS1 

1st symmetric vertical bending  

0.1254  0.1227 

VA1 

1st asymmetric vertical bending  

0.1439  0.1440 

LA2 

1st asymmetric lateral bending  

0.1516  – 

VS2 

2nd symmetric vertical bending  

0.1667  0.1635 

VA2 

2nd asymmetric vertical bending  

0.1888  0.1892 

VS3 

3rd symmetric vertical bending  

0.2414  – 

TS1 

1st symmetric torsion    

0.2648  0.2423  

Fig. 8. The road surface roughness of Runyang bridge.  
Fig. 9. The comparation of max acceleration between simulation and 
SHM data. 
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bridge in Case2 are shown in Fig. 11. 
For the displacement response of Case2, the maximum displacement 

occurs at the 1/2-span of the bridge. However, the maximum displace
ment at 3/8-span is also significant. To compare the displacement at 
different bridge locations in different loading cases, the maximum dis
placements at different bridge locations for three loading cases are 
presented in Table 11. And the displacement values are ‘unity scaled’ by 
the maximum displacement at 1/2 span in Case3. As shown in Table 11, 
it can be found that the maximum displacement at 3/8-span of bridge is 
close to that at the 1/2-span of bridge in three loading cases, especially 
in Case2, which has the largest number of heavy vehicles. What more, 
the displacement at 1/4 span of the bridge is affected by the traffic 
density and the volume of heavy vehicles at the same time. Because 
there is highest traffic density in Case1, and there is largest volume of 
heavy vehicle in Case2. 

5.2. Vibration frequency analysis 

Based on the dynamic response analysis, the case2, which has the 
largest displacement response, was selected for the vibration frequency 
analysis. According to modal analysis of Runyang suspension bridge 
models [38], the frequency band within 0 Hz to 1 Hz was selected in the 

bridge natural frequency analysis. 
Since the load cases are all obtained by random sampling, the ac

celeration time history is satisfied the ergodic assumption. The power 
spectral densities (PSD) of acceleration within bridge’s natural fre
quency at 1/8-span, 1/4-span, 3/8-span and 1/2-span of Runyang sus
pension bridge are shown as Fig. 12 to Fig. 15 respectively. 

As shown in Fig. 12 to Fig. 15, the vibration frequency of Runyang 
suspension bridge in VBI analysis is mainly concentrated between 0 Hz 
and 0.5 Hz. Comparing the acceleration PSD distribution at different 
locations of bridge, it can be found that the vibration at the side span of 
bridge is more affected by the high modes, whose frequency are within 
0.2 Hz to 0.5 Hz. However, the influence of low modes on bridge vi
bration increases when the location is close to 1/2-span. In the PSD 
distribution at 1/2-span, the modes frequencies of VS1, VS2, VA2, VS3 
can be clearly identified from the amplitude peak of acceleration PSD. 

Since VBI process is a forced vibration of bridge excited by vehicles. 
The excited frequencies of vehicles are mainly comprised by vehicle 
body-bounce frequencies and vehicle axle-hop frequencies, which are 
always distributed between 2 Hz and 5 Hz and 10 Hz to 15 Hz respec
tively. Thus, the acceleration PSD distribution between 1.5 Hz and 16 Hz 
at 1/8-span, 1/4-span, 3/8-span and 1/2-span of Runyang suspension 
bridge are shown as Fig. 16 to Fig. 19 respectively. 

In the Case2, the vehicles’ body-bounce frequencies and axle-hop 
frequencies are mainly between 2 Hz and 3.5 Hz and 8 Hz to 14 Hz 
respectively. Comparing the Fig. 16 to Fig. 19, it can be found that the 
PSD amplitude excited by axle-hop at different locations of bridge are 
similar, however the fluctuation of PSD amplitudes excited by vehicles’ 
body-bounce at different locations is significant. The amplitude of PSD 
excited by vehicles’ body-bounce decreases gradually from 1/8-span to 
1/2-span of the bridge, which means the bridge forced vibration caused 
by the vehicle body-bounce have obvious regional sensitivity. Such 
forced vibration has much greater influence on side-span of bridge more 
than on the mid-span of the bridge. 

Fig. 10. The displacement time histories of 1/2-span in three cases.  

Fig. 11. The displacement time histories along the Runyang suspension bridge 
in Case2. 

Table 11 
Maximum displacement proportion at different bridge locations for three 
loading cases.   

1/8-span 1/4-span 3/8-span 1/2-span 

Case1  0.6005  0.8263  0.7717 0.9495 
Case2  0.6776  0.8728  0.9911 1.0784 
Case3  0.6525  0.6561  0.8450 1  

Fig. 12. The PSD of acceleration time history within 0 Hz to 1 Hz at 1/8-span.  
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Fig. 13. The PSD of acceleration time history 0 Hz to 1 Hz at 1/4-span.  

Fig. 14. The PSD of acceleration time history 0 Hz to 1 Hz at 3/8-span.  

Fig. 15. The PSD of acceleration time history 0 Hz to 1 Hz at 1/2-span.  

Fig. 16. The PSD of acceleration time history within 1.5 Hz to 16 Hz at 1/ 
8-span. 

Fig. 17. The PSD of acceleration time history within 1.5 Hz to 16 Hz at 1/ 
4-span. 

Fig. 18. The PSD of acceleration time history within 1.5 Hz to 16 Hz at 3/ 
8-span. 
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6. Conclusion 

This study presents a methodology to numerically simulate the VBI 
process for a long-span suspension bridge under the action of random 
traffic load in the linear range. The simulation was based on the precise 
time-integration linear VBI method [35], and the road surface roughness 
was in consideration. In random traffic flow design, traffic volume was 
obtained by the statistical traffic data from highway tolls station. The 
vehicles’ sequence and gaps were sampled based on the traffic distri
bution surveys. According to the characteristics of traffic flow in a day, 
three typical loading cases was applied in the VBI dynamic response 
analysis. From the simulation process and numerical analysis per
formed, the following conclusions can be drawn:  

1) To realize multi-lane loading of traffic flow, SHELL63, BEAM4, and 
LINK10 elements was applied in the finite element modeling of 
Runyang suspension bridge to consider the main girder, bridge 
towers, cables, and suspenders respectively. The modal analysis re
sults showed that the bridge model and the actual bridge were well 
matched.  

2) Comparing the max acceleration between simulation results and 
SHM data, the maximum acceleration obtained from SHM data was 
slightly larger than that simulated in VBI system at different bridge 
locations. However, the variation trend of maximum acceleration 
from 1/8-span to 1/2 span of bridge was similar.  

3) The VBI analysis of displacement response indicated that the 
displacement response of Runyang suspension bridge was most 
sensitive to the traffic volume of heavy vehicles, such as M4 and M5 
type vehicles, rather than other influence factor such as total volume 
of traffic. 1/2-span of the bridge was the location where the 
maximum displacement occurred. 3/8-span of bridge was another 
vulnerable location when heavy vehicles crossed the bridge, as the 
maximum displacement at this location reached 92 % of the 
maximum displacement at 1/2-span in Case2. The maximum 
displacement at 1/4-span of the bridge showed a high sensitivity 
both to the total volume traffic flow and the volume of heavy 
vehicles.  

4) In the analysis of bridge’s natural frequencies, the modes frequencies 
of VS1, VS2, VA2, VS3 could be clearly identified from the amplitude 
peak in the acceleration PSD distribution at 1/2-span of bridge. In 
the vehicle induced forced vibration analysis, the influence of vehicle 
body-bounce excited forced vibration was decreases gradually from 
1/8-span to 1/2-span of the bridge. 
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