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Abstract: Identifying bridge damage using a movable test vehicle is highly regarded for its mobility,
cost-effectiveness, and broad monitoring coverage. Previous studies have shown that the residual
contact-point (CP) response between connected vehicles is free of the impact of vehicle self-vibrations
and road roughness, making it particularly suitable for the indirect extraction of bridge modal
properties. However, most experimental campaigns regarding contact-point (CP) responses focus
on a single-axle testing vehicle within a non-moving state. This study aims to theoretically and
experimentally identify bridge damage using the instantaneous amplitude squared (IAS) extracted
from the residual CP response of a two-axle passing vehicle. First, the closed-form solution of the
residual CP acceleration was derived for a two-axle vehicle interacting with a simply supported
beam. The IAS index was constructed from the driving frequency of the residual CP acceleration.
Then, numerical investigations using finite element simulation were conducted to validate using the
IAS index for indirect bridge damage identification. The application scope of the approach under
various vehicle speeds and road roughness grades was examined. Finally, a laboratory vehicle–bridge
interaction system was tested to validate the approach. Numerical studies demonstrated that bridge
damage could be directly determined by observing the IAS abnormalities, which were baseline-free.
The IAS from the residual CP response outperformed the IAS from CP responses in identifying bridge
damage. However, it was better to use the IAS when the vehicle speed was no greater than 2 m/s and
the grade of the road surface roughness was not high. Laboratory tests showed that it was possible to
identify bridge damage using the IAS extracted from the residual CP acceleration under perfect road
surfaces. However, it fell short under rough road surfaces. Hence, further experiments are required
to fully examine the capacity of the IAS for bridge damage identification in practical applications.

Keywords: bridge; damage detection; vehicle scanning method; two-axle vehicle; experiment;
instantaneous amplitude squared; finite element simulation; structural health monitoring

1. Introduction

Bridges, serving as vital infrastructural components enabling the traversal of terrain
barriers, play a significant role in promoting regional economic development and facilitat-
ing social communication. However, bridges worldwide are aging, and the identification of
damage in bridges has become a prominent focus in the field of structural health monitoring
(SHM) [1,2]. Among all SHM methods, vibration-based methods constitute the primary
research avenue for the identification of damage in bridges [3,4]. Traditional vibration
monitoring involves placing sensors and data acquisition systems directly on the bridge
to measure its dynamic responses. Subsequently, the vibrational signals are processed
to facilitate the detection, localization, and quantification of bridge damage [1–4]. Given
the extensive number of bridges and the limited lifespan of sensors, traditional direct
vibration monitoring proves to be both costly and impractical for the health monitoring of
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a large bridge inventory. Hence, there is a continuous demand for more convenient and
rapid structural health monitoring (SHM) methods for the health monitoring of existing
bridge stocks.

Recently, a novel SHM paradigm involving the collection of vibration responses from
passing vehicles to indirectly monitor bridges has been developing rapidly. This SHM
paradigm is known as the vehicle scanning method (VSM), indirect monitoring, drive-by
monitoring, vehicle-assisted method, or mobile sensing [5–7]. It is based on the vehicle–
bridge interaction (VBI) mechanism wherein the bridge’s vibrations are transmitted to the
passing vehicle, and processing the vibrational signal of the passing vehicle can identify the
dynamic properties of the bridge. The VSM offers exceptional mobility, cost-effectiveness,
and extensive detection coverage and eliminates the need for traffic disruptions, which is
particularly suitable for assessing the health condition of numerous bridges. The initial
VSM concept was proposed and validated in 2004 [8], but it has experienced significant
development over the past five years [5–7]. This progress includes a substantial body of
theoretical studies, numerical investigations, laboratory tests, and field measurements,
covering the indirect measurements of bridge frequencies, mode shapes, damping ratios,
road roughness, and damage. The identification of bridge frequencies using the VSM
has been well-validated both in theory and experiments, and it has also found successful
applications in engineering [9–14]. However, the application of the VSM in identifying
bridge modal shapes and damage is primarily limited to theoretical investigations [15–18].
More recently, some laboratory tests on scaled VBI systems have attempted to fill this gap
for validating the VSM in identifying bridge mode shapes and damage, but they are often
conducted under ideal conditions [19–22]. The significant challenge in identifying bridge
modal properties using the VSM arises from extracting weak bridge vibrational signals
from vehicle responses amid the pollution caused by vehicle-induced vibrations and road
surface roughness.

To mitigate the impact of vehicle vibrations, various filtering techniques have been
employed to attenuate interference, including band-pass filters, variational modal decom-
position, and particle filters [22]. However, these filtering processes strongly rely on the
expertise of the signal processor, posing a risk of inadvertently filtering out the vibrational
signals of the bridge. Some studies have introduced a tuned mass damper with its frequency
tuned to the vehicle frequency to suppress vehicle self-vibrations, thereby mitigating the
overall impact of vehicle-induced vibrations [23]. Moreover, design strategies involving
specialized test vehicles with frequencies significantly isolated from vehicle frequencies
through the use of large-axle stiffnesses have been proposed. These strategies have success-
fully enhanced the identification of bridge vibration signals from vehicle responses [24,25].
More recently, a novel approach to utilizing vehicle–bridge contact-point (CP) responses
for extracting bridge dynamic properties has been introduced [26]. This strategy is advan-
tageous because CP responses are inherently free from vehicle self-vibrations. To reduce
the negative impact of road roughness, different strategies have been proposed, including
using ongoing traffic, on-bridge shakers, and non-moving test vehicles [5,7]. However,
these techniques usually require traffic restrictions, reducing the practical significance of
the VSM for rapid bridge health monitoring under open traffic conditions. More recently,
residual CP responses from two connected vehicles have been verified to be free from the
influence of road surface roughness [18,27]. The potential implementation of residual CP
responses in a two-axle vehicle is a fascinating prospect, achieved through a process of
eliminating road surface roughness by subtracting the front and rear axle CP responses.
While the theory behind this concept has been demonstrated, experimental validation is
still required for practical application [28].

