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Abstract

A damage identification method combining improved Hilbert—-Huang transform (HHT) and power spectrum density (PSD)
sensitivity analysis is proposed to study the acceleration response signals of a test vehicle and to identify damage in bridge
structures. This study uses a single acceleration sensor arranged on the test vehicle to identify single and multiple positions of
damage on the bridge and identify the degree of damage. Firstly, the vehicle acceleration response is transformed by HHT to
determine the position of damage on the bridge structure using changes in the 3D time—frequency amplitude spectrum, which
shows a decrease in the instantaneous frequency and an increase in the instantaneous amplitude at the damage position. Sec-
ondly, after determining the damage position on the bridge structure, the PSD sensitivity method is used to identify the damage
parameters and determine the damage degree at the damage position. The combination of the two methods solves the problem
that the traditional direct use of signal processing technology (such as wavelet transform, Hilbert transform) can only identify the
damage location of the bridge and use the power spectrum sensitivity to identify the damage degree of each unit of the structure,
which leads to a large amount of sensitivity calculation. The identification capabilities of the proposed technique are studied
varying the damage locations, crack depths, and velocity of vehicle speed vehicle mass. The effect of ambient noise is also taken
into account. Numerical simulations show that the method presented in this paper could identify damage in bridge structures.

Keywords Damage identification - Moving vehicle response - 3D time—frequency amplitude spectrum - PSD sensitivity

1 Introduction

Cracks may occur during the service life of bridge structures,
which consequently reduces structural stiffness and affects the
structural vibration characteristics [1, 2]. However, identifying
damage to the structure using fundamental parameters such
as frequency and vibration mode is often difficult as they are
not sensitive to local damage [3-5], the number of sensors
required is high and costly, and sometimes the proposed meth-
ods of analysis are susceptible to changes in environmental
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conditions. Nevertheless, some studies have obtained partial
bridge structure damage information by analyzing and evaluat-
ing monitored vibration data. Furthermore, to further investi-
gate the structural damage information hidden in the response,
signal identification techniques such as HHT and wavelet
transform have been developed [6-9], which are combined
with some data processing algorithms to understand damage
location in the structure.

HHT, consisting of empirical mode decomposition (EMD)
and Hilbert spectrum analysis, is suitable for analyzing non-
stationary signals [10]. This method makes the signal into
EMD, which can effectively separate the various frequency
components of the signal from the time curve in the form of
intrinsic mode function (IMF). The IMF meets the require-
ments of the Hilbert transform, and the Hilbert transform is
applied to the IMF sequence to obtain a three-dimensional
discrete skeleton spectrum containing time, frequency, and
amplitude, which can provide clearer time—frequency char-
acteristics of the local details. The algorithm has good adap-
tive properties and great potential for real-time data analysis.
Xu et al. [11] used the second-story stiffness reduction of a
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three-story frame structure to simulate structural damage, and
then used empirical mode decomposition (EMD) to identify
the inter-story stiffness damage of the structure. However,
one of the main problems of EMD is modal confusion. Wu
et al. [12] attempted to suppress modal confusion by study-
ing the statistical characteristics of white noise signals and
subsequently proposed an ensemble empirical mode decom-
position (EEMD) method. EEMD decomposes the original
signal by adding different white noises to the EMD. The final
intrinsic mode function (IMF) is obtained by averaging the
results from the multiple decompositions. Aied et al. [13] used
EEMD to analyze the acceleration response of the bridge on
a rough road surface, using a high vehicle speed and different
noise signals. IMF1 showed the capability to identify instant
changes in bridge stiffness, thus enabling rapid identification of
stiffness changes. The HHT of transient vibration data [14] has
also been used to analyze an experimental model of a structural
steel bridge. Damage identification and location studies using
the Hilbert spectrum showed a more significant decrease in
the peak frequency of the marginal spectrum and a substantial
decrease in the instantaneous phase value of the sensor signal
near the damage position.

The above damage identification methods place the sen-
sors directly on the identified structure. However, in practice,
for some structures, it may be inconvenient and costly to
install the sensors later. At present, many researchers have
successfully identified bridge modal parameters (such as fre-
quency and mode) through the analysis of vehicle response
and completed the damage location of the bridge by the
vibration mode curvature obtained from the vehicle response
[15].Yang et al. developed a method by installing multiple
sensors on a single-axis scanning vehicle that combines the
wavelet transform and the singular value decomposition to
accurately identify bridge modal parameters [16]. Numerical
studies show that the method has strong robustness, and the
obtained solutions are closer to the theoretical ones. Consid-
ering that most of the published related studies are based on
the analysis of simplified two-dimensional models of vehi-
cles; Jian et al. [17] performed three-dimensional simula-
tions and accordingly proposed a novel frequency-domain
method to identify the bridge natural frequency from the
vertical acceleration of the wheels of the full-vehicle model.

A related pioneering study [18] proposed arranging
the sensors on the vehicle and then collecting the sensor
response signals of the vehicle for bridge modal parameter
identification. He et al. [19] suggested a damage location
index of the bridge vibration mode based on an indirect
identification method. First, HHT was used to extract the
damaged bridge vibration mode with high spatial resolution
from the moving vehicle response. Then, the difference in
regional vibration mode curvature before and after the dam-
age was used to establish the damage location index.
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However, for a bridge structure with a given damage, the
frequency corresponding to the damage state is traditionally
constant, and the frequency does not change with time when
the damage is constant. As a result, it is difficult to recognize
bridge damage location only by using frequency. However, the
HHT transform connects frequency and time, which makes
it possible to complete the damage location of the bridge by
using frequency. Roveri et al. [8] analyzed the displacement
response arranged in the bridge span and made Hilbert trans-
formation by the natural modal function corresponding to the
first-order frequency of the bridge. By observing the crest of
the first-order instantaneous frequency at the damage position,
they realized that only one sensor was needed to identify the
crack location of the bridge. This method has successfully
demonstrated that the instantaneous frequency obtained from
the bridge response analysis can be used to locate the dam-
age of the bridge. However, at present, the transient frequency
obtained by vehicle response analysis has not completed the
bridge damage location. Obrien et al. [20] have proved through
theoretical derivation that the frequency mainly included in the
response of vehicles crossing the bridge is composed of the
first-order bridge frequency, vehicle frequency, and speed fre-
quency. Therefore, it is necessary to study whether the instan-
taneous frequency contained in the vehicle response can be
used to complete the bridge damage identification.

