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Abstract

The indirect approach previously proposed for extracting the bridge frequencies from a passing vehicle works mainly for

the first frequency. In order to extract bridge frequencies of higher modes, the vehicle response will first be processed by the

empirical mode decomposition (EMD) to generate the intrinsic mode functions (IMFs), and then by the fast Fourier

transform. One feature with the EMD technique is that frequencies of higher modes can be made more visible by the sifting

process. To verify the feasibility of such an approach, the vehicle response generated by the finite element simulations will

first be analyzed, with results compared with the analytical ones. Then the same procedure will be adopted to extract bridge

frequencies from the recorded response of a passing vehicle, with results compared with those from an ambient vibration

test. It was demonstrated that using the IMFs computed from the vehicle response, rather than based on the original data,

bridge frequencies of higher modes can be successfully extracted. Future directions of research are highlighted.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The frequency of vibration is an important parameter for bridges, since it relates closely to the stiffness of
the bridges. As far as the diagnosis of structural health is concerned, it is well known that a drop in the
frequency of vibration may be reflective of the deterioration in stiffness of the bridge, whether it is due to
damages in any member, joint or support, or due to aging of materials of the bridge. For the purpose of
structural control, the frequencies of a bridge are key parameters in determining the feedback forces that
should be generated to counterbalance the forces induced on the structure by external excitations, such as
earthquakes. For a newly completed bridge, the frequencies of vibration are measured generally for two
reasons. First, they serve as a reference for comparing with the frequencies used in design, by which the
appropriateness of the design model can be evaluated. Second, they represent the dynamic signature or
baseline for monitoring the long-term variations of bridge behaviors. For the reasons stated above and
beyond, the measurement of frequencies of vibration is often regarded as an essential part of the maintenance
works for bridges during their service life.
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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Traditionally, the bridge frequencies are measured directly from the dynamic response of the bridge, using
vibration sensors directly mounted on the bridge. A variety of direct approaches have been summarized by
Salawu and Williams [1] according to the sources of vibration exerted on the bridge. One drawback with the
direct approaches for measurement of bridge frequencies is that the deployment and maintenance of the
vibration sensors and data loggers are generally costly and time-consuming, even though wireless data
transmission is becoming popular nowadays. In order to overcome these drawbacks, Yang et al. [2] proposed
an indirect approach for measuring the bridge frequencies, namely, the frequencies of the bridge are extracted
from the response of a test vehicle moving over the bridge, with basically no instrumentation mounted on the
bridge.

The key idea of the indirect approach is that the passing vehicle plays the dual role of vibration exciter to the
bridge and message receiver of the bridge response. As a vibration exciter, the movement of the passing vehicle
will set the bridge in vibration. Meanwhile, the vehicle will also be excited by the motion of the bridge. Since
the vehicle is very small compared with the bridge, the motion of the vehicle will be dominated primarily by
the bridge frequencies. As a result, the response recorded of the vehicle during its travel over the bridge can be
processed to yield the bridge frequencies. This has been the idea behind the indirect approach for extracting
the bridge frequencies using the passing vehicle, as was theoretically and experimentally studied by Yang and
co-workers [2–4]. However, due to limitations in the resolution of the instruments and analysis methods used,
the proposed approach works mainly for the first frequency of the bridge.

In order to extend applicability of the indirect approach to extracting the higher frequencies of the bridge,
the empirical mode decomposition (EMD) technique proposed by Huang et al. [5,6] will be adopted herein to
preprocess the data recorded for the vehicle during its passage over the bridge. The EMD is a newly-developed
signal processing technique, which is especially suitable for the processing of nonlinear and non-stationary
signals. By the EMD procedure or by a sifting process, any complicated dynamic response can be decomposed
into a set of intrinsic mode functions (IMF), generally arranged in the order from high to low frequencies. Since
the sifting process can recover low-amplitude riding waves with repeated siftings [5], it is expected that bridge
frequencies of higher modes, which appear to be small in amplitudes in the vehicle spectrum with no EMD,
can be made more visible in the first few IMFs associated with the high-frequency components.

For the coupled problem of a vehicle moving over the bridge, the signals recorded from the passing vehicle
are nonlinear and non-stationary in nature, which is the case where the EMD can find its application. In this
paper, the response recorded (or computed) for a vehicle traveling over a bridge will first be preprocessed by
the EMD to generate the IMFs. The fast Fourier transform will then be applied to all the IMFs to extract the
bridge frequencies. Such a procedure should enable us to recover some of the higher modes missing from the
original vehicle spectrum.

The above idea forms the purpose of the present study. In order to unveil the key frequencies associated
with the vehicle–bridge system, an analytical formulation will first be conducted, based on the assumption of
small mass ratio for the vehicle relative to the bridge. Three examples will then be studied using the vehicle
response generated from the finite element simulations. The bridge frequencies extracted in this regard will be
compared with those obtained analytically. Furthermore, such a procedure will be extended to treating the
response recorded of the test vehicle during its passage over a bridge. The extracted bridge frequencies will
be compared with those obtained from an ambient vibration test. Directions for future research will be
highlighted for the experimental investigation.