In the exploration of applying the VSM for indirect bridge damage identification, vari-
ous studies have examined algorithms such as mode shape difference, wavelet transform,
and deep learning [19–21,27]. Zhang et al. [26] introduced the metric of instantaneous
amplitude squared (IAS), derived from the Hilbert transform of isolated bridge vibration
signals from vehicle responses, to detect bridge damage. The spring-mass VBI model was
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employed in this study for illustration. Following this work, the feasibility of using the
IAS for identifying bridge damage has been demonstrated using various numerical exam-
ples [16,27–29]; however, these studies lack experimental validation and do not consider
more realistic road roughness conditions.

The objective of this study is to propose a VSM approach for identifying bridge damage
using an IAS extracted from the residual CP responses of a two-axle passing vehicle with
the consideration of road surface roughness. It fills the literature gap through the following
two aspects. (1) It proposes an IAS metric extracted from residual CP responses of a two-
axle passing vehicle, which simultaneously eliminates the negative influence of vehicle
self-vibrations and road surface roughness. Currently, the IAS metric is derived from
an oversimplified spring-mass vehicle model [26], which fails to mitigate the impact of
road surface roughness. (2) It experimentally validates the utilization of the IAS and CP
responses for indirect damage detection, an aspect that has not been addressed in current
VSM studies, which predominantly focus on numerical validations. First, a closed-form
solution for the VBI responses of a two-axle vehicle interacting with a simply supported
beam was derived. Residual CP responses of the two-axle vehicle were derived and
back-calculated from vehicle responses. An IAS metric was derived from the residual CP
responses. Then, a numerical finite element simulation was prepared to validate theoretical
derivations and verify the feasibility of the proposed VSM-based damage identification
approach. Finally, laboratory tests were conducted to further validate the approach.

2. Theoretical Formulations of the Problem

In this section, the theoretical problem is presented by illustrating a two-axle vehicle
interacting with a simply supported beam, as shown in Figure 1. The test vehicle is
simplified to have two degrees of freedom of translational and rotational motions, i.e.,
yv and θv. These two degrees of freedom are functions of time. The main parameters of
the simply supported beam consist of the bridge length L, mass per unit length m, elastic
modulus E, and moment of inertia I. The parameter EI is the bending rigidity of the beam.
The main parameters of the two-axle vehicle comprise the vehicle mass Mv and mass
moment of inertia of the vehicle Jv. The front and rear axle spring stiffness are k1 and k2,
and the distance from the front and rear wheels to the center of gravity of the vehicle are
l1 and l2, respectively. The vehicle passes over the bridge at a constant speed of v. In the
following study, the closed-form solutions for the CP responses of the test vehicle passing
over the simply supported beam are first derived. Then, the residual CP responses are
obtained by subtracting the time-lagged CP response of the front axle from the CP response
of the rear axle. Finally, the IAS index, which can reflect damage location, is formulated
based on the Hilbert transform of the drive frequency response components of the residual
CP responses.
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Figure 1. Schematic representation of a two-axle vehicle interacting with a simply supported beam.

The assumptions used for theoretical formulations are summarized as follows: (1) The
simply supported beam is the Euler–Bernoulli type with a constant cross-section, where
the shear deformation and rotary inertia are not considered. (2) The damping of the system
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and bridge road roughness are not considered. (3) The vehicle mass is assumed to be
significantly less than the bridge mass, and its influence on bridge modal properties is
ignored. (4) The velocity of the vehicle remains constant during its passage. (5) The vehicle–
bridge coupled interaction is ignored in solving bridge responses but considered in deriving
vehicle responses. These assumptions are commonly adopted in VSM studies [5–29] for
theoretical derivation. Nevertheless, the full interactions of the moving vehicle with the
beam, the consideration of the shear deformation and rotary inertia of the beam, damping,
and non-constant vehicle velocity are meaningful for follow-up works [30,31].

2.1. Closed-Form Solutions of Residual CP Responses

To streamline the formulation, the vehicle mass is generally considered to be negligible
with respect to the bridge, and thus, the vehicle–bridge coupling effect can be ignored. This
assumption is frequently adopted in VSM studies [5–7], yet its validity may be questionable
and warrants closer consideration when investigating the coupling effects [32]. Neverthe-
less, the vehicle–bridge coupling effects will be fully considered in the following numerical
examples. Hence, the two-axle vehicle passing over the bridge can be regarded as two
moving forces acting on the bridge, and the close-from solution of the bridge displacement
ub can be obtained as follows [22]:

ub(x, t) =
N

∑
n=1

2

∑
k=1

qk(t) sin
(nπx

L

)
, (1)

where

qk(t) = − 2L3(l − lk)Mvg
EIn4π4l(1 − S2

n)


[
sin
(

nπv(t−tk)
L

)
− Sn sin(ωbn(t − tk))

]
H(t − tk)

+
[
sin
(

nπv(t−tk−∆t)
L

)
− Sn sin(ωbn(t − tk − ∆t))

]
H(t − tk − ∆t)

, (2)

where H (·) represents the unit step function, tk = (l1 + l2)(k − 1)/v represents the entry time
of the kth vehicle axle into the beam (k = 1, 2), and ∆t = L/v denotes the time duration of
the vehicle axle staying on the bridge. Moreover, ωbn denotes the nth bridge frequency, and
Sn denotes the speed parameter, which can be expressed as follows:

ωbn =
n2π2

L2

√
EI
m

, Sn =
nπv
Lωbn

. (3)

