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Optimization of Vehicle-Induced Vibration and
Structure-borne Noise of Bridge Based on Computing

Pei Wang and Yong Ding

Abstract—The structure-borne noise of the bridge is an
environmental pollution in the city. In this paper, the vibration
and sound radiation of the highway bridge are analyzed by
numerical method, experimental verification is carried out, and
the optimization measures are proposed. Firstly, the finite
element method for the vibration of the hinged-beam bridge
under the action of vehicle is proposed. Secondly, the boundary
element method is used to calculate the acoustic radiation caused
by the structural vibration of the bridge. Thirdly, the reliability
of the above computational method is verified by the experiment
on a practical bridge. Finally, the measures to control the
vibration and noise of bridge are proposed, and the effects are
evaluated numerically based on the current method. The results
show that strengthening the lateral connection of beams in
bridge and reducing the roughness of bridge deck are effective
ways to decrease the structure-borne noise of bridge.

Index Terms—Highway bridge, vibration, structure-borne
noise, finite element method, boundary element method.

. INTRODUCTION

When the vehicle travels through the bridge, it will arouse
vibration and structure-borne low-frequency noise of the
bridge. This noise has become an important part of
environmental pollution, that not only harms the health of
residents around the bridge [1], [2], but also affects the
survival and reproduction of wild animals [3]. Therefore, it is
necessary to analyze the mechanism of vibration and noise of
the bridge structure and try to reduce this noise.

Many studies have been performed on the vibration and
noise radiation of bridge structures. Goromaru et al. [4]
studied the vibration and low-frequency noise of a simple
truss structure under a simple vehicle model. Bewes [5] used
the Statistical Energy Method (SEA) to calculate the railway
bridge noise, in which the predicted noise above 200 Hz
agrees with the measurement, but that below 200 Hz has a
large deviation. Au et al. [6] presented a theoretical solution
to analyze the acoustic radiation of simple bridge structure
under moving loads. The above work shows that the
theoretical solution of structure-borne noise is not suitable for
complex structures, and the statistical energy method is fitted
for the prediction of low-frequency noise of bridge.

In recent years, Song et al. [7] analyzed structural noise of
urban-rail-transit bridges by using finite element method
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(FEM) for structural vibration, and boundary element method
(BEM) for structure-borne noise. Li et al. [8] and Zhang et al.
[9] also used these methods to calculate the structure-borne
noise of high-speed railway bridges. Their calculations were
in good agreement with the experimental results. The above
works are all for railway bridges, and the computational
research for highway bridges is rare [10]. There are much
more highway bridges than railway bridges. The noise of
highway bridges in cities has a greater impact on the
surrounding people. Therefore, it is necessary to study and
analyze the vibration and noise of highway bridges.

With these background in mind, the vehicle-induced
vibration and structure-borne sound radiation of hinged-beam
bridge, a typical highway bridge, are analyzed by computing.
The results are verified by the experiment. By using the
numerical simulation, the ways to reduce the vehicle-induced
vibration of bridge and structure-borne noise of highway
bridges are discussed.

Il.  FINITE ELEMENT METHOD FOR BRIDGE VIBRATION

The finite element method is adopted for the analysis of
bridge vibration. Not only the bridge, but also the vehicle is
modeled by FEM, that makes the analytical system flexible.
The finite element model of the vehicle-bridge system is
shown in Fig. 1.

(b) Perspective view

Fig. 1. FEM model of vehicle-bridge system.
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The vehicle is a typical three-axle truck [11], and the finite
element model consists of 37 elements, of which 6 distributed
spring-damper elements [11] in contact with the bridge
represent tires, others are ordinary spring-damper element,
concentrated mass element and rigid beam element [12]. The
parameters of the vehicle model are shown in Table I.

TABLE I: PARAMETERS OF THE VEHICLE [11]

ma1(Kg) 27507  ka(kN/m) 1200 c1(KN.s/m) 6.0
ma(Kg) 3595  ka(kN/m) 2400 cokNs/m)  10.0
ms3(Kg) 160 ks(kN/m) 2200 c3(kN.s/m) 12.0
ma(Kg) 5425  ke(kN/m) 4800  cakNs/m)  20.0
ms(Kg) 595.5 ks(KN/m) 2200 cs(kN.s/m) 12.0
T2(m) 13 ke(KN/m) 4800  ce(kN.s/m)  20.0
I(m) 35 ba(Kgm?) 69200  ha(m) 043
Ia(m) 065  Ja(Kgm? 19600  ha(m) 177
la(m) 091 Jo(Kgmd 226  hsm) 0.7
Is(m) 1.8

After assembling, the global finite element equation for the
vehicle is obtained.