2. Analytical formulation of the problem

To highlight the major dynamic characteristics of the coupled vehicle–bridge system, a simplified
mathematical model will be adopted, as given in Fig. 1. The vehicle is modeled as a lumped mass mv,
supported by a spring of stiffness kv and traveling at speed v across a simply supported beam of length L.
The beam is assumed to be of the Bernoulli–Euler type with constant cross section and smooth pavement.

By neglecting the damping effects of both the bridge and vehicle, the equations of motion for the bridge and
vehicle can be written as

m̄ €uþ EIu0000 ¼ f cðtÞdðx� vtÞ, (1)
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Fig. 1. Lumped sprung mass moving across a simply supported beam.
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mv €qv þ kvðqv � ujx¼vtÞ ¼ 0, (2)

where m̄ denotes the mass per unit length, E elastic modulus, I moment of inertia, and u(x,t) vertical
displacement of the beam, qv vertical displacement of the vehicle, measured from its static equilibrium
position, and a dot and a prime denote differentiation with respect to time t and coordinate x, respectively, of
the beam. The contact force fc between the vehicle and bridge can be expressed as the sum of the weight of the
vehicle and the elastic force of the suspension system, i.e.,

f cðtÞ ¼ �mvgþ kvðqv � ujx¼vtÞ, (3)

where g is the acceleration of gravity. The analytical solution to the aforementioned bridge and vehicle
equations will be summarized below, since it allows us to identify the key parameters involved in the
vehicle–bridge interaction [2,3].

By the modal superposition method, the solution to Eq. (1) can be expressed in terms of the modal shapes,
fn(x), and modal coordinates, qb,n(t). In addition, for the simple beam considered herein, the modal shapes of
the beam satisfying the boundary conditions are of the sinusoidal form. The solution to the beam equation,
Eq. (1), can be expressed as [7]

uðx; tÞ ¼
X

n

fnðxÞqb;nðtÞ ¼
X

n

sin
npx

L
qb;nðtÞ. (4)

Substituting Eq. (4) for the bridge displacement u(x,t) into Eq. (1) and using the orthogonality conditions for
the modal shapes, along with the assumption that the vehicle mass mv is much less than the bridge mass m̄L,
i.e., mv=m̄L51, the governing equation in Eq. (1) can be approximated as

€qb;n þ o2
b;nqb;n ¼ �

2mvg

m̄L
sin

npvt

L
, (5)

where ob,n is the natural frequency of the bridge of the nth mode,

ob;n ¼
n2p2

L2

ffiffiffiffiffiffi
EI

m̄

r
. (6)

Meanwhile, the vehicle equation in Eq. (2) can be rewritten as

€qv þ o2
vqv ¼ o2

vujx¼vt, (7)

where ov denotes the vibration frequency of the vehicle,

ov ¼

ffiffiffiffiffiffi
kv

mv

s
. (8)

For zero initial conditions, the solution to the bridge equation in Eq. (5) is

qb;n ¼
Dst;n

1� S2
n

sin
npvt

L
� Sn sin ob;nt

h i
, (9)

where Dst,n is the static deflection induced by the vehicle for the nth mode,

Dst;n ¼
�2mvgL3

n4p4EI
, (10)
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and Sn is a non-dimensional speed parameter,

Sn ¼
npv

Lob;n
. (11)

Substituting the modal coordinates in Eq. (9) into Eq. (4), the total displacement response of the bridge to the
vehicle moving at speed v can be expressed as

uðx; tÞ ¼
X

n

Dst;n

1� S2
n

sin
npx

L
sin

npvt

L
� Sn sin ob;nt

h in o
. (12)

With the substitution of the total displacement of the bridge, u(x,t), in Eq. (12), one can obtain by Duhamel’s
integral from Eq. (7) the vehicle displacement as follows:

qvðtÞ ¼
X

n

Adl;n cos
ðn� 1Þpv

L
t� Adr;n cos

ðnþ 1Þpv

L
tþ Av;n cos ovt

�

� Abl;n cos ob;n �
npv

L

� �
tþ Abr;n cos ob;n þ

npv

L

� �
t (13)

where the coefficients, namely, the amplitudes, are given as

Adl;n ¼
Dst;n

2ð1� S2
nÞð1� m2n�1S

2
n�1Þ

, (14a)

Adr;n ¼
Dst;n

2ð1� S2
nÞð1� m2nþ1S2

nþ1Þ
, (14b)

Av;n ¼
2Dst;nm2nS2

n

ð1� S2
nÞ

1

ð1� m2n�1S2
n�1Þð1� m2nþ1S

2
nþ1Þ
�

1

ð1� m2nð1� S2
nÞÞð1� m2nð1þ SnÞ

2

" #
, (14c)