Furthermore, the vehicle is considered to be symmetric, i.e., k1 = k2 = k, l1 = l2 = l. This
assumption is solely for the convenience of theoretical derivations and does not affect the
proposed approach. Additionally, many real-world two-axle vehicles can be considered
symmetric, such as train carriages. Let x = v(t − tk), and the CP displacement of the kth
axle uk(t) at the timestamp t is the superposition of the CP displacement of the bridge
ub(x,t)|x=vt. The road surface roughness r(x)| x=vt, given as follows:

ui(t) =
N

∑
n=1

2

∑
k=1

An


cos nπv(tk−ti)

L − cos
(

2nπvt
L − nπv(tk+ti)

L

)
+Sn cos

((
ωbn +

nπv
L
)
t − ωbntk − nπvti

L

)
−Sn cos

((
ωbn − nπv

L
)
t − ωbntk +

nπvti
L

)
×

[
H(t − tk)

−H(t − tk − ∆t)

]
+ r(x)| x=vt , (i = 1, 2), (4)

where

An = − L3Mvg
2EIn4π4(1 − S2

n)
. (5)

It is shown in Equations (2) and (4) that the CP response of the vehicle axle contains
four components: road surface roughness r, the driving frequency 2nπv/L, the left-shifted
bridge frequencies ωbn − nπv/L, and the right-shifted bridge frequencies ωbn + nπv/L.
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The CP response excludes the component of vehicle frequency but is influenced by the
road surface roughness. Notably, road roughness is a broadband signal that obscures
all frequency components, posing challenges in extracting bridge frequencies from the
CP response.

However, the information on road surface roughness is presented in the CP responses
of the front and rear axles at different moments, i.e., t and t − d/v. Therefore, the influence
of the road surface roughness can be eliminated by subtracting the time-lagged CP response
of the rear axle from the CP response of the front axle. In the following study, the driving
frequency component and the road roughness component in Equation (3) are selected for
further derivation. To simplify the theoretical derivation, the unit step function component
H (·) in Equation (4) is treated as 1, i.e., the vehicle axles are always in contact with the
bridge. Therefore, the Equation (4) can be rewritten as follows:

u1(t) =
{

N
∑

n=1
−An

[
cos
( 2nπvt

L
)
+ cos

(
2nπvt

L − 2nπl
L

)]}
+ r (x)|x=vt + B1

u2(t) =
{

N
∑

n=1
−An

[
cos
(

2nπvt
L − 2nπl

L

)
+ cos

(
2nπvt

L − 4nπl
L

)]}
+ r (x)|x=v(t−t2)

+ B2

, (6)

where

B1 =
N
∑

n=1
An

 cos
(

2nπl
L

)
+ Sn cos

(
ωbn +

nπv
L
)
t cos

((
ωbn +

nπv
L
)
t − 2lωbn

v

)
−Sn cos

(
ωbn − nπv

L
)
t cos

((
ωbn − nπv

L
)
t − 2lωbn

v

)


B2 =
N
∑

n=1
An

 − cos
(

2nπl
L

)
+ Sn cos

((
ωbn +

nπv
L
)
t − 2nπl

L

)
cos
((

ωbn +
nπv

L
)
t − 2nπl

L − 2lωbn
v

)
−Sn cos

((
ωbn − nπv

L
)
t + 2nπl

L

)
cos
((

ωbn − nπv
L
)
t + 2nπl

L − 2lωbn
v

)
 . (7)

When introducing a time lag of 2l/v to the CP displacement of the rear axle, u2(t) is
rewritten as follows:

u2

(
t +

2l
v

)
=

{
N

∑
n

An

[
cos
(

2nπvt
L

)
+ cos

(
2nπvt

L
+

2nπl
L

)]}
+ r (x)|x=vt + B̃2, (8)

where

B̃2 =
N

∑
n

An

 − cos
(

2nπl
L

)
+ Sn cos

((
ωbn +

nπv
L
)
t + 2lωbn

v

)
cos
(
ωbn +

nπv
L
)
t

−Sn cos
((

ωbn − nπv
L
)
t + 2lωbn

v

)
cos
(
ωbn − nπv

L
)
t

. (9)

Following the CP displacement of the front axle in Equation (6) and the CP displace-
ment of the rear axle in Equation (8), the residual CP displacement is obtained as follows:

∆u = u2

(
t +

2l
v

)
− u1(t) =

{
N

∑
n

An

[
cos
(

2nπvt
L

+
2nπl

L

)
− cos

(
2nπvt

L
− 2nπl

L

)]}
+ B̃, (10)

where

B̃ =
N

∑
n

An



−2 cos
(

2nπl
L

)
+ Sn cos

((
ωbn +

nπv
L
)
t + 2lωbn

v

)
cos
(
ωbn +

nπv
L
)
t

−Sn cos
((

ωbn − nπv
L
)
t + 2lωbn

v

)
cos
(
ωbn − nπv

L
)
t

−Sn cos
(
ωbn +

nπv
L
)
t cos

((
ωbn +

nπv
L
)
t − 2lωbn

v

)
+Sn cos

(
ωbn − nπv

L
)
t cos

((
ωbn − nπv

L
)
t − 2lωbn

v

)


. (11)

It is shown in Equation (10) that the influence of the road surface roughness was
removed from the residual CP displacement. Only the frequency components of the driving
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frequency 2nπv/L and the left-shifted and right-shifted bridge frequencies B̃ are retained.
Considering that the acceleration is easier than the displacement for field measurements,
Equation (10) is differentiated twice, and the residual CP acceleration is obtained as follows:

∆
..
u =

{
N

∑
n=1

4n2π2v2 An

L2

[
cos
(

2nπvt
L

− 2nπl
L

)
− cos

(
2nπvt

L
+

2nπl
L

)]}
+

.̃.
B, (12)

where
.̃.
B is the second time derivative of Equation (11).

