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INTRODUCTION

serviceability. Visual inspection is one of the conventional methods of structural health monitoring (SHM) in
bridges. Nevertheless, the damages cannot be detected through this method when they are not visible. Because of
the inefficiency in identifying potential defects in this method [1], researchers have tried other ways for direct monitoring.
In general, there are four classifications of structural damage detection. At the first level, the major concern is detecting the
presence of damage while at the second level, the location of the damage is of interest. The damage frequency and severity

B ridges, as one of the most crucial parts of transportation infrastructure, need constant monitoring to ensure their
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are estimated at the third level, and the structure's remaining life is assessed at the fourth level [2]. Vibration-based
approaches are used in bridge health monitoring by placing sensors at a limited number of points of the bridge structure
and collecting data derived from these sensors [3-5]. In order to determine the bridge's dynamic properties as well as damage
detection, these output data are examined and interpreted. This technique is categorized as a direct method of health
monitoring [6]. These sensors measure strains, accelerations, temperatures, and other parameters which are prominent
indicators of the structures' health state [7]. Extensive research has been done on this subject. Lee and Shin [8] applied a
two-step method using a frequency response function-based and reduced-domain method to find damage zones on a beam.
Recent studies have utilized state estimation and the Dual Kalman filter to detect damage and fatigue in structures caused
by vibration [9]. The use of Artificial Intelligence and big data to overcome the enormous data obtained from the installed
sensors is reviewed in [10]. The application of Proper Orthogonal Decomposition (POD) [11,12] and Artificial Neural
Networks (ANNS) to spot damage locations on railway bridges subjected to unknown loads is investigated in [13,14]. One
of the other applications of machine learning in vibration-based techniques is the early detection of bridge damage through
the use of unsupervised learning techniques [15].

In contrast to the direct SHM methods, which are generally demanding in terms of resources and workforce, the indirect
methods of health monitoring are considered substantially more economical. In the indirect SHM techniques, the collected
moving vehicle signals are analyzed to assess structural health conditions. The indirect method is an economical solution
because fewer sensors than the direct methods are required. The other merit of using indirect techniques is that the device
can be adapted and used in the SHM of different bridge structures. Primarily, the indirect method was used to reach an
estimate of bridge vibration frequencies in [16—18]. In these studies, the bridge is modeled as an Euler-Bernoulli beam and
the vehicle as a moving oscillator, and it was observed that the two major vehicle frequencies are the ones that have been
shifted by mv/L where v is the moving vehicle's speed and L is the bridge span. The impacts of irregularity on frequency
are also investigated in these studies. In order to eliminate the limitation of using single vibration mode, Fourier transform
and EMD were applied in [19] to include the effects of higher vibration modes. Many researchers have tried to develop
theoretical methods for comparing results with experimental studies [20,21], e.g. in [22], the predictions of [16,17] were
tested by a truck passing over a bridge in Taiwan, indicating that low speed for determining the bridge's frequency provides
better results in comparison to high passing speeds. There have been studies carried out through the indirect method to
obtain the bridge damping, and its influence on the vehicle vibration [23,24], the conclusions are validated experimentally
in scaled laboratory tests [25,26]. Bridge mode shapes can be utilized as a valuable tool in improving a bridge's model [27],
to determine the mode shapes of the bridge, researchers used techniques such as short-time frequency transformation [28],
singular value decomposition [29], Hilbert and Hilbert-Huang transform [30-32], and Fourier transformation [33].

In addition to the application of the indirect method in characterizing the dynamic properties of the structure, this method
can be implemented in detecting structural damage. Damage could result in the degradation of the bridge stiffness or a
change in its geometry, causing fluctuations in vehicle vibration. Bu et al. [34] measured the dynamic response of the vehicle
moving on deck modeled using Euler-Bernoulli's theory, where a reduction in beam stiffness was applied as a damage
indicator; followingly, damages were detected using the Regularization technique. Kim and Kawatani [35] also conducted a
laboratory experiment and found that drive-by sensing is effective in estimating damage location and severity. The wavelet
transform is a mathematical technique that is frequently utilized in signal processing applications with the ability to identify
specific patterns concealed in large amounts of data [36]. In different research studies (e.g., see [37-39]), this approach was
utilized to detect anomalies in the vibration signals of moving vehicles. It was found that analyzing wavelet coefficients as
damage indices will give clues about the damage locations in bridges. The wavelet spectrum was used to detect the location
of open and breathing cracks in [40]. In this context, the instantaneous frequency of the beam, as determined by the wavelet
spectrum, remains constant in the presence of open cracks, but varies if breathing cracks are present. The case of
simultaneous bridge deck damage and a reduction in cable tension in cable-stayed bridges was studied in [41] in which for
the vehicle's relative displacement response vectort, the vertical displacement of the vehicle in a damaged and healthy bridge
is used to generate the response vector.

EMD as a time-frequency technique created by Huang in the 1990s is utilized in a variety of disciplines [56], such as defect
diagnostics of roller bearings [57], price forecasting in economic concerns [58], wind speed prediction [59], and more. In an
effort to use EMD in bridge damage detection, the work by E.J. Obrien et al. [42] can be highlighted. The decomposition
of the displacement vector based on POD indicates the location of the damage in the diagrams. To reach the damage
location, the EMD technique used a signal derived from the difference between the vehicle's vertical displacement in healthy
and damaged circumstances. By examining two indications of vehicle acceleration spectrum and change in bridge
displacement, a novel technique of bridge damage detection was developed [43]. In the indirect damage diagnosis procedure,
eliminating surface roughness impacts is a challenging issue. Surface irregularity leads to unpredictable vibrations, making
damage diagnosis more difficult. Li et al. [44] employed the Dual Kalman Filter to assess surface irregularity. The damage
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zone was determined by applying Tikhonov Regularization on the contact force between the vehicle and the bridge. The
method's accuracy is validated against laboratory data. It is noteworthy that selecting the appropriate settings for wavelet
transform to identify the abnormality of signals caused by structural defects is of essential importance. Using the wavelet
entropy method to determine the optimal wavelet scale was explored in [45].

Applying vehicle and bridge interaction in a large-scale cable bridge to fill the gap between simple modeling and realistic
modeling was done in [46]. Consequently, EMD was employed in the identification of damage caused by reduced cable
stiffness, while the influence of various vehicle characteristics and road irregularities was also