MVUV + CVlJV + KVUV = FV (t) (2)

where U, , u,, u, are the nodal acceleration, velocity and

displacement vectors of vehicle model, respectively; M, C,
and K, are the mass, damping and stiffness matrices,
respectively; F, is the load vector for the vehicle at time t .
The bridge is a hinged-beam bridge, the finite element
model of which are shown in Fig. 1. The Euler-Bernoulli
beam element is adopted for the bridge model, on which the
load of the vehicle is applied. The hinge node is used to
connect the adjacent beams of bridge. The hinge node can
transmit force, but can’t transmit bending moment. The global
finite element equation for the bridge is
Mu +Cu+Ku=P(t) (3)
where @, uand u are the nodal acceleration, velocity and
displacement vectors of bridge model, respectively; M, C
and K are global mass, damping and stiffness matrices,
respectively; and P is the load vector resulting from vehicle
tires, in which the load from a single tire is
Pr = k(UB _UA) +C(UB _UA) (4)
where k and c are stiffness and damper of the vehicle tire,
respectively; u, and u, are displacements of the axis and

bottom of the vehicle tire, respectively; u, and u, are the

velocity of the axis and bottom of the vehicle tire, respectively.

In view of the coupling effect in vehicle-bridge interaction
system, the vibration of the bridge is derived by an iterative
procedure [14].

Considering the influence of the roughness of bridge deck
on the vibration of vehicle and bridge, the uneven bridge deck
is adopted, and the random surface roughness, r(x), is

described by a zero-mean stationary Gaussian process as [15]
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r(x)zzn:akcos(27r!.)kx+¢k) (5)

k=1
where ¢, is random phase angle with uniform probability

distribution in the interval [0,27], which could be generated

by Monte Carlo method; x is the global coordinate along the
longitudinal axis of the bridge; n is the total number of terms
to build up the bridge surface roughness; other parameters are
defined as

a, =2,/S(2)AQ (6)
AQ:M )

n
Qk=Q|+(k—%JA_Q, k=12,--n ®)

inwhich S(&,) isthe Power Spectral Density function (PSD),

and Q, and Q, are the lower and upper cut-off frequency,
respectively.

As shown in Fig. 2, three PSD functions are adopted in this
paper, in which curve ‘A’ represents smooth road surface [16],
the PSD of curve ‘B’ and ‘C’ are 30 and 100 times that of the
curve ‘A’, respectively. According to the PSD curves, the
surface profiles of bridge deck in Fig. 3 are generated. The
following parameters are used in calculation: Q =0, Q, =6,

and n=2500.

PSD in 1SO 8606 [16
% [16]

10°4
10710 . . . ,
0.00 0.01 0.10 1.00 10.00
am?)

Fig. 2. PSD curve of the bridge surface.

Surface profile (mm)

Fig. 3 Bridge surface profile.

The boundary element method is adopted to analyze the
bridge noise because it is suitable for the acoustic propagation
problem in an infinite area around the bridge structure. The
transient acoustic radiation equation without the sound source
inside the domain is [17].

BOUNDARY ELEMENT METHOD FOR BRIDGE NOISE
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Vip(x t)—c?p(x, t)=0 9

where p is sound pressure, x is coordinate vector, and c is

the velocity of the sound wave in the air. The equations of
initial condition for sound field analysis are

op(x,0)
,0)=0 - =0 10
P(x0) o (10)
The equations of boundary condition are
P _ Ly, (11)
on

where n is external normal vector of the outer surface of the
bridge, v, is the normal vibration velocity of the outer

surface of the bridge from the vibration analysis in section Il,
and p is the density of the air.

Introducing the basic solution of the point sound source,
rewriting the equations (9-11) into the equivalent integral
form, and then discretizing the outer surface of bridge in the
spatial domain, the boundary integral equation for the
structure-borne sound radiation of bridge is derived [17]. For
the analysis of sound radiation of hinged-beam bridge, the
mesh of the boundary element model is not closed. So that the
indirect boundary element method is applied, and the sound
pressure, p, atany point in the sound field around the bridge

is obtained.