Liberatore et al. [21] estimated the energy by PSD analy-
sis using the root-mean-square value to analyze the degree
of structural damage; this was applied on a simply supported
beam, where the energy of the bandwidth region most sen-
sitive to damage was combined with the modal vibration
mode to localize the damage. Furthermore, Zheng et al. [22]
applied a random vibration virtual excitation method to solve
the sensitivity of the PSD function of the damage factor
and identify shear structure damage using fewer sensors.
Moreover, the PSD method has also been combined with
the substructure poly condensation technology to complete
damage element location and damage degree identification
of frame structures by measuring the partial degree of free-
dom response of the frame structure [23]. The advantage of
sensitivity method is that it can identify the damage degree
of structural elements well by establishing the sensitivity
equation of damage parameters, but its disadvantage is that it
needs to calculate each element, resulting in a large amount
of sensitivity calculation. So if you can start positioning the
structure roughly first, and then use the sensitivity method,
it will greatly reduce the computation.

In this paper, the improved HHT is used to determine the
damage location of the bridge, and then the sensitivity method
is used to determine the damage degree. The combination of
the two methods solves the problem that the traditional direct
use of signal processing technology can only identify the
damage location of the bridge and use the power spectrum
sensitivity to identify the damage degree of each unit of the
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structure, which leads to a large amount of sensitivity cal-
culation. By collecting the acceleration response on the test
vehicle, the improved empirical mode decomposition is per-
formed on it, and the frequency corresponding to the natural
mode function corresponding to a single component is studied.
Taking the single-span simply supported beam in this paper
as an example, it is found that IMF1 corresponds to the first-
order bridge frequency IMF2 to the vehicle frequency and the
remaining term to the speed frequency. IMF2 is selected for
Hilbert-Huang transform to obtain the 3D time—frequency
amplitude spectrum. The decrease in the instantaneous fre-
quency and the increase in the instantaneous amplitude deter-
mine the position of the damage. The damage parameter at the
damage position is used as an index of the degree of damage,
and the PSD method is used to identify the degree of damage
to the bridge structure. The results show that the HHT com-
bined with PSD can effectively determine the position and
degree of damage associated with cracks in bridge structures.

2 Research on damage identification
method

2.1 Theresponse measured on a passing vehicle

The vehicle is simplified as a sprung mass m,, supported by
a spring of stiffness k, and moving at constant speed v. By
neglecting the damping effect, the equation of motion for the
sprung mass moving over the beam, as shown in Fig. 1 can be
written as:

quv + kv(qv - u|x=vt) =0 (1)

where g, is the vertical displacement of the vehicle body.
By considering the contact force between the sprung mass
and the beam and the beam displacement due to the moving
load, Eq. 1 can be expressed as:

.. . t
m,q, + (wfmv)qv - [wf -m, s1n(%)]qb =0 )
k
o=\ 3
m

where w, is the sprung mass natural frequency, v is the speed
of the sprung mass, ¢ is time, L is the total length of the
beam, and g, is the deflection at midspan of the beam.

If the vehicle mass is much less than the total mass of the
bridge, then the vehicle displacement can be approximated as:

9

Sensor

Fig.1 Sprung mass moving over a beam

cos2zvt/L — cos w,t
(I-cosw,t) - —————

1—QuSy3
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H=w,/o, Q)

where u is the ratio of the bridge frequency to the vehicle
frequency,A , is the approximate static deflection at midspan
of the beam under the gravity action of the mass m, at that
point.S is defined as:

§=nv/Lw, (6)
This can be calculated using:

2m, gL?

b= )

where g is the acceleration due to gravity,E is the elastic
modulus, and / is the second moment of area. The accelera-
tion of the moving vehicle can be obtained by differentiating
Eq. 4 twice:

2

@ (2uS)? cos 2zvt /L — cos , t
q,(t) = ————[cosw,t +
2(1 —82) 1 —Q2us)?
N S,u2(1 — §%) cos(w), — wvt/L)t — cos ,t
1= pu2(1=S8)
S/ﬂ(l — §%) cos(w), + wvt/L)t — cos w,t
1 —u2(1+8)?

®)
To better understand the different components of vehicle
acceleration, Eq. 5 can be rewritten as

0() = @) A, cos . + A, S 2zy
q, 2(1 _ SZ) 1 v 2 L (9)

A; cos(wy, — avt /L)t + A, cos(w,, + zvt/L)t]

whereA|, A,,A;, and A, determine the relative contribu-
tion of each component to the total acceleration velocity
response. They are respectively expressed as:
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According to Eq. 6, there are three main components in
the total response [20], which can be written as:

A co2
\eh( ) WAI cos w,, t (14)
Ay o] cos 2zv
. l — v 15
qupc( ) 2(1 _ S2) 2 L ( )
0)2
G, (1) = ——Y_[A, cos(w, — nvt/L)t+
Do = 5 gy 3 0N (16)

A, cos(wy, + mvt/L)t]

where g, is the component related to vehicle frequency,
4, . is the component related to speed, and g, is the natural
spe r

frequency component related to bridge.

In order to decompose the actual measured vehicle accel-
eration response effectively, we will introduce the modi-
fied ensemble empirical mode decomposition method with
stronger resistance to noise interference.

2.2 Modified ensemble empirical mode
decomposition (MEEMD) method

The addition of white noise and the intermittent signal cause
modal confusion in both the original and abnormal signals.
Such noise is decomposed first, followed by the decom-
position of the abnormal signal, after which the signal is
asymptotically stable, and the distribution of the extreme
value points is more even. Thus, there is no need to add
white noise for integration and decomposition. Based on
this analysis, a modified EEMD (MEEMD) algorithm com-
bined with the permutation entropy has been proposed [24].
Firstly, a complete ensemble empirical mode decomposi-
tion (CEEMD) method is used to decompose the signal to
be analyzed layer by layer according to the instantaneous
frequency level. After that, the permutation entropy value
of the decomposed components is determined, and the
abnormal signals are eliminated by setting the permutation
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entropy threshold. Since the high-frequency signals and
noise decomposed first are more random, the entropy value
is more significant.