Abl;n ¼
Dst;nSn

2ð1� S2
nÞð1� m2nð1� SnÞ

2
Þ
, (14d)

Abr;n ¼
Dst;nSn

2ð1� S2
nÞð1� m2nð1þ SnÞ

2
Þ
, (14e)

and the non-dimensional parameter mn is defined as the ratio of the nth mode natural frequency of bridge ob,n

to the vehicle frequency ov,

mn ¼
ob;n

ov

. (15)

The solution given in Eq. (13) for the vehicle differs from that of Yang and Lin [3] in that the amplitudes are
given in a physically more meaningful sense.

The bridge displacement in Eq. (12) reveals that there are two groups of frequencies, i.e., the driving

frequencies npv/L of the vehicle and the natural frequencies ob,n of the bridge. The same property also holds for
the bridge velocity and acceleration (not shown here). This is exactly the idea behind the conventional direct
approach for measuring the bridge frequencies from the bridge responses.

The velocity and acceleration responses of the vehicle can be obtained by differentiating the displacement in
Eq. (13) twice, that is,

€qvðtÞ ¼
X

n

�
˜̃Adl;n cos

ðn� 1Þpv

L
tþ ˜̃Adr;n cos

ðnþ 1Þpv

L
t� ˜̃Av;n cos ovt

�

þ
˜̃Abl;n cos ob;n �

npv

L

� �
t� ˜̃Abr;n cos ob;n þ

npv

L

� �
t

�
, (16)

where the corresponding coefficients are defined in Table 1.
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Table 1

Coefficients for vehicle’s acceleration response.

Coefficient ˜̃Adl;n
˜̃Adr;n

˜̃Av;n
˜̃Abl;n

˜̃Abr;n

Definition Adl;no2
b;n�1S2

n�1 Adr;no2
b;nþ1S2

nþ1 Av;no2
v Abl;no2

b;n 1� Snð Þ
2 Abr;no2

b;n 1� Snð Þ
2
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From Eqs. (13) and (16), one observes that there exist five different frequency components, which can be
categorized into three groups as: (1) driving-related frequencies, including the left-shifted ones (n�1)pv/L and
right-shifted ones (n+1)pv/L with amplitudes Adl,n and Adr,n, respectively; (2) vehicle frequency ov with
amplitude

P
nAv;n; (3) bridge-related frequencies, including the left-shifted ones, obl,n ¼ ob,n�npv/L, and right-

shifted ones, obr,n ¼ ob,n+npv/L, with amplitudes Abl,n and Abr,n, respectively, with n indicating the mode
number. Such a result offers a clue for extracting the bridge frequencies from the vehicle responses, which is
exactly the theoretical basis for the indirect approach.

Whether each frequency of the bridge can be successfully extracted from the vehicle response depends on its
amplitude relative to the others, the vehicle passing speed, the sampling rate for taking the data, and the
numerical method of data processing. In practice, the acceleration response of the vehicle can be measured
using the seismometers commonly available. For this reason, only the acceleration response of the vehicle will
be discussed in the following.

3. Finite element simulation of the problem

Before the idea of preprocessing the vehicle response by the EMD to extract the bridge frequencies is tested
in the field, it will first be numerically tested to be feasible. To this end, the finite element procedure to be
adopted for generating the vehicle response is summarized, by which virtually no assumption is made,
compared with the analytical approach presented in Section 2.

The beam element and the sprung mass shown in Fig. 2 have been referred to as the vehicle– bridge

interaction (VBI) element in Ref. [8], in which r(x) denotes the surface irregularity, xc position of the contact
point, mv sprung mass, and kv and cv the stiffness and damping coefficients of the suspension unit, respectively.
The beam is modeled as a 12 degree-of-freedom (dof) system and the sprung mass as a single dof system. The
equations of motion for the sprung mass mv and the bridge element directly in contact can be written as
follows [8]:

mv 0

0 ½mb�

" #
€qv

f €ubg

( )
þ

cv �cvfNg
T
c

�cvfNgc ½cb� þ 2vmvfNgc
qfNgTc
qx
þ cvfNgcfNg

T
c

2
64

3
75 _qv

f _ubg

( )

þ

kv �kvfNg
T
c

�kvfNgc ½kb� þ v2mvfNgc
q2fNgTc
qx2

þ vcvfNgc
qfNgTc
qx
þ kvfNgcfNg

T
c

2
64

3
75 qv

fubg

( )

¼
0

�mvgfNgc

( )
, (17)

where {ub} denotes the displacement vector of the bridge element, [mb], [cb], [kb] the mass, damping, stiffness
matrices of the bridge element, {N} is a vector containing the cubic Hermitian interpolation functions, and
{N}c represents the vector {N} evaluated at the coordinate position of the contact point.