In this paper, the sound radiation of bridge is calculated by
boundary element method using Virtual Lab Acoustics which
is commonly used in acoustic analysis. To ensure the accuracy
of calculation, each wavelength of sound should contains at
least 6 linear boundary elements. When the frequency of the
sound radiation is 100 Hz, the wavelength is 3.4 m. In order to
calculate the low-frequency noise of 0-100Hz accurately, the
side length of the mesh in vibration analysis by FEM and
acoustic analysis by BEM should be less than 0.55 m.

IV. NUMERICAL EXAMPLES AND PARAMETER ANALYSIS

As shown in Fig. 4, the three-axle truck passes a
hinged-beam bridge at a speed of 24km/h (6.6m/s). The left
and right wheels of the truck are applied on beam 12 and 14,
respectively. Numerical calculation and field experiment
were carried out on the vibration and noise of the bridge.

Simply supported bridges o Y
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(b) Cross section.

(c)Photo in experiment.
Fig. 4. Experiment of vibration and sound radiation of a typical
hinged-beam bridge.

The measuring point is arranged under span 4 in Fig. 4(a).
Transient deflection and sound pressure are measured in Fig.
4 (b,c), while electro-mechanical displacement meter and
sound pressure sensor are used for vibration and sound
measurement, respectively. In order to minimize the impact of
surrounding environment, the experiment was carried out in
quiet midnight without wind.

The parameters of the truck in experiment are shown in
Table 1. The bridge consists of 18 1m-wide prefabricated
hollow beam. The parameters of each beam are shown in
Table 1. The damping of the bridge is Rayleigh damping, and
the damping ratio of the first and second modes is 0.02 [13].

TABLE Il: PARAMETERS OF A SINGLE BRIDGE BEAM
Elastic modulus(GPa) 34.5 Cross section Area (m?) 0.86
Shear modulus (GPa) 14.4 Beam length (m) 19.3
Moment of inertia (m%)  0.067 Density (kg /m?*) 2500

A. Vibration Analysis

The vehicle-bridge coupled vibration of the truck through
the bridge in Fig. 4 is calculated by the method proposed in
section Il. The finite element model of the hinged-beam
bridge is established. Because the lateral connection between
the beam 16 and beam 17 is weak, the finite element model
only consists beams 1-16. Every beam is divided into 40 beam
elements longitudinally, and the length of which is 0.5m. As
discussed in Section 11, low-frequency vibration and noise of
0-100Hz can be calculated accurately.

Fig. 5 shows the deflection of the truck passed through the
middle of span 4. Fig. 6 shows the calculated mid-span
transient deflection, Fig. 7 shows the measured one, and they
are similar with each other, that indicate the reliability the
current method for predicting the dynamic deflection of the
hinged-beam bridge. The maximum calculated deflection is
larger than the measured one by 15%, and the error may come
from that the stiffness of the calculated model is slightly
smaller than that of the actual structure and there is some
slippage on the top of the electro-mechanical displacement
meter.

0.000
0.4000
0.8000
1.200
1.600
2.000

Fig. 5. Dynamic deflection of the span 4 of the bridge.
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Fig. 6. The calculated middle-span deflection of the span 4.
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Fig.7. The measured middle-span deflection of the span 4.
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Because the acoustic radiation is directly related to the
vibration of the bridge deck, the mid-span vibration velocities
of the beams 6, 10 and 14 are shown in Fig. 8.

Beam 6
Beam 10
——Beam 14

Vibration velocity (mm/s)

3 4 5
Time ()
Fig. 8. The calculated middle-span velocity of the span 4.
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B. Sound Radiation Analysis

In structure-borne sound radiation analysis, boundary
element method in section 111 is adopted, in which the mesh of
the hinged-beam bridge is shown in Figure 9. The triangular
element is used in the mesh, and the maximum edge is 0.493m,
so that the upper limit of the frequency in calculated acoustic
radiation is about 115Hz.

Fig. 9. BEM grid for the calculation of bridge sound radiation.