Notably, the CP acceleration of the vehicle axles described above cannot be directly
measured. This is because the above closed-form solutions require prior knowledge of
the modal information of the bridge, which is what the VSM seeks to identify. However,
the axle responses can be indirectly back-calculated from the vehicle responses, which are
formulated as follows [26,27]: u1(t) =

Mv l2+Jv
4kl2

..
y1(t) +

Mv l2−Jv
4kl2

..
y2(t) + y1(t)

u2(t) =
Mv l2−Jv

4kl2
..
y1(t) +

Mv l2+Jv
4kl2

..
y2(t) + y2(t)

, (13)

where y1 and y2 are the vertical displacements of the vehicle body at the front and rear
axles, as illustrated in Figure 1.

By substituting Equation (13) into Equation (10), the residual CP displacement can be
obtained as follows:

∆u = u2

(
t +

2l
v

)
− u1(t) =

 Mv l2−Jv
4kl2

..
y1

(
t + 2l

v

)
+Mv l2+Jv

4kl2
..
y2

(
t + 2l

v

)
+ y2

(
t + 2l

v

)
−

 Mv l2+Jv
4kl2

..
y1(t)

+Mv l2−Jv
4kl2

..
y2(t) + y1(t)

. (14)

Furthermore, the residual CP acceleration can be formulated by differentiating
Equation (14) twice, given as follows:

∆
..
u =

..
u2

(
t +

2l
v

)
− ..

u1(t) =

 Mv l2−Jv
4kl2

d2 ..
y1(t+ 2l

v )
dt2

+Mv l2+Jv
4kl2

d2 ..
y2(t+ 2l

v )
dt2 +

..
y2

(
t + 2l

v

)
−

 Mv l2+Jv
4kl2

d2 ..
y1(t)
dt2

+Mv l2−Jv
4kl2

d2 ..
y2(t)
dt2 +

..
y1(t)

. (15)

Therefore, it is known that the residual CP acceleration of the two-axle passing vehicle
can be calculated from the vehicle responses

..
y1 and

..
y2, which are practical for measure-

ments. Notably, the above derivations ignore the vehicle–bridge coupled effect, which will
be investigated in the following numerical validation section.

2.2. Bridge Damage Detection Using Residual CP Acceleration

In this section, the driving frequency component (2nπv/L) from the residual CP accel-
eration of the two-axle passing vehicle is isolated to construct the IAS for identifying bridge
damage. The rationale for selecting driving frequencies rather than bridge frequencies is
their low and closely distributed nature, which reduces the likelihood of contamination
by high-frequency signals such as environmental noise and road roughness signals. After
applying the fast Fourier transform (FFT) to the residual CP acceleration in Equation (12),
the corresponding frequency spectrum is formulated as follows:

F(ω) =
∫ ∞

−∞
∆

..
u(t)·e−jωtdt. (16)

The components of driving frequencies in Equation (12) can be isolated from the
residual CP acceleration by applying a multi-peak spectrum idealized filter as follows:

Hd(ω) =

{
1 ω = 2nπv/L
0 else

. (17)
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By applying the idealized filter transfer function to the frequency function of the
residual CP acceleration, the filtered amplitude frequency function is obtained as follows:

Fd(ω) = F(ω)× |Hd(ω)| =
∫ ∞

−∞
∆

..
u(t)·e−jωtdt, ω = 2nπv/L. (18)

Then, the time-domain response of Fd(jw) can be reconstructed using inverse FFT
as follows:

Rn(t) =
1

2π

∫ ∞

−∞
Fd(ω)·ejωtdω =

N

∑
n=1

Dn

[
cos
(

2nπvt
L

− 2nπl
L

)
− cos

(
2nπvt

L
+

2nπl
L

)]
, (19)

where

Dn =
4n2π2v2 An

L2 . (20)

Therefore, the driving frequency components Rn(t) in the time domain are extracted
from the residual CP acceleration. The driving frequency component responses are narrow-
band time series, and the Hilbert transform can be applied to obtain its pair. Consequently,
the Hilbert transform of Rn(t) is derived as follows:

⌢
Rn(t) =

N

∑
n=1

Dn

[
sin
(

2nπvt
L

− 2nπl
L

)
− sin

(
2nπvt

L
+

2nπl
L

)]
. (21)

According to Equations (19) and (21), the IAS index can be constructed as follows:

A2(t) = R2
n(t) +

⌢
R

2

n(t)

= 2

(
N
∑

n=1
D2

n −
N
∑

j=1

N
∑

i=1
DjDi cos 2πl(j+i)

L

)

+ 4
N
∑

j=1

N
∑

i=1(i>j)
DjDi

[(
1 − 2 sin2 πvt(j−i)

L

)(
cos 2πl(j−i)

L − cos 2πl(j+i)
L

)]
.