By a dynamic condensation procedure, the vehicle displacement qv in the first line of Eq. (17) can be
condensed into the displacement vector {ub} of the element in contact, resulting in the so-called VBI element
[8]. The VBI element so derived can then be assembled with equations of other bridge elements not directly in
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Fig. 2. Vehicle–bridge interaction element.

Y.B. Yang, K.C. Chang / Journal of Sound and Vibration 322 (2009) 718–739 723
contact with the sprung mass to yield the equations of motion as

½M�f €ug þ ½C�f _ug þ ½K �fug ¼ fFg, (18)

where {u} denotes the system displacement vector, [M], [C], [K] the mass, damping, and stiffness matrices of
the system, and {F} the external force vector.

The VBI element mentioned above possess not only the same number of dofs as the parent element, but also
the property of symmetry in element matrices. Consequently, the procedure for solving Eq. (18) is identical to
that conventionally used for solving structures subjected to dynamic loads, except that the VBI element
matrices should be updated at each time step. In this paper, Eq. (18) will be solved by Newmark’s b method
with constant average acceleration (i.e., with b ¼ 0.25 and g ¼ 0.5). Once the displacement, velocity, and
acceleration responses of the bridge are made available, the vehicle response can be computed by backward
substitution.

4. Empirical mode decomposition

In general, the data collected from the vehicle passing over a bridge are of finite duration, non-stationary
and nonlinear. They may also be polluted by the sensing and numerical procedures. Thus, a direct processing
of the data by the Fourier transform is not physically sound, since the latter is strictly valid to linear and
stationary systems. The EMD method proposed by Huang et al. [5] was specially tailored for treating non-
stationary and nonlinear data. In this paper, the EMD will be adopted to decompose the data collected (or
computed) for the vehicle into IMFs that admit well-behaved Hilbert transforms [5]. The essence of the EMD
is to identify the intrinsic oscillatory modes by their characteristic time scales in the data empirically, and then
to decompose the data accordingly. Generally, the finest vibration mode or component of the shortest period
at each instant will be identified and decomposed into the first IMF. And the components of longer periods
will be identified and decomposed into the following IMFs in sequence. Therefore, the first bridge frequency,
with a longer period, may not appear in the first few IMFs.

Each IMF represents a simple oscillation mode embedded in the data, which satisfies two conditions: (1) it
possesses the same or nearly the same numbers of extrema and zero-crossings, and (2) it is symmetric with
respect to the local zero mean. In the numerical processing, we shall demonstrate that a better resolution can
be achieved for higher frequencies of the bridge if the fast Fourier transform is performed on the IMFs, rather
than on the original data.

The procedure of the EMD is to construct the upper and lower envelopes of the dataset by spline fitting, and
to compute the mean of both envelopes. Then, the dataset is subtracted from the mean, referred to as the
sifting process. By repeating the sifting process until the resulting dataset satisfies the aforementioned two
conditions, then it is treated as an IMF. The original data is then subtracted from the IMF, and the process
repeated on the remaining dataset to obtain another IMF. The IMF obtained in each cycle by the sifting
process involves only one mode of oscillation, with no complex riding waves allowed. As a counterpart to the
well-known simple harmonic function, an IMF represents a much more general simple oscillatory mode.
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It may have a variable amplitude and frequency as functions of time, instead of constant amplitude and
frequency in a simple harmonic function.

Given a set of measured data X(t), the algorithm of the EMD, characterized by the sifting process, can be
briefly described as follows:
(1)
 Identify all the local maxima and minima of the data X(t), and then form the upper and lower envelopes by
interpolating the local maxima and minima, respectively, by cubic spline lines. All the extrema should be
covered in these two envelopes. Let m1 denote the mean of the upper and lower envelopes. The difference
between the data and the mean m1 is

h1 ¼ X ðtÞ �m1. (19)
(2)
 Ideally, h1 should be the first IMF component. If h1 does not satisfy the IMF requirements, treat it as the
original data and repeat the first step until the requirements are satisfied. The first IMF component
obtained is designated as c1.
(3)
 By subtracting c1 from the original data, one obtains the residue r1 as

r1 ¼ X ðtÞ � c1. (20)
(4)
 If r1 still contains information of other period components, treat it as the new data and repeat the above
sifting processes to obtain the next IMF c2. Such as process is repeated until the following predetermined
criteria are met: either when the component, cn, or the residue rn becomes too small to be physically
meaningful or when the residue rn becomes a monotonic function from which no more IMF can be
extracted. Consequently, the data X(t) is decomposed into n IMFs, c1–cn, plus the final residue, rn, i.e.,

X ðtÞ ¼
Xn

i¼1

ci þ rn. (21)
As a whole, the first IMF c1 should contain the finest vibration mode or component of the shortest period,
and the following IMFs contain components of longer periods in sequence. As for the final residue rn, it can be
either the mean trend or a constant.