On the other hand, when the decomposed components are
stable signals, the sequence is more regular, and the entropy
value is smaller [25]. Therefore, finally, after initially detect-
ing several more random abnormal components obtained
by integration and averaging, these are separated from the
original signal. Then, the remaining signal is decomposed by
EMD, and all the component signals obtained are arranged
from high to low frequencies. MEEMD is superior because
it not only suppresses modal confusion in the decomposi-
tion to an extent but also helps overcome the limitations of
EEMD and CEEMD.

For a non-stationary signal S(t), MEEMD method follows
the steps:

Step 1: The white noise signal n;(#) and —n,(f) with
a mean of zero is added in the original signal S(¢),
respectively.

SH(t) = S(1) + a;n(1) (17)

S7(0) = S() — any(1) (18)

where n,(¢) represents the added white noise signal, g; is the
amplitude of the noise signal,i = 1,2, ---, Ne, and Ne are the
number of added white noise pairs.

The EMD decomposition is carried out on the Si+(t) and
S (7) to obtain a sequence of the respective first-order IMF
components {I;(t)} and {Ii_l(t)}. The component obtained
by integrating the average above is /,(%).

Ne

10 = 5 D0+ 1) (19)
i=1

where N is the number of integration. It is necessary to
determine if /,(f) is an abnormal signal. If the entropy of
the signal is greater than 6, it is an abnormal signal; other-
wise, it is approximated as a stable signal. Following sev-
eral experiments, it was determined that 6, is in the range
0.55 ~ 0.6 which will be verified in this study. Therefore,
this study assumes a 6, value of 0.6.

Step 2: If 7,(¢) is not an abnormal signal, step (1) is
executed until the IMF component Ip(t) is not an abnormal
signal.

Step 3: The former p — 1 component that has been
decomposed from the original signal is then separated, i.e.:

p—1

SOENOEDIWAG (20)
j=1
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Step 4: EMD decomposition is carried out on the
remaining signal »(r), and all IMF components are
arranged from high to low frequencies.

2.3 Hilbert transformation

The Hilbert transform for the intrinsic mode function
(IMF) is

1 +00 Cj(T)
Hlc,(n] = ;P/ .= dr 21

T

where P represents the Cauchy principal value of the singu-
lar integral. The analytical signal of the ith IMF is

z(1) = ¢(t) + jHc)(0)] = a;(t)e 4" (22)

The instantaneous amplitude and phase are:

a (1) = ,/cjz(t) + H?[c,(1) (23)

Hic,(0)]
0

¢> () = arctan (24)

The instantaneous frequency is obtained from the deriva-
tive of the phase:

(25)

In this paper, the instantaneous frequency and the instan-
taneous amplitude corresponding to the vehicle frequency
are taken to determine the damaged position of the bridge
structure.

2.4 Power spectral density (PSD) sensitivity analysis

A PSD-based method uses the ratio of a highly sensi-
tive implicit nonlinear structure—function to a frequency
response function (FRF), which is more sensitive to
changes in structural parameters [26]. A related study
successfully applied the combination of substructure and
power spectrum sensitivity to a 6-layer frame structure
[27]. This paper uses the power spectrum sensitivity equa-
tion iteratively to determine the degree of damage and to
identify cracking in simply supported beams. The damage
parameters a were chosen as damage indicators, where A,
is the crack depth and # is the height of the beam section.
The damage parameter a is

a=hy/h (26)

When the structure is damaged, and the initial damage
parameter o does not significantly vary, the Taylor expan-
sion of S; at a is:

Sia) = So(a0)+2 » as - Aa;+

2] 1 Zk—l 925, Aa A +

The first-order Taylor expansion for the crack depth
parameter only is given by:

@n

0S;

Si@) = Sylap) = ), s —Aqg (28)

In the case of a slight variation of @, the derivative can be
approximately replaced by the difference, i.e.:

A A
a8 @ _ AS @
da Ju

(29)

The number of elements in a simply supported beam is m,
while n is the number of degrees of freedom. When the ith
element has damage, the damage parameter is Aa, and the
element parameter matrix when there is a crack is:

d= [a(]l o Qo + Aa - a()m]T (30)

The formula for calculating the power spectral difference
matrix is:

ASot(i) = [Sa(i) - Sa |p] (31)
where S, ;) is the response power spectrum of element i after
the damage has occurred, S, is the response power spectrum
without damage, and the subscript p indicates the position of
the measurement point. The power spectrum matrix is larger
when there are more degrees of freedom in the structure.
The power spectra from several frequency points are used to
form a new sensitivity matrix to reduce the number of cal-
culations necessary. The sensitivity matrix of the response
power spectrum to the damage parameter « is expressed as:

= [(Sy)

AS /Aa o = SwN,)/Aal (32)

a(i)

In general, the damage parameters of each element in
the power spectrum matrix must be calculated to identify
the degree of damage. However, the existing HHT method
already identifies the damage position. Thus, only the differ-
ential calculation of the damage parameters for the damage
position is necessary.
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@) _ ()
Sa(i) =S,

Equation (23) shows the super-stationary equations con-
sisting of a power spectral difference matrix and the con-
struction of the sensitivity matrix. Solving the set of equa-
tions results in damage identification for the structure.

2.4.1 lterative steps of damage degree identification

After the response signal of the structure is obtained from
the finite element analysis, the power spectrum function is
calculated, and the sensitivity matrix is obtained from the
response power spectrum before and after the structural
damage, the structural damage parameters can be calculated
by iterative methods, and the whole iterative process is illus-
trated in Fig. 2.