(22)

It is acknowledged that the mode shape of the bridge for the simply supported beam
is Φ = sin(nπvt/L). By substituting the mode shape function into Equation (22), the
relationship between the IAS and the bridge mode shape Φ is expressed as follows:

IAS = A2(t) = 2

(
N
∑

n=1
D2

n −
N
∑

j=1

N
∑

i=1
DjDi cos 2πl(j+i)

L

)

+ 4
N
∑

j=1

N
∑

i=1(i>j)
DjDi

[(
1 − 2Φ2

j−i

)(
cos 2πl(j−i)

L − cos 2πl(j+i)
L

)]
,

(23)

It is shown in the equation that the IAS index is closely connected with the bridge
mode shape Φ. It is widely understood that the presence of damage alters the bridge
mode shape. This suggests that the IAS can reflect the bridge damage because the bridge
mode shape Φ will be changed if damage occurs in the beam. Therefore, the IAS index
can detect the existence and location of damage. Concerning the severity of the damage,
the abnormality level of the IAS index can capture this severity. Therefore, the following
practical procedures are proposed for identifying bridge damage using the IAS extracted
from the residual CP acceleration, as follows:

• Measure the vehicle accelerations
..
y1 and

..
y2 of the vehicle body at the front and rear

axles of the two-axle test vehicle;
• Calculate the residual CP acceleration ∆

..
u of the front and rear vehicle axles using

Equation (15);
• Analyze the frequency spectrum of ∆

..
u using FFT and isolate its first few orders of

driving frequencies 2nπv/L using the multi-peak spectrum idealized filter;
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• Obtain the time-domain results of the driving frequency components Rn(t) using the
multi-point spectra idealized filter and inverse FFT and construct its instantaneous
amplitude IAS index A(t) by Hilbert transform.

3. Numerical Investigations Using Finite Element Simulation
3.1. Finite Element Simulation of the VBI System with Damage

In this section, the finite element simulation is conducted for a symmetric two-axle
vehicle interacting with a simply supported beam (see Figure 2). The bridge is divided into
Ne beam units with an equal length Le. The beam element has two nodes, each considering
two degrees of freedom, i.e., nodding and sinking. The beam element where the vehicle
axle acts is a new VBI element as it considers both the motion of the beam element and the
vehicle. The equations of motion of the VBI element and normal beam element are provided
in [22,30]. The vehicle axle distance d = (l1 + l2) must be larger than the length of the beam
element Le to ensure each vehicle axle acts on different beam elements. Furthermore, to
facilitate the following discussions regarding vehicle damping and stiffness, a distinction is
made between damping and stiffness of the front and rear axles using subscripts 1 and 2.
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Figure 2. Finite element simulation of a symmetric two-axle vehicle interacting with a simply
supported beam.

In addition, the beam damage is considered as the loss of element stiffness [33].
Notably, damage in beam-like structures can also be modeled in other forms, such as cracks
or internal hinges [33,34]. However, the reduction in element stiffness remains the most
common technique of damage modeling. Additionally, this study does not concentrate on
modeling and detecting beam damage at the meso scale, including pinpointing the damage
location or determining the damage direction within the beam cross-section. This study’s
objectives revolve around detecting and quantifying damage in field applications, with no
emphasis on damage quantification at the meso scale. The following simple theoretical
derivation is employed to illustrate that the decrease in structural stiffness directly causes a
change in the modal vibration pattern of the bridge. For the undamped, freely vibrating
beam, the characteristic equation of dynamics is as follows:

(K − λM)Φ = 0, (24)

where K and M represent the structural stiffness and mass matrices, and λ and Φ denote
the structural eigenvalues and eigenvectors, respectively.

Assuming that the beam experiences an element stiffness loss, and ignoring the
change in beam mass resulting from the element stiffness loss, the characteristic equation
of dynamics is as follows:

[(K + ∆K)− (λ + ∆λ)M](Φ + ∆Φ) = 0, (25)

where ∆K denotes the change in structural element stiffness, and ∆λ and ∆Φ denote the
change of the structural eigenvalue and the change of the structural eigenvector, respec-
tively. By left-multiplying the ΦT on both sides of Equation (15), the change in structural
eigenvalue can be expressed as follows:
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∆λ =
ΦT∆K(Φ + ∆Φ)

ΦTM(Φ + ∆Φ)
. (26)

Clearly, the presence of element stiffness loss directly affects the eigenfrequencies and
eigenvectors. Since the IAS index is closely related to the eigenvectors, it can be used to
locate and quantify the beam damage.

3.2. Numerical Validation of the Residual CP Response

A numerical example with the vehicle and bridge parameters, outlined in Table 1,
is investigated. These vehicle and bridge parameters are strictly selected to reflect the
realistic conditions of highway bridges, consistent with widely accepted practices in VSM
studies [8,10,12,16,22,23,26]. Notably, the parameter values remain constant in the following
investigations unless otherwise noted. The simply supported bridge was divided into
50 elements, and the time step of the finite element simulation was 0.001 s. The number of
beam elements plays a pivotal role in the VBI responses within the numerical investigation
of damage. This is because the size of the damage is equated to the element size for
modeling damage through element stiffness loss. In this study, the chosen size for the
damaged element is 0.5 m, a dimension commonly employed in the literature [10–28].
Consequently, a total of 50 elements constitute the 25 m simply supported beam. In addition,
a simulation time step of 0.001 s is also a common choice in VBI studies [10–28]. The first
third frequencies of the bridge are ωb1 = 3.80 Hz, ωb2 = 15.22 Hz, and ωb3 = 34.24 Hz,
respectively. The frequencies of the test vehicle are ωv = 4.35 Hz and ωθ = 5.96 Hz. The
road is assumed to have a relatively smooth surface with Gd(n0) = 0.001 × 10−6 m3 [22].
To be consistent with the theoretical analysis, the bridge and vehicle damping are not
considered. However, the vehicle in the numerical example is considered to be asymmetric
for a general case.

Table 1. Parameter values of the test vehicle and bridge.