5. Extraction of bridge frequencies from numerical simulation

The following are the properties adopted for the simple beam: length L ¼ 25m, elastic modulus
E ¼ 2.75� 1010N/m2, mass per unit length m̄ ¼ 4800 kg=m, and moment of inertia I ¼ 0.12m4. The vehicle
has a lumped mass mv ¼ 500 kg, spring constant kv ¼ 500 kN/m, and frequency ov ¼ 5.03Hz. The beam is
discretized into 20 elements, for which the first three natural frequencies are: ob,1 ¼ 2.08Hz, ob,2 ¼ 8.33Hz,
ob,3 ¼ 18.75Hz. The time step used in each simulation is 0.001 s.

Fig. 3 shows the acceleration response of the vehicle traveling with speed v ¼ 4m/s over the bridge, obtained
both by the finite element and analytical methods. The slight deviation of the analytical result from the finite
element one indicates that the assumption of a small mass ratio for the vehicle to bridge is acceptable. In order
to examine the frequency contents in the acceleration response of the vehicle, the Fourier transform is
performed on the result obtained from the finite element analysis. As can be seen from the spectrum given in
Fig. 4, several frequencies associated with the peak amplitudes can be identified. All of them can be interpreted
using the analytical theory previously presented, as given below.

The frequency marked as No. 4, representing the 1st right-shifted driving frequency (pv/L ¼ 0.08Hz), and
that marked as No. 5, representing the vehicle frequency ov ¼ 5.03Hz, are of less interest. In this paper, we are
concerned mainly with the presence of bridge frequencies in the vehicle response. Theoretically, the frequency
marked as No. 1 should contain two individual frequencies: one is the 1st left-shifted frequency
(obl,1 ¼ 2.0Hz) of bridge, and the other the right-shifted frequency (obr,1 ¼ 2.16Hz). But the two shifted
frequencies are too close to be separately identified. In practice, such an overlapping effect can increase the
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Fig. 3. Acceleration response of vehicle.
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Fig. 4. Acceleration spectrum of vehicle.
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visibility of the 1st bridge frequency. The following two pairs of frequencies, marked as 2L, 2R, 3L, and 3R,
respectively, also relate to the bridge frequencies. In particular, the frequencies marked as No. 2L and 2R
relate to the 2nd bridge frequency with left and right shifts, respectively, while the ones marked as No. 3L and
3R relate to the 3rd bridge frequency with shifts. Note that the frequencies identified in Fig. 4 all agree well
with those from the theory, as compared with the theoretical results: (1) 2nd left- and right-shifted bridge
frequencies: obl,2 ¼ 8.16Hz and obr,2 ¼ 8.48Hz, and (2) 3rd left- and right-shifted bridge frequencies:
obl,3 ¼ 18.48Hz and obr,3 ¼ 18.96Hz. By simply averaging the left- and right-shifted bridge frequencies of the
same mode, the desired bridge frequency can be computed as

ob;n ¼
obl;n þ obr;n

2
. (22)

As indicated by the spectrum in Fig. 4, the first bridge frequency can be identified with no difficulty, while
frequencies of the higher modes are much less visible, due to their relatively smaller amplitudes compared with
the first mode. From a field test, it is likely that the frequencies marked as 3L, 3R and 5 will become invisible,
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since they are rather small in magnitudes and may be polluted by noises generated by the mechanical
components of the vehicle. To improve the visibility of the higher modes, the EMD will first be applied to
processing the vehicle’s response, prior to the Fourier spectral analysis. Three examples will be studied to
explore the feasibility of such a technique for treating the vehicle response.

Example 1. Single moving vehicle. The time-history acceleration response of the vehicle shown in Fig. 3 will
be decomposed using the EMD to yield the IMF components, c1–c4, and the final residue, r5, as in Fig. 5. It
can be roughly observed that the data are separated according to the contents of frequencies from high to low
in sequence.

The Fourier spectra of the first three IMF components, carrying more useful vibrational messages, have
been plotted in Figs. 6(a)–(c). From Fig. 6(a), it can be observed that the dominant frequency set, marked as
2L and 2R, represents the 2nd bridge frequencies with left and right shifts, respectively. In comparison with
the Fourier spectrum of the original data shown in Fig. 4, the visibility of the 2nd bridge-related frequencies
has been greatly enhanced via use of the EMD. Even bridge frequencies of the higher modes, e.g., the ones
associated with the 3rd mode, marked as 3L and 3R, are made more visible in the spectrum of c1. Although the
peaks of the 2nd and 3rd modes are not as distinct as the 1st peak in the spectrum of c3, they become more
visible in terms of the relative magnitudes, as compared with the Fourier spectrum of the original data in
Fig. 4.