As shown in Fig. 2, §1, S2 represent the response power
spectrum functions of the structure before and after damage,
respectively, a1 denotes the initial crack depth matrix of the
structure before damage. In the figure, 0S/da denotes the
slope of the curve, and AS/(dS/0da) in the Fig. means Aa.
The specific steps are as follows:

(a): Calculate the difference of damage parameters, i.e.:

S2

S1

e i il Y

Fig.2 Iteration process diagram
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(52 - S(@) _ (2= 5(@) _
dajoual ~ Dajbal D (34)

(b): The damage parameters are updated according to the
difference Aal calculated in step 1 to get a2, and the PSD
response function S(a2) can be obtained, where a2 is rep-
resented as:

a2 = al + Aal (35)

(c): Judge whether the difference between S(a2) and S2
satisfies the convergence criteria. Repeat steps 1 and 2 until
AaN satisfies the allowable value set according to the itera-
tion precision and the convergence criterion is met.

2.4.2 Damage identification process

The existence of crack will lead to the abnormal vehicle
acceleration response. However, unprocessed vehicle accel-
eration signals cannot identify the location of the bridge
crack. In this paper, the improved Hilbert—-Huang transform
(HHT) and the power spectrum sensitivity (PSD) method are
combined to analyze the acceleration response signal of the
test vehicle. This method can identify the location and depth
of bridge cracks only by placing an acceleration sensor on
the vehicle. The flowchart of the method is shown in Fig. 3,
and its main steps are as follows:

Step 1: The vehicle acceleration response is decomposed
by MEEMD method, and then Hilbert transformation is per-
formed on the intrinsic mode function of vehicle frequency
to determine the damage location according to the sudden
change of instantaneous frequency and instantaneous ampli-
tude of the vehicle.

Step 2: Construct the sensitivity matrix of damage param-
eters to power spectrum.

Step 3: After the damage location is determined, the
power spectrum matrix is reduced, and the rows and col-
umns of the power spectrum matrix at the damage element
are selected. Finally, the damage degree is determined by
iterative solution.

2.5 Contribution of this work

Based on previous research, this study aims to identify
bridge cracks using vehicle response. The main contribu-
tions of this study include: (1) This is the first theoretical
study to directly identify bridge cracks using the instanta-
neous frequency corresponding to the IMF wrapped in the
vehicle response. (2) This study applies the improved HHT
to vehicle response processing, effectively improving the
algorithm's ability to identify damage locations and resist
noise. (3) This study proposes a bridge damage identifica-
tion algorithm that combines improved HHT and PSD, uti-
lizing vehicle response to complete damage identification.
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Fig.3 Flowchart of the pro-
posed bridge damage detection
method

) 4 IMF1 Bridge 1st order
frequency

{ Vehicle frequency

Vehicle acceleration response }—){ MEEMD |‘<

Construct

‘ [ (HT) Hilbert ra—
Transformation AR
location

—>| IMF3
I R4 ‘ Vehicle speed
frequency

I Reduce

=Pt

Fig.4 Rotational spring damage model

T_m

Developing mobile sensing technology to quickly identify
bridge damage has great potential and is expected to become
a new method for bridge detection.

3 Examples of numerical calculations
3.1 Damage model

A rotating spring is used to model the crack when dam-
age through cracks exists on a bridge, as shown in Fig. 4.
According to the fracture mechanics theory [28], the stiff-
ness of the rotating spring is defined as K,. The damage
parameter a represents the severity of the damage.

K =1/C (36)

=2h( a

= 2(5.93 — 19.69a + 37.14a* — 35.84a> + 13.12a*)
El'l —«a

(37

An applicable example is for a simply supported beam
[29], with the geometrical parameters: beam length L = 25m,

! Power spectrum sensitivity matrix |\

‘ Identify the damage degree

mass per element length is m = 2000kg /m, modulus of elas-
ticity is E = 27.5GPa, the moment of inertia is [ = 0.15m*.
The vehicle parameters are m, =1000kg,c, =0,
k, = 200kN /m, travel speed v = 2.78m/s, the theoretical
calculation shows that the first-order frequency of the bridge
is 3.61Hz, and the vehicle frequency is 2.25Hz.

The damage cases are listed as in Table 1, there are two
kinds of damage, single damage and multiple damages. The
damage degree are changed from 0.1 to 0.3. For the single
damage, the location is set in the midspan. For the multiple
damage conditions, the location one is set in the 0.3 span and
midspan. All of the cases are shown in the Table 1.

3.2 Damage detection for single damage
Figure 5 shows no significant difference between the vehi-

cle acceleration responses under undamaged and damaged
condition 1. Thus, to find the damage information hidden in

05 %107
“— ’ a=0
g 025F ‘ —0a=0.1]]
H
£ 0 |
g
3-025} .
<
05 . : . . s . . .
1 2 3 4 5 6 7 8 9

t(s)

Fig.5 Vehicle acceleration response

Table 1 Damage conditions

Damage position Damage degree Damage conditions Vehicle speed Vehicle mass

Single damage midspan
midspan
Multiple damages 0.3 span

midspan

a=0.1 damage condition 1 2.7 m/s 1000 kg
a=0.2 damage condition 2

a=03 damage condition 3

a=0.15
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x107

IMF1

IMF2

IMF3

Fig.6 MEEMD of the vehicle acceleration response under the
undamaged condition

%1073
I
=
0 1 2 3 4 5 6 7 8 9
%107
o 2 : : . . . , , : 5
=0 y
o
S
=
<
&
0 1 2 3 4 5 6 7 8 9
t/s

Fig.7 MEEMD of acceleration response under damage condition 1

the vehicle acceleration signal, MEEMD is carried out on
the vehicle acceleration response, both on an undamaged and
damaged condition 1.

A comparison of Fig. 6 and Fig. 7 clearly shows that the
IMF2 under damaged condition 1 significantly differs from
the IMF2 in the undamaged condition at 4-5 s, indicating
that the damage occurs during this period.

Figure 8 shows the fast Fourier transform (FFT) of IMF1
and IMF2 and the remainder term, R, for the vehicle accel-
eration response in the undamaged state. Compared to
theoretical results, the first-order frequency of the bridge
is 3.61Hz, the vehicle frequency is 2.25Hz, and the vehicle
speed pseudo-frequency is 0.11Hz.