Item Parameters Symbol Unit Value

Vehicle

Mass of vehicle Mv kg 1000
Mass moment of vehicle Jv kg·m2 900
Stiffness of front axle k1 N/m 3.5 × 105

Stiffness of rear axle k2 N/m 4 × 105

Distance from the front axle l1 m 1.35
Distance from the rear axle l2 m 1.25
Velocity v m/s 2

Bridge

Length L m 25
Young’s modulus E MPa 2.75 × 104

Moment of inertia I m4 0.20
Mass per unit length m kg/m 2400

Three methods were employed to calculate the CP displacements. The first method
involves directly interpolating using the displacement responses of adjacent beam nodes
based on the location of the wheel contact points in the beam element, referred to as FEM-B,
which is the most accurate calculation result. The second method is back-calculating from
the vehicle responses using Equation (13), referred to as FEM-V, which may be biased
owing to the introduction of numerical differencing. The third method is the theoretical
calculation by substituting x = vt into Equation (1), referred to as “Analytical,” which may
be biased because it ignores the vehicle–bridge coupled interaction and considers only the
first five bridge frequencies. Notably, the consideration of the first five modes of modal
information for theoretical VBI analysis is a common choice in the literature [10,14,17,22,31].
The comparison of the CP response at the front axle of a two-axle vehicle calculated by the
three methods is provided in Figure 3. Notably, the contact point displacement is the sum
of road surface roughness and bridge displacement, as shown in Equation (4). It is shown
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in Figure 3a that the three methods yield consistent CP displacements, which validate
the correctness of the theoretical derivation and numerical modeling. Slight deviations
are observed in the results of “Analytical,” owing to the ignorance of the VBI coupling
effect. As can be seen in Figure 3b, only the first bridge frequency can be extracted from
the spectrum of the CP acceleration at the front axle, owing to the interference of the road
surface roughness. Again, as before, the spectrum of the CP acceleration calculated by the
three methods yields the same results.
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Figure 3. Comparison of the CP response at the front axle of a two-axle vehicle calculated by different
methods: (a) CP displacement; (b) Spectrum of CP acceleration.

The influence of road surface roughness can be eliminated by using the residual CP
response, according to Equation (10). Therefore, the residual CP response of the two-axle
test vehicle back-calculated from the vehicle responses is provided in Figure 4. As shown
in Figure 4b, the high-frequency spectra exhibit a greater complexity compared to the low-
frequency spectra, owing to the anomalous vibrations shown in Figure 4a. Nevertheless,
the first three bridge frequencies are still visible and easy to identify in the frequency
spectra, which suggests that the residual CP responses eliminate the interference of the
road surface roughness. In addition, it should be noted that the frequencies of the vehicle
are also found in the spectrum of residual CP acceleration, which can be attributed to the
presence of road surface roughness that renders the vehicle–bridge coupling impossible
to overlook.
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Figure 4. Residual CP response of the two-axle test vehicle back-calculated from the vehicle responses:
(a) Residual CP acceleration; (b) Spectrum of residual CP acceleration.
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3.3. Numerical Validation of Damage Identification

To validate the proposed IAS index for bridge damage identification, local damage
with a 10% reduction in element stiffness was introduced in the 19th beam element, specif-
ically within the range of 9.5 to 10.0 m. In this numerical case, road surface roughness
was initially excluded but will be considered in subsequent parametric studies. Figure 5a
illustrates the IAS index calculated using the CP acceleration of the vehicle’s front axle.
The initial abnormality in the IAS occurs when the front axle approaches 2.6 m, precisely
where the rear axle engages with the left boundary of the bridge. The second abnormality
in the IAS arises as the front axle approaches the region of 9.5 to 10.0 m, which corresponds
to the location of the bridge damage. Similarly, the two anomalies in the IAS of the CP
acceleration of the rear axle are observed at approximately 10 m (damage location) and 23
m (where the first axle exits the bridge), as depicted in Figure 5b. Additionally, Figure 5c
presents the IAS index of the residual CP acceleration, revealing notable abnormalities near
the bridge supports. The IAS of the residual CP acceleration inherits characteristics from
the IAS of the CP acceleration of both the front and rear axles. Neglecting the influence of
the bridge boundaries, two abnormalities in the IAS near the locations of 7 m and 12 m were
roughly observed. The anomaly at 7 m is attributed to the rear axle approaching this point
when the front axle is near the location of damage (9.5–10.0 m). Similarly, the front axle
approaches 12 m when the rear axle is in proximity to the damaged location. In summary,
for a single damage, the location of damage can be determined based on the abnormalities
in the IAS for a single-axle test vehicle or the center of two adjacent abnormalities in the
IAS for a two-axle test vehicle. Although the authors have marked the localization of the
damage in these figures, readers can themselves assess whether these locations precisely
correspond to the damage localized based on the changes in the IAS indicators. These
findings validate that the proposed IAS effectively detects bridge damage.
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Figure 5. Comparison of damage identification results using the IAS calculated by various CP
responses without road surface roughness: (a) CP acceleration of the front axle; (b) CP acceleration of
the rear axle; (c) residual CP acceleration.



Buildings 2024, 14, 1428 12 of 20

Furthermore, road surface roughness is introduced to illustrate the viability of the pro-
posed IAS under such conditions, and the results are presented in Figure 6. In Figure 6a,b,
the resulting IAS derived from the CP accelerations of both the front and rear axles fails
to identify bridge damage due to the interference of road surface roughness on the CP
accelerations. However, as shown in Figure 6c, the IAS derived from the residual CP
acceleration exhibits the same capability to identify bridge damage as demonstrated in
Figure 5c. Therefore, it is evident that the IAS calculated from the residual CP acceler-
ation demonstrates superiority over the IAS calculated from single axle acceleration in
identifying bridge damage in the presence of road surface roughness.
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Figure 6. Comparison of damage identification results using the IAS calculated by various CP
responses with road surface roughness of Gd(n0) = 0.001 × 10−6m3: (a) CP acceleration of the front
axle; (b) CP acceleration of the rear axle; (c) residual CP acceleration.