The 1st bridge frequency set can be clearly identified in the Fourier spectra of c2 and c3, as shown in
Figs. 6(b) and (c). Undoubtedly, this frequency remains the most dominant one for the last two IMF
components in Fig. 6.

Example 2. Five sequential moving vehicles. The purpose of this example is to investigate the effect of
sequential moving vehicles on the extraction of bridge frequencies. Assume that five identical vehicles of
identical interval s ¼ 5m traveling across the same simple bridge as in Example 1 in sequence with the speed
v ¼ 10m/s. The properties of the bridge and vehicles are the same as those previously adopted. Conduct again
the finite element analysis using the vehicle-bridge interaction element. The acceleration response of the third
Fig. 5. IMF components, c1–c4, and final residue, r5, obtained from the acceleration response of vehicle.
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Fig. 6. Fourier spectra of IMF components: (a) c1, (b) c2, and (c) c3.

Fig. 7. Acceleration response of the middle vehicle.
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vehicle, i.e., the test vehicle, has been plotted in Fig. 7, which can be directly processed by the Fourier
transform to yield the spectrum in Fig. 8, as was conventionally done.

As indicated by Fig. 8, the bridge frequency sets associated with the 1st and 2nd modes, marked as No. 1
and No. 2L/2R, are rather clear. A comparison of the spectrum in Fig. 8 for the present case with that in Fig. 4
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Fig. 8. Acceleration spectrum of the middle vehicle.

Fig. 9. IMF components, c1–c5, and final residue, r6, obtained from the acceleration response of the middle vehicle.
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for a single moving vehicle indicates that the simultaneous presence of moving vehicles can enhance the
visibility of higher modes. Nevertheless, the amplitudes for the bridge frequency sets associated with the 4th
and 5th modes, marked as No. 4L/4R and 5L/5R, are not as visible compared with the first two modes. In a
real situation, it is likely that such peaks will be polluted by noises of various sources and become generally
invisible.
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Fig. 10. Fourier spectrum of IMFs: (a) c1, (b) c2, (c) c3, and (d) c4.
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The five IMF components, c1 to c5, and final residue, r6, computed from the acceleration response of the
middle vehicle have been plotted in Fig. 9, along with the corresponding Fourier spectra in Fig. 10. Four
obvious sets of amplitude peaks can be observed from Fig. 10(a), which represent the frequency sets associated
with the 4th mode (4L/4R), 5th mode (5L/5R), 6th mode (6L/6R), and 7th mode (7L/7R) in sequence.
Obviously, higher modes such as the 6th and 7th modes, which are almost invisible in the original spectrum of
Fig. 8, have become visible due to the preprocessing by EMD. This is clearly an evidence of the ability of the
EMD to improve the visibility of bridge frequencies of the higher modes.

The first three visibly identifiable frequency sets in the spectrum of the original data remain identifiable in
the spectra of the last few IMFs, e.g., the one associated with the 1st mode in Fig. 10(d) and the ones
associated with the 2nd and 3rd modes in Fig. 10(b). It should be mentioned that the peak marked as letter V
represents the vehicle frequency, which is not of concern in this study.

Example 3. Five random moving vehicles. The third example is to simulate the most general case in reality—
random traffic. Five different vehicles, as represented by five sprung masses of randomly assigned values, enter
the same bridge as in Example 1 with randomly assigned but constant speeds at different times (see Table 2).
For the present purposes, the first vehicle is designated as the test vehicle, of which the dynamic responses will
be used to extract the bridge frequencies.

The acceleration response time history and its Fourier spectrum are shown in Figs. 11 and 12, respectively.
As can be observed from Fig. 12, the first three sets of frequency, i.e., marked as 1, 2L/2R, and 3L/3R, are
rather clear compared with the results in Example 1 for the case with single moving mass, which indicates that
the existence of random traffic may excite the dynamic responses of higher modes to a certain level due to the
relatively higher amount of energy input. Nevertheless, the 4th and 5th sets of frequency, 4L/4R and 5L/5R,
remain only observable, but not clear enough.
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Table 2

Randomly assigned values of vehicle mass and speed.

Vehicle number Mass (kg) Speed (m/s) Initial spacinga (m) Remark

1 500 4 – Test vehicle

2 800 15 1

3 1,000 5 3

4 400 12 0

5 1,200 8 2

aInitial spacing is the spacing between each vehicle and the test vehicle when the test vehicle enters the bridge.

Fig. 11. Acceleration response of the test vehicle.
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The IMF components obtained by the EMD technique, i.e., c1–c6, and final residue, r7, have been plotted in
Fig. 13, along with the corresponding spectra in Fig. 14. It is noteworthy that the 3rd to 5th sets of frequency,
3L/3R, 4L/4R, and 5L/5R, become more identifiable in Fig. 14(a) than in Fig. 12. The dominant frequencies in
the 2nd to 4th spectra of Fig. 14 represent the first few sets of frequency of the bridge.