The 3D time—frequency amplitude spectrum correspond-
ing to the vehicle frequency in the undamaged state was

@ Springer
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Fig.8 The FFT of IMF, IMF2, and the residue are shown in the first,
second, and third subplots, respectively

Vehicle frequency 4

Frequency(Hz) 8 9 Time(s)

Fig.9 3D time—frequency amplitude spectrum (3D-Spectrum) of
undamaged

obtained by the Hilbert transform of IMF2 in Fig. 9, where
the time for the vehicle to pass the bridge at constant speed
was 9 s, and the instantaneous frequency of the vehicle in
the undamaged state remained at 2.25 Hz during the 0-9 s
of travel. The appearance of endpoint effects at both ends of
the bridge in Fig. 9 is due to the inherent limitations of the
EMD method.

On the other hand, Fig. 10 shows the Hilbert transform
of IMF2 under damaged condition 1. The instantaneous fre-
quency suddenly decreases, and the instantaneous amplitude
is larger when the vehicle arrives at the position of the crack
(t=4.5s).
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Fig. 10 3D-Spectrum of damage condition 1
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Fig.11 PSD curve of vehicle acceleration response under single
damage condition 1

In the previous section, the position of the damage on the
bridge structure was determined from a 3D time—frequency
diagram. In this section, the power spectrum sensitivity
method is used to determine the damage parameters of the
structure. Since the damage position has already been deter-
mined, finding the sensitive parts of the power spectrum for
the row and column associated with the damage position
remains. The vehicle acceleration power spectrum curves
for the damage parameter « in the bridge span where the
damage position occurs are shown in Fig. 11, which also
shows the main frequencies in the response. The response
has three main components whose frequencies are num-
bered in the power spectrum. These are: (1) the pseudo-
frequency of speed (@’ = 0.11Hz), (2) the vehicle frequency
(w, = 2.25H7), and (3) the bridge frequency (w;,; = 3.61Hxz).
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Fig. 14 MEEMD of acceleration acceleration

response under damage condition 2
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It can be seen from the curve that the power spectrum
function before and after structural damage is different in
Fig. 11. Thus, it confirms that variations of the power spec-
trum function can be used to characterize the damage to the
structure.

The frequency range is w = 2.5 ~ 3.5Hz. The sensitiv-
ity of the power spectrum to damage parameters can be
obtained from Eq. (32), and then the damage parameters
when cracks appear in the structure can be calculated from

Eq. (33). As shown in Fig. 12, after 13 iterations, the dam-
age degree results are obtained in Fig. 13. Both of the two
figures prove that the single crack in the bridge structure can
be accurately determined, and the detection error is 1.4%.

To test the sensitivity of the method to damage sever-
ity, one additional damage condition is considered, @ = 0.2,
while keeping the other parameters of the system unchanged.
The vehicle acceleration response under damage condition
2 is decomposed into four components, as shown in Fig. 14.
The results obtained for the 3D time—frequency ampli-
tude spectrum correspond to the vehicle frequencies when
a = (0.2 are shown in Fig. 15. As shown in Fig. 15, when the
vehicle reaches the damage location, 3D-spectrum changes
obviously, thus we can judge the damage location.

Similarly, Fig. 16 and Fig. 17 show the iterative results
and identification results when the damage parameter is 0.2.
It can be seen that after 14 iterations, the damage degree of
0.196 is finally accurately identified. The detection error is
2%.

3.3 Multi-damage detection

In practice, a damaged bridge often has multiple cracks. This
will be the study case in this section. Apart from the number
and position of the cracks, all other parameters of the test
vehicle and the bridge were kept constant.

Figure 18a shows two significant changes in IMF2, allow-
ing the tentative determination of this area as the position
of the damage. Figure 18b, on the other hand, shows the
3D time—frequency amplitude spectrum of the IMF corre-
sponding to the vehicle frequency and identifies the different
positions of multiple damages under damage condition 3.

Figure 19 shows the power spectrum curve under the con-
dition of undamaged structure and multiple damage. As you
can see, the frequency of the structure is almost constant,
even though there is multiple damage to the structure. How-
ever, the amplitude of the upper line of the power spectrum
curve changes obviously, which indicates that the power
spectrum curve is more sensitive to damage.

Table 2 Damage condition

Damage position Damage degree Damage conditions

Vehicle speed Vehicle mass

Single damage midspan

Added noise SNR =34.25 (relative to a percentage of 5%)

Single damage midspan
Multi-damage  0.3span

midspan

a=02 damage condition4 2 m/s 1000 kg
damage condition 5 5.56 m/s
damage condition 6 10 m/s
damage condition 7 2.78 m/s 500 kg
damage condition 8 4000 kg
damage condition 9 5000 kg
a=02 damage condition 10 2.78 m/s 1000 kg
a=0.3 damage condition 11  2.78 m/s 1000 kg
a=0.15
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Since two damage locations of the bridge have been iden-
tified before, now we only need to carry out power spectrum
analysis on these two locations. Figure 20 and Fig. 21 show
the iterative results and identification results. It can be seen
that after 16 iterations, the damage degree is finally accu-
rately identified.

4 Parameter study

In field tests, the measured response may be affected by
vehicle speed, weight, and noise during the measurement
process. These are evaluated, and the feasibility of the
proposed method is explored in Table 2.

4.1 Effect of test vehicle speed

The effect of test vehicle speed on damage detection was
determined by passing the test vehicle on a cracked beam
at speeds of 2 m/s, 5.56 m/s, and 10 m/s. The results of the
3D time—frequency amplitude spectrum corresponding to
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the vehicle frequencies for vehicle speeds 2 m/s, 5.56 m/s
and 10 m/s are plotted in Fig. 22a, b, and c, respectively.
Comparing the 3 plots shows that the identification results
are increasingly affected as the vehicle speed increases. This
phenomenon occurs because for a bridge with a fixed span,
as the speed of the test vehicle increases, less data are col-
lected and thus, fewer waveforms are decomposed. There-
fore, very high test vehicle speeds must be avoided when
using the current method for damage identification.