3.4. Influence of Vehicle Speed on Damage Identification

The speed of the test vehicle is a crucial factor influencing the feasibility of the VSM
for damage identification [22–28]. This is because a higher vehicle speed results in fewer
vehicle records passing over the bridge, which, in turn, negatively impacts the extraction
of the bridge modal information using such limited data. Three sets of vehicle speeds,
namely 1 m/s, 2 m/s, and 4 m/s, are compared. For each vehicle speed, three levels of
damage—10%, 20%, and 30%—were assigned to the same 19th beam element. Figure 7
presents the influence of vehicle speed on damage identification using the IAS calculated
from the residual CP acceleration, where road surface roughness is not involved. It is
shown in Figure 7a that all three levels of damage can be identified using the IAS calculated
from the residual CP acceleration when the vehicle speed is relatively small, such as 1 m/s.
However, when the vehicle speed is increased to 2 m/s, it is observed that the second IAS
abnormality at a damage level of 10% becomes insignificant compared to the case with a
vehicle speed of 1 m/s. However, when the damage levels are 20% and 30%, the second
IAS abnormality becomes visible. Therefore, the damage location can be determined well
using the proposed IAS index. When the vehicle speed is 4 m/s, as shown in Figure 7c, the
IAS index fails to accurately pinpoint the location of damage across all three damage levels.
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Therefore, it is advisable to employ low vehicle speeds, such as 1–2 m/s, for enhanced
accuracy in using the IAS index for identifying bridge damage.
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3.5. Influence of Road Roughness on Damage Identification

Road surface roughness is another important factor influencing the feasibility of the
VSM for damage identification [22–25]. Three grades of road surface roughness are an-
alyzed, with Gd(n0) being 0.001 × 10−6, 2 × 10−6, and 8 × 10−6 m3, and representing
the ideal laboratory roughness: class A roughness in the ISO standard [22], and class B
roughness in the ISO standard [22], respectively. Figure 8 shows the influence of road
surface roughness on damage identification using the IAS calculated from the residual CP
acceleration. It is shown in Figure 8a that the damage location can be directly identified
through the IAS abnormalities when the road is in perfect roughness condition. Addi-
tionally, the degrees of damage can be reflected by the degree of abnormality in the IAS
index. When the road roughness is set to Gd(n0) = 2 × 10−6 m3, as shown in Figure 8b, the
damage location is almost overwhelmed by the interference of roughness when the damage
levels are below 20%. However, the damage location, with a damage level of 30%, can still
be identified using the IAS index. The results with Gd(n0) = 8 × 10−6 m3, as provided in
Figure 8c, show similar findings as inferred from those in Figure 8b. These findings reveal
that bridge damage can be effectively identified using the IAS index from the residual CP
acceleration of a two-axle testing vehicle with the road roughness considered. If the grades
of road roughness are much higher, the IAS is feasible for identifying bridge damage only
when the damage is significant enough.
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Figure 8. Influence of road surface roughness on damage identification using the IAS calculated
from the residual CP acceleration: (a) Gd(n0) = 0.001 × 10−6 m3, (b) Gd(n0) = 2 × 10−6 m3, and
(c) Gd(n0) = 8 × 10−6 m3.

4. Experimental Validations
4.1. The Laboratory VBI System

A laboratory VBI system, as shown in Figure 9, was employed for the experiment to
validate the proposed IAS index for indirectly identifying bridge damage. A comprehensive
description of the laboratory VBI system is available in a previous study [22]. The first
two bridge frequencies were ωb,1 = 7.81 Hz and ωb,2 = 29.29 Hz, which were identified
by direct measurements. Notably, the provided bridge frequencies are for the damaged
beam. The two-axle test vehicle was composed of two axles, with each axle using a steel bar
connecting two polyurethane tires on the left and right, as shown in Figure 9d. A steel plate
with a thickness of 12 mm was fixed with the two steel bars. Hence, the test vehicle had
relatively large vertical axle stiffnesses. Two accelerometers are mounted on the steel plate
directly above the front and rear axles. Since the axle stiffness of the test vehicle is relatively
large, the response of the vehicle axle can be treated as proximate to the CP response [25].
The test vehicle was pulled along the tracks across the beam at a constant speed of 0.15 m/s
maintained by a winch. The test beam was equipped with two types of tracks: one made
of silicone strips used to simulate the idealized perfect road surface roughness, and the
other constituted by a non-slip mat on steel rails to simulate a high grade of road surface
roughness. Due to the equally spaced arrangement of roughness humps with distances of
16 mm and 32 mm, the vibrational frequencies induced by these humps can be calculated
with v/l, i.e., 0.15/0.032 = 4.69 Hz and 0.15/0.016 = 9.38 Hz. The test beam has two damage
locations at 0.8 m and 1.7 m of the beam by cutting a 10 mm depth on the edge of the
beam, as shown in Figure 9f. The severity of the damage corresponds to a local element
stiffness loss of 17.32% with an element length of 10 mm. While this level of damage may
be considered relatively severe in real-world conditions, it is quite common in laboratory
SHM studies.
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4.2. Damage Detection under the Perfect Road Surface

The perfect road surface was initially considered for the test. The test vehicle was
pulled across the track made of silicone strips at a constant speed. The results are pre-
sented in Figure 10. In Figure 10a, four obvious abnormalities are observed in the IAS
index obtained from the CP acceleration of the front axle, with two abnormalities directly
indicating the damage locations of the beam. Similarly, in the IAS index obtained from the
CP acceleration of the rear axle (Figure 10c), four abnormalities are detected, and two of
them directly indicate the damaged locations of the beam. The IAS index was calculated
following the practical procedures shown in Section 2.2. Sensors #1 and #2 measure the
vehicle accelerations at the front and rear axles, which can be regarded as