6. Experimental studies

The response history data in the cases studied above are obtained by the finite element simulation, which
represent the ideal cases that are free of any noise pollution. Nevertheless, the above analyses did indicate that
visibility of higher frequencies can be enhanced through preprocessing by the EMD technique. The objective
of this section is to explore if the EMD technique remains applicable for enhancing the higher frequencies
contained in the field-collected data. To this end, a set of field experiments will be conducted. For the purpose
of comparison, the data recorded will be processed by the FFT with or without the preprocessing by the EMD
technique. A simply supported bridge located in the neighborhood of Taipei is selected for testing.

A tractor-trailer system similar to the one used by Lin and Yang [4] is adopted in this study. The tractor is a
four-wheel recreation vehicle (RV), which serves to excite the bridge into vibration by its movement over the
bridge, thereby playing the role of exciter to the bridge. The trailer, towed by the RV, is a two-wheel tiny cargo
trailer, which will be excited by the bridge in vibration, thereby playing the role of message receiver of the
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Fig. 12. Acceleration spectrum of the test vehicle.

Fig. 13. The resulting IMF components, c1–c6, and final residue, r7, of the signal of acceleration response of the test vehicle.
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bridge response. The linkage between the RV and the trailer is free to rotate in all directions, meaning that
there exists no moment transmission between the two parts. The vertical response of the trailer will be
recorded through an acceleration-type sensor mounted at a location right above the center of the wheelset of
the trailer, which is connected to the data acquisition system. More details on the instrumentation are
available in Ref. [4].
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Fig. 14. Fourier spectrum of: (a) c1, (b) c2, (c) c3, and (d) c4.

Y.B. Yang, K.C. Chang / Journal of Sound and Vibration 322 (2009) 718–739732
Before performing the field experiments, the dynamic properties of the tractor-trailer system, especially the
main frequencies, should first be identified. For this purpose, a surface test is conducted. In this test, the
dynamic response of the trailer is recorded by allowing the tractor-trailer to move over a rather flat road
surface. By assuming the road surface to be rigid, the response recorded can be regarded as that purely
governed by the dynamic properties of the trailer itself.

Fig. 15 shows the acceleration response of the trailer and its Fourier spectrum moving at the speed of 10km/h
in the surface test. In Fig. 15(b), two major frequencies, marked as V1 and V2, are identified, which represent
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Fig. 15. Trailer in surface test: (a) acceleration response and (b) acceleration spectrum.
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the first and second frequencies of the vehicle. Besides, a group of minor frequencies with a band centering
around 5Hz, marked as V3, can also be observed, which represent a cluster of dominant frequencies of the
vehicle with a magnitude larger than the noise. The existence of such a cluster of frequencies implies that the
trailer cannot be idealized as a single sprung mass in reality. Such a cluster of frequencies may relate to
vibrations of the trailer in other directions, suspension, rolling wheels, or actions transmitted via the linkage
between the tractor and trailer. They are expected to exist in any field experiment for the tractor-trailer moving
with the same constant speed. It should be noted that the symbols V1, V2, V3 are used herein only for
convenience of interpretation, which do not imply any relative magnitudes.

To increase the reliability of the test results, the field experiment will be repeated for three times under the
same conditions, namely, by allowing the tractor-trailer to move over the same test span of the bridge at the
same speed of 10 km/h. The time-history acceleration responses, along with their Fourier spectra, recorded for
the trailer during its three passages over the test bridge have been plotted in Figs. 16–18. The principle adopted
herein is that only frequencies that can be repeatedly detected from each test run will be regarded as the ones to be

extracted. In other words, only frequencies simultaneously existing in the three acceleration spectra will be
adopted as the identified frequencies. Other frequencies appearing in only one of these spectra will simply be
discarded, as they may be caused by transient impulses caused by the surface roughness or other factors.

As was indicated by Figs. 16(b), 17(b), and 18(b), three frequencies associated with the peaks, marked as V1,
V2, and B2, can be identified. In comparison with the spectrum obtained for the surface test, the frequencies V1

and V2 are known as the first two frequencies of the trailer. Due to its repetitiveness, the remaining frequency,
B2, is regarded as one of the bridge frequencies of interest. So far, one bridge frequency and two vehicle
frequencies have been identified directly from the Fourier spectra, with no aid of the EMD technique, in
extracting the bridge frequencies.

The EMD technique is applied to preprocessing the above three acceleration responses of the trailer, with
the resulting Fourier spectra of the first four IMFs plotted in Figs. 19–21. In Figs. 19(a), 20(a), and 21(a) for
the spectra of IMF c1, the frequency components are distributed rather uniformly, with generally low average
amplitudes, which should be regarded as the noises originating from various sources, e.g., from the roughness
in pavement, mechanical parts of the trailer, collision via the linkage between the tractor and trailer, etc.
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Fig. 16. Trailer in field test (1st run): (a) acceleration response and (b) acceleration spectrum.