4.2 Effect of vehicle mass

Different vehicle masses correspond to different vehicle
frequencies. 500 kg, 4000 kg, and 5000 kg masses were
selected to investigate the effect of mass size on the identi-
fication results.

Figure 23 shows the decomposition result for a 500 kg
mass: decomposition effect is observed to be poor owing to
the proximity of the car frequency to the bridge frequency.
Figure 24a shows the results for a 4000 kg mass, show-
ing reduced frequency at the damage position. Figure 24b
shows the identification results for a 5000 kg mass, which
is undesirable. Thus, the mass of the car must be within a
specific range. The primary directive is that the frequency
of the vehicle must not be too close to the frequency of the
bridge, while the mass should not be too large for better
decomposition.

4.3 The effect of measurement noise

In practice, the data obtained from accelerometers installed
on test vehicles are inevitably contaminated by measure-
ment noise. To investigate the effects of measurement noise,
numerical simulation data were used to reproduce the effects
of environmental noise. A noise of S/N =34.25 (equivalent
to a percentage of 5%) was added to the original accelera-
tion response while ensuring that other parameters remained
unchanged.

P
SNR = 101log,, P—SdB (38)

n

P, is the effective power of the signal, and P,, is the power
of noise.

From Fig. 25, which shows the decomposition results
of EMD, CEEMD, and MEEMD, the addition of noise
is observed to cause significant mode confusion in EMD
and on a pseudo-component in CEEMD, which affects the
extraction of damage features.

condition10.

On the other hand, Fig. 25¢ shows that the decomposition
is still very good for MEEMD even adding a certain amount
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Fig.24 3D time—frequency amplitude spectrum under different vehi-
cle mass

of noise. Thus, Fig. 26 shows that the position of single dam-
age is still identifiable.

Figure 27 shows the power spectrum before and after
structural damage with added noise. It can be seen that the
power spectrum amplitude changes obviously before and
after structural damage, which can be used to determine the
degree of structural damage.

Figures 28 and 29 show the results of 19 iterative solu-
tions and damage degree identification using power spec-
trum. The check error is 4.5%.

Figure 30a shows the MEEMD decomposition results of
vehicle acceleration after adding noise. It can be seen that
the response can be decomposed well by using this method.
After that, the Hilbert transformation of IMF was carried out
to obtain Fig. 30b. The bridge damage location can be well
found from Fig. 30b.
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Fig.25 a EMD of acceleration response under damage condition 14; »

b CEEMD of acceleration response under damage condition 14; ¢
MEEMD of acceleration response under damage condition 10

Figure 31 shows the power spectrum before and after
structural damage after adding noise. Where, the peak value
of the power spectrum curve represents the frequency of the
structure. As you can see, the frequency of the structure is
almost constant even if the structure is damaged in multi-
ple places. However, the amplitude of the power spectrum
changes obviously, which further indicates that the power
spectrum is more sensitive to determine the structural dam-
age than the frequency.

Since HHT has been used to determine the damage loca-
tion of the structure, we only need to use the power spectrum
sensitivity to solve the damage element at the damage loca-
tion. Figure 32 shows the process of iterative damage solv-
ing. After 17 iterations, the identification results of structural
damage degree are shown in Fig. 33. It can be seen that the
crack location and damage degree of bridge structure can
be identified by the method proposed in this paper. By first
determining the damage location of the structure, and then
using the power spectrum to solve the damage parameters at
the damage location, it avoids the problem of blindly solving
the used elements with the power spectrum.

5 Conclusions

A new method is proposed for locating and quantifying crack
damage in bridges based on a combination of a modified
HHT and power spectrum sensitivity analysis. Several IMF
sets are obtained by collecting the acceleration responses of
the sensor installed on a test vehicle, followed by a modified
ensemble empirical mode decomposition method. The IMF2
corresponding to the vehicle frequency is selected for the
Hilbert transformation to obtain a 3D time—frequency ampli-
tude spectrum. The instantaneous frequency and instantane-
ous amplitude changes determine the damage position. The
damage parameters at the damage position are used as the
index of the degree of damage. Then, the power spectrum
sensitivity method is used to determine the degree of dam-
age to the bridge structure. The following conclusions were
obtained from algorithm analysis:

1) When the moving test vehicle passes through a cracked
area of the bridge, the 3D time—frequency amplitude
spectrum of IMF2 at the damage position is used to
determine the damage position of the bridge structure,
which was determined based on the decrease in instan-

@ Springer

-3
5><lO :

IMF1
(=]

_50 1 ‘ ‘ ‘ ‘ ‘
%107

IMF2
Lll\ (=N

IMF3

IMF4

IMF5

R6
o

o
5]
w
IS
[
(=)
]
o
o b

t/s

(¢c) MEEMD



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:237 Page 150f 17 237

06| N Identificd

05+ [ True

0.4}
= 03}
;\54\ 02+
3
P 0.1}
o
£, 0 ol . . S

0 0.102030.4050.60.70809 1

The relative position of the vehicle

Fig. 29 Single damage identification result with 5% noise

Frequency(Hz) Time(s)

Fig.26 3D time—frequency amplitude spectrum under damage

-25 T -
=
— Before structure damage = ‘ /
=30 --—-After structure damage | 0 1 2 3 4 5 6 7 8 9
x10™ damage position
o s ‘ e AR
S 0F A 1 7
e 5k . L= ==V | h J
2 0 1 2 3 4 5 6 7 8 9
g x107
= o St 7]
2 25 ,
) 0 1 2 3 4 5 6 7 8 9
2 x 10-4 T T T T
< of ]
M -1 L 1 L L 1 L L 1 I g
0 1 2 3 4 5 6 7 8 9
t/s
60 . ) ) (a) MEEMD
0 10 20 30 40
Frequency(Hz)
i
Fig.27 PSD curve of vehicle acceleration response under single i il
damage condition 10 with 5% noise <107
1] ——— E ’Il(, “r
=3 | |
0.9 | [—+—Identified 'y
0.8 |——True ] 1 !
0.7 1 2 0
0.6
305¢
04t
03} g 6
02 Frequency(Hz) / Time(s)
. * 8 9 C(S
0.1 ’M 1
0 L (b) 3D-Spectrum of damage condition 11

1234567 8910111213141516171819

Iterations No.
Fig.30 a MEEMD of acceleration response under damage condition
15; b 3D time—frequency amplitude spectrum under damage condi-

Fig. 28 Single damage identification iteration with 5% noise ton 11

@ Springer



237 Page 16 of 17

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:237

-25 T .