The dynamic deflection obtained from the vibration
analysis is introduced into the acoustic analysis as boundary
input, and the sound pressure at any point around the bridge
can be obtained. Taking the sound pressure at the point C in
Fig. 4(b) as an example, the sound pressure history while the
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truck running through the hinged-beam bridge is shown in Fig.

10, and the computational result are generally agree with the
measured one.
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(b) Measured result
Fig. 10. History of sound pressure of point C under the bridge.

When the truck traveled on the mid-span of the span 4 of
the bridge, the sound field around the bridge is calculated and
shown in Fig. 11. The result shows that the sound pressure
under the bridge is larger than that on the bridge because of
the reflection of the ground under the bridge. The sound
pressure under the beam applied by the truck tire is more
significant and the maximum value is 3.6 Pa. It should be
noted that the above sound pressure only comes from the
bridge structure, and that from the truck and road is not
considered.

Fig. 11. The structure-borne sound field of the practical bridge.

C. Main Factors Affecting Structure-Borne Noise

Two factors affecting structure-borne noise, the roughness
of bridge deck and lateral-connection stiffness between
adjacent beams, are discussed in the following numerical
examples.

To explore the effect of the roughness of bridge deck, three
surface profiles of bridge deck named as ‘A’, ‘B’ and ‘C” in
Fig. 3(b) is adopted, that represent best, good and normal
pavement of the 1SO standard, respectively. When the truck
travels through the bridge deck with these three surface
profiles, the vibration and structure-borne sound is computed
and shown in Fig. 12. It is obvious that the greater the
roughness of bridge deck, the greater the deflection and
velocity of the bridge structure while the vehicle passes, and
the higher the sound pressure. Therefore, reducing the bridge
surface roughness is an effective way to decrease the noise of
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the bridge structure.
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(c) Sound pressure at Point C under the bridge
Fig. 12. Effect of the roughness of bridge deck.

The lateral connection is the weak part of the hinged-beam
bridge, and it is also an important indicator to measure the
performance of this bridge [18]. The stronger the lateral
connection, the more uniform the vehicle load is shared by the
beams of bridge. Conversely, the vehicle load is only borne by
the beam directly under the tire.

To explore the effect of lateral-connection stiffness

between adjacent beams, two kinds of stiffness are considered.

The first is the actual lateral-connection stiffness of practical
bridge, while the beam under tire bears more load than the
other beams away from the tire. The second is the perfect
lateral-connection stiffness, while all the beams of the bridge
bear the vehicle load evenly. When the truck travels through
the bridge with this two lateral-connection stiffness
respectively, the vibration and structure-borne sound are
computed and shown in Fig. 13. It indicates that the better the
lateral connection of the bridge, the smaller the difference in
vibration between the beams of bridge, and the smaller the
variation of the sound pressure under the bridge.

Fig. 14 shows the sound field around the bridge when the
lateral connection is pefect. Compared with the sound field of
the actual bridge in Fig. 11, the maximum sound pressure in
Fig. 14 is smaller (3.0 Pa), and the sound pressure vibration
under the bridge is also smaller. It indicates that the
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structure-borne noise can be reduced by strengthening the
lateral connection between the beams of bridge. Conversely,
when the lateral connection between the beams is weak or
damaged, the sound pressure under the bridge will be
increased, same as the variation of the sound pressure under
the bridge.
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(a) Effect of lateral connection on the mid-span deflection
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(b) Effect of lateral connection on the mid-span velocity
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(c) Effect of lateral connection on the mid-span sound pressure
Fig. 13. Effect of the lateral connection between beams of bridge on the
vibration and sound.
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Fig. 14. Structure-borne sound field of the hinged-beam bridge with perfect
lateral connection.

V. CONCLUSION

1) The computational methods are proposed for the
vehicle-induced vibration of hinged-beam bridges based
on FEM, and structure-borne noise based on BEM. The
reliability of the computational method is validated in
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experiment.

2) The structure-borne sound pressure under the bridge is
usually larger than that on the bridge because of the
reflection of ground. The sound radiation in the space
under the bridge should be concerned during noise
control.

3) The vehicle-induced vibration and structure-borne noise
of bridge can be decreased by reducing the surface
roughness of the bridge deck.

4) The structure-borne noise can be reduced by
strengthening the lateral connection between the beams
of bridge. The sound pressure of the bridge will be
increased when the lateral connection between the
beams is damaged.
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