Fig. 17. Trailer in field test (2nd run): (a) acceleration response and (b) acceleration spectrum.
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Following the previous principle, only frequencies appearing repeatedly in each test run will be recognized
as the accepted ones. In the remaining parts of each figure, i.e., the spectra of IMFs c2–c4 of the 1st-run in
Figs. 19(b)–(d), of the 2nd-run in Figs. 20(b)–(d), and of the 3rd-run in Figs. 21(b)–(d), five dominant
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Fig. 18. Trailer in field test (3rd run): (a) acceleration response and (b) acceleration spectrum.
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frequencies, marked as V1, V2, V3, B1, and B2, are identified due to their simultaneous presence in each figure.
In comparison with the spectrum obtained from the surface test, the frequencies V1, V2, and cluster V3 are
known as the first, second, and third (cluster) frequencies of the trailer. The remaining two frequencies, B1 and
B2, should therefore be regarded as the frequencies of the bridge, among which the lower one (B1) is regarded
as the first bridge frequency and the higher one (B2) the second bridge frequency.

For comparison, an ambient vibration test is conducted for the bridge for measuring its frequencies, which
is known as the direct approach. The acceleration response of the bridge and its Fourier spectrum measured
from such a test have been plotted in Fig. 22. As can be observed, the 1st bridge frequency, identified from the
spectral analysis of the trailer preprocessed by the EMD technique, and the 2nd bridge frequency, identified
from the spectral analyses with and without preprocessing by the EMD technique, match very well with the
test result. That the 2nd bridge frequency (B2) is more visible than the 1st one (B1) in the trailer acceleration
response can be attributed to the fact that it is closer to the vehicle frequencies and therefore can be more
easily amplified by the trailer. However, the 1st bridge frequency (B1) becomes identifiable after preprocessing
with the EMD technique. This is certainly a contribution of the EMD technique for filtering out the noises.
From the viewpoint of field measurement, it is therefore suggested that the data recorded from the trailer
always be preprocessed by the EMD technique so as to enhance the visibility of the higher frequencies of the
bridge.

7. Concluding remarks

The indirect approach proposed for extracting the bridge frequencies from the dynamic response of a
passing vehicle was workable only for the first frequency. The empirical mode decomposition (EMD) is a
newly-developed signal-processing technique for nonlinear and nonstationary problems. In this study, the
EMD technique is adopted to decompose the response recorded (or computed) for the vehicle response into a
set of intrinsic mode functions (IMFs), and then to perform the fast Fourier transform on each of the IMFs.
Both theoretical and experimental investigations have indicated that the bridge frequencies of higher modes
can be made more visible through preprocessing of the data by the EMD technique. From the theoretical
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Fig. 19. Fourier spectrum of: (a) c1, (b) c2, (c) c3 and (d) c4 (1st run).
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study, it has been demonstrated that not only the first frequency of the bridge, but also the first few
frequencies, can be extracted from the dynamic response of the test vehicle for various moving load cases. It
was demonstrated the simultaneous presence of various vehicles on the bridge can enhance the visibility of
higher bridge frequencies in the vehicle responses.

As for the field test, a tractor-trailer system similar to the one used in Ref. [4] is adopted. Specifically, a
seismometer mounted at a point above the center of the wheelset of the trailer is used to record the response of
the vehicle during its passage over the bridge. The data recorded by the seismometer was first processed by the
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Fig. 20. Fourier spectrum of: (a) c1, (b) c2, (c) c3 and (d) c4 (2nd run).
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EMD technique to yield the IMFs, which are then processed by the FFT to yield the spectra that contain the
bridge frequencies. To avoid the pollution by various sources, at least three runs are performed for the tractor-
trailer under exactly the same conditions, i.e., by allowing it to move over the same span of the bridge at the
same speed. The principle adopted herein is that only frequencies that can be repeatedly detected from each
test run are regarded as the ones to be extracted. By comparison with the ambient vibration test on the bridge
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Fig. 21. Fourier spectrum of: (a) c1, (b) c2, (c) c3 and (d) c4 (3rd run).
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using the direct approach, it was demonstrated that not only the first frequency of the bridge, but also the
second frequency, can be extracted from the vehicle response with the aid of the EMD technique.

Although the proposed indirect approach has been demonstrated to be workable for extracting the bridge
frequencies, the present study also indicates that there is an urgent need to clearly identify the dynamic
properties of the test vehicle, while removing all the unwanted sources of vibration. It is preferable that the
inherent frequencies of the test vehicle be made adjustable as to avoid their coincidence with the bridge
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Fig. 22. Bridge in ambient vibration test: (a) acceleration response and (b) acceleration spectrum.
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frequencies. Besides, research should also be carried out to search for the optimal sampling rate for the test
vehicle with respect to its moving speed.
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