Before structure damage
- ——-After structure damage | J

log(PSD)(m?/s>)

Frequency(Hz)

Fig.31 PSD curve of vehicle acceleration response under multiple
damage condition 3 with 5% noise

0.9 r |—*—Identified
0.8 | |—*+—Identified
0.7 True
0.6 |----True

305¢F
0.4
0.3
02]
0.1}

0 n n L n " n n n L n "
1234567 891011121314151617
Iterations No.

Fig. 32 Multiple damage identification iteration with 5% noise

0.6¢ I [dentified
0.5 |[[_ITrue
0.4r
03}
0.2+
0.1r

0
0 0.102030405060.70809 1
Iterations No.

Fig. 33 Multiple damage identification result with 5% noise

taneous frequency and the increase in instantaneous
amplitude.

2) After determining the damage position, the power spec-
trum sensitivity analysis method is used to determine the

@ Springer

damage parameters at the damage position of the bridge
effectively.

3) The vehicle speed should not be too high since it will
reduce the sensitivity of the signal to the damage. In
addition, the test vehicle mass should be in a reasonable
range since it maybe cause modal confusion.

4) The MEEMD method has better robustness to noise
interference than EMD and CEEMD, effectively sup-
pressing the modal confusion in EMD and eliminating
the pseudo-component of CEEMD.

Acknowledgements The work in this paper was supported by a grant
from Science and Technology Research Project of Higher Educa-
tion of Hebei Province (Project No. QN2021025). Key Laboratory of
Large Structure Health Monitoring and Control, Shijiazhuang, 050043
(Project No. KLLSHMC2107) and Chunhui Project Foundation of
the Education Department of China, (Project No. HZKY20220256-
202200417). The authors are grateful for the generous support.

Declarations

Competing interests The authors declare no potential conficts of inter-
est with respect to the research, authorship and/or publication of this
article.

References

1. XiaR, Xia Y (2020) Review on the new development of vibra-
tion-based damage identification for civil engineering structures:
2010-2019. J Sound Vibr. https://doi.org/10.1016/j.jsv.2020.
115741

2. He W, Ren W, Zuo X (2018) Mass-normalized mode shape
identification method for bridge structures using parking vehi-
cle-induced frequency change. Struct Control Health Monit
25(6):e2174. https://doi.org/10.1002/stc.2174

3. AnY, Chatzi E, Sim S (2019) Recent progress and future trends
on damage identification methods for bridge structures. Struct
Control Health Monit 26(10):e2416. https://doi.org/10.1002/stc.
2416

4. Salawu OS (1997) Detection of structural damage through changes
in frequency: a review. Eng Struct 19(9):718-723. https://doi.org/
10.1016/S0141-0296(96)00149-6

5. Rafei MH, Adeli H (2018) A novel unsupervised deep learning
model for global and local health condition assessment of struc-
tures. Eng Struct 156:598-607. https://doi.org/10.1016/j.engst
ruct.2017.10.070

6. Yang Y, Nagarajaiah S (2014) Blind identification of damage
in time-varying systems using independent component analysis
with wavelet transform. Mech Syst Signal Process 47(1-2):3-20.
https://doi.org/10.1016/j.ymssp.2012.08.029

7. Yang YB, Chang KC (2009) Extraction of bridge frequencies
from the dynamic response of a passing vehicle enhanced by the
EMD technique. J Sound Vib 322(4-5):718-739. https://doi.org/
10.1016/j.jsv.2008.11.028

8. Roveri N, Carcaterra A (2012) Damage detection in structures
under traveling loads by Hilbert-Huang transform. Mech Syst Sig-
nal Process 28:128-144. https://doi.org/10.1016/j.ymssp.2011.06.
018


https://doi.org/10.1016/j.jsv.2020.115741
https://doi.org/10.1016/j.jsv.2020.115741
https://doi.org/10.1002/stc.2174
https://doi.org/10.1002/stc.2416
https://doi.org/10.1002/stc.2416
https://doi.org/10.1016/S0141-0296(96)00149-6
https://doi.org/10.1016/S0141-0296(96)00149-6
https://doi.org/10.1016/j.engstruct.2017.10.070
https://doi.org/10.1016/j.engstruct.2017.10.070
https://doi.org/10.1016/j.ymssp.2012.08.029
https://doi.org/10.1016/j.jsv.2008.11.028
https://doi.org/10.1016/j.jsv.2008.11.028
https://doi.org/10.1016/j.ymssp.2011.06.018
https://doi.org/10.1016/j.ymssp.2011.06.018

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:237

Page 17 0of 17 237

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Nguyen KV, Hai TT (2010) Multi-cracks detection of a beam-like
structure based on the on-vehicle vibration signal and wavelet
analysis. J Sound Vib. https://doi.org/10.1016/j.jsv.2010.05.005
Huang NE, Shen Z, Long SR (1998) The empirical mode
decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis, Proceedings of the Royal Society
of London. Ser A: Math Phys Eng Sci 454:903-995. https://doi.
org/10.1098/rspa.1998.0193

Xu YL, Chen J (2004) Structural damage detection using
empirical mode decomposition: experimental investigation. J
Eng Mech 130(11):1279-1288. https://doi.org/10.1061/(ASCE)
07339399(2004)130:11(1279)