..
y1 and

..
y2. Addi-

tionally, several abnormalities are observed in the IAS index obtained from the residual CP
acceleration (Figure 10e), with the two most obvious abnormalities indicating the damage
locations in the beam. The presence of other abnormalities that have no relation to the
damage is not currently clear and requires further exploration. In terms of the frequency
spectra, the first bridge frequency was successfully identified by the CP acceleration at the
front axle in Figure 10b, the CP acceleration at the rear axle in Figure 10d, and the residual
CP acceleration in Figure 10f. However, the second bridge frequency is not visible from the
frequency spectra of these three responses, implying that the residual CP response does not
perform better than the CP response in identifying bridge frequencies. In summary, under
perfect road surface conditions, the IAS indexes calculated from both CP accelerations
and residual CP acceleration were successful in identifying bridge damage. However, the
residual CP acceleration does not outperform the CP acceleration, possibly because the test
vehicle is too light, and as a result, the bridge vibration is not sufficiently excited.
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Figure 10. Results under the perfect road surface: (a) IAS of the CP acceleration at the front axle;
(b) frequency spectra of the CP acceleration at the front axle; (c) IAS of the CP acceleration at the
rear axle; (d) frequency spectra of the CP acceleration at the rear axle; (e) IAS of the residual CP
acceleration; (f) frequency spectra of the residual CP acceleration.

4.3. Damage Detection under Rough Road Surface

To consider a rough road surface in the experiment, the test vehicle was placed on
tracks with non-slip mats, as shown in Figure 9e. The same vehicle speed was maintained,
and the results are shown in Figure 11. The findings indicate that the IAS of the front
axle CP acceleration identifies the second location of the damage. However, due to the
interference of the road surface roughness, the IAS of the front axle CP acceleration includes
other irrelevant abnormalities that hinder the identification of the first bridge damage. This
phenomenon is particularly evident in the IAS of the rear axle CP acceleration, as shown
in Figure 11c. Both locations of damage cannot be identified by the IAS index. In terms
of the IAS of the residual CP acceleration, the two damage locations are likely identified
by the IAS abnormalities. However, other obvious IAS abnormalities were also presented,
which have no relation to the bridge damage. In terms of the frequency spectra, the first
and second bridge frequencies were all successfully identified by the CP acceleration at
the front axle in Figure 11b, CP acceleration at the rear axle in Figure 11d, and residual
CP acceleration in Figure 11f. Additionally, the influence of the roughness also includes
introducing the roughness frequency ωroughness in the spectrum of the CP responses. These
interferences are inherited in the residual response, which may be another influencing
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factor in the recognition of damage. The reason why the second bridge frequency can
be identified is that the bridge vibration is significant under the excitation of rough road
roughness, making the bridge frequency easier to identify; however, such effects are not
favorable for the identification of bridge damage. In conclusion, the experiments only
demonstrate the weak possibility of using the IAS extracted from residual CP response for
identifying bridge damage. However, further experiments should be performed to fully
examine the capacity of the IAS for bridge damage identification in practical applications.
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5. Conclusions

This study focuses on identifying bridge damage using the response of a two-axle
passing vehicle. The closed solution of residual CP acceleration is derived for a two-axle
vehicle interacting with a simply supported beam. The IAS index is then constructed from
the driving frequency of the residual CP acceleration to identify bridge damage. Numerical
investigations using finite element simulation, as well as experimental validations through
laboratory VBI tests, were conducted to verify the proposed damage detection approach.
The main findings are as follows:
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(1) The IAS index of the residual CP acceleration can be constructed by applying a multi-
peak idealized filter and the Hilbert transform to the driving frequency spectra. This
index is theoretically sensitive to the bridge modal shape and can be used to identify
bridge damage. Theoretically, it eliminates the influence of vehicle self-vibrations and
road roughness when the vehicle–bridge coupling effect can be ignored;

(2) Numerical investigations verify the accuracy of the theoretical derivations. The bridge
damage can be determined by observing IAS abnormalities, which are baseline-free.
The IAS of the residual CP acceleration can identify a 10% stiffness loss in a beam
element under low road surface roughness and a 30% stiffness loss under high road
surface roughness. A favorable vehicle speed of no greater than 2 m/s yields good
damage identification results;

(3) Laboratory tests show that it is possible to roughly identify bridge damage using the
IAS extracted from residual CP acceleration under perfect road surfaces. The results of
the IAS from residual CP acceleration show the same ability to locate damage as those
of the IAS from CP accelerations at the front or rear axle. However, some irrelevant
IAS abnormalities were observed, which have no relation to the bridge damage;

(4) Regarding rough road surfaces in the experimental setup, while both IAS indicators
derived from residual CP acceleration and axle CP acceleration successfully identify
multiple bridge frequencies, it is likely that they both fall short in detecting damage.
Hence, further experiments should be performed to fully examine the capacity of the
IAS for bridge damage identification in practical applications.

This study shows some theoretical and experimental attempts at using the IAS from
residual CP responses for bridge damage identification. The feasibility of residual CP
responses is not examined in the literature, and this gap was filled by this study to some
extent. Based on the findings of this study, it is possible to employ an ordinary two-axle
commercial vehicle for the indirect detection of bridge damage, thereby enabling the rapid
estimation of structural health for a large group of bridges using only these vehicles. How-
ever, more experiments should be conducted to further validate the theoretical superiority
of the residual CP response for the indirect identification of bridge modal properties. Fur-
thermore, exploring the feasibility of the IAS index for detecting damage in beams with
other boundary conditions represents a significant area for future research. Additionally,
considering the incorporation of machine learning algorithms for predicting bridge dam-
age, particularly with an expanded dataset of the IAS, represents a meaningful future
endeavor. Exploring the potential of the proposed method to identify multiple damage
regions through numerical investigations would also be meaningful follow-up work.
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