Wu ZH, Huang NE (2011) Ensemble empirical mode decompo-
sition: a noise-assisted data analysis method. Adv Adapt Data
Anal 1(1):1-41. https://doi.org/10.1142/S1793536909000047
Aied H, Gonzalez A, Cantero D (2016) Identification of sud-
den stiffness changes in the acceleration response of a bridge to
moving loads using ensemble empirical mode decomposition.
Mech Syst Signal Process s 66—67:314-338. https://doi.org/10.
1016/j.ymssp.2015.05.027

Anshuman K, Ratneshwar J, Matthew W, Kerop J (2013) Dam-
age detection in an experimental bridge model using Hilbert-
Huang transform of transient vibrations. Struct Control Health
Monit 20(1):1-15. https://doi.org/10.1002/stc.466

Corbally R, Malekjafarian A (2022) A data-driven approach for
drive-by damage detection in bridges considering the influence
of temperature change. Eng Struct. https://doi.org/10.1016/j.
engstruct.2021.113783

Yang YB, Wang ZL (2023) Closely spaced modes of bridges
estimated by a hybrid time—frequency method using a multi-
sensor scanning vehicle: theory and practice. Mech Syst Signal
Process. https://doi.org/10.1016/j.ymssp.2023.110236

Jian X, Xia Y, Sun L (2022) Indirect identification of bridge
frequencies using a four-wheel vehicle: theory and three-dimen-
sional simulation. Mech Syst Signal Process. https://doi.org/10.
1016/j.ymssp.2022.109155

Yang YB, Lin CW, Yau JD (2004) Extracting bridge frequencies
from the dynamic response of a passing vehicle. J Sound Vibr
272(3):471-493. https://doi.org/10.1142/9789812776228_0020
He WY, He J, Ren WX (2018) Damage location of beam struc-
tures using mode shape extracted from moving vehicle response.
Measurement. https://doi.org/10.1016/j.measurement.2018.02.
066

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Obrien EJ, Malekjafarian A (2016) Application of empirical
mode decomposition to drive-by bridge damage detection. Eur
J Mech-A/Solids. https://doi.org/10.1016/j.euromechsol.2016.
09.009

Liberatoreb S, Carman GP (2004) Power spectral density analysis
for damage identification and location. J Sound Vibr 274(3):761—
776. https://doi.org/10.1016/S0022-460X(03)00785-5

Zheng ZD (2015) Structural damage identification based on power
spectral density sensitivity analysis of dynamic responses. Com-
put Struct. https://doi.org/10.1016/j.compstruc.2014.10.011
Fang YL, Su PR (2021) Substructure damage identification based
on model updating of frequency response function. Int J Struct
Stab Dyn. https://doi.org/10.1142/S0219455421501716

Zheng JD (2013) Modified EEMD algorithm and its applications
32(21). https://jvs.sjtu.edu.cn/CN/Y2013/V32/121/21

Bandt C, Pompe B (2002) Permutation entropy: a natural com-
plexity measure for time series. Phys rev lett 88(17):174102.
https://doi.org/10.1103/PhysRevLett.88.174102

Pedram M, Esfandiari A, Khedmati MR (2017) Damage detection
by a FE model updating method using power spectral density:
numerical and experimental investigation. J Sound Vib 397:51-
76. https://doi.org/10.1016/j.jsv.2017.02.052

Fang YL (2023) Substructure damage identification based on
sensitivity of power spectral density. J Sound Vib 545:117451.
https://doi.org/10.1016/j.jsv.2022.117451

Tada H, Paris PC, Irwin GR (2000) The stress analysis of cracks
handbook, 3rd edn. ASME Press, New York

Yang YB, Zhang B, Qian Y (2018) Contact-point response for
modal identification of bridges by a moving test vehicle. Int J
Struct Stab Dyn 18(5):1850073. https://doi.org/10.1142/S0219
455418500736

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.jsv.2010.05.005
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1061/(ASCE)07339399(2004)130:11(1279)
https://doi.org/10.1061/(ASCE)07339399(2004)130:11(1279)
https://doi.org/10.1142/S1793536909000047
https://doi.org/10.1016/j.ymssp.2015.05.027
https://doi.org/10.1016/j.ymssp.2015.05.027
https://doi.org/10.1002/stc.466
https://doi.org/10.1016/j.engstruct.2021.113783
https://doi.org/10.1016/j.engstruct.2021.113783
https://doi.org/10.1016/j.ymssp.2023.110236
https://doi.org/10.1016/j.ymssp.2022.109155
https://doi.org/10.1016/j.ymssp.2022.109155
https://doi.org/10.1142/9789812776228_0020
https://doi.org/10.1016/j.measurement.2018.02.066
https://doi.org/10.1016/j.measurement.2018.02.066
https://doi.org/10.1016/j.euromechsol.2016.09.009
https://doi.org/10.1016/j.euromechsol.2016.09.009
https://doi.org/10.1016/S0022-460X(03)00785-5
https://doi.org/10.1016/j.compstruc.2014.10.011
https://doi.org/10.1142/S0219455421501716
https://jvs.sjtu.edu.cn/CN/Y2013/V32/I21/21
https://doi.org/10.1103/PhysRevLett.88.174102
https://doi.org/10.1016/j.jsv.2017.02.052
https://doi.org/10.1016/j.jsv.2022.117451
https://doi.org/10.1142/S0219455418500736
https://doi.org/10.1142/S0219455418500736

	Bridge damage identification with improved HHT and PSD sensitivity method based on vehicle response
	Abstract
	1 Introduction
	2 Research on damage identification method
	2.1 The response measured on a passing vehicle
	2.2 Modified ensemble empirical mode decomposition (MEEMD) method
	2.3 Hilbert transformation
	2.4 Power spectral density (PSD) sensitivity analysis
	2.4.1 Iterative steps of damage degree identification
	2.4.2 Damage identification process

	2.5 Contribution of this work

	3 Examples of numerical calculations
	3.1 Damage model
	3.2 Damage detection for single damage
	3.3 Multi-damage detection

	4 Parameter study
	4.1 Effect of test vehicle speed
	4.2 Effect of vehicle mass
	4.3 The effect of measurement noise

	5 Conclusions
	Acknowledgements 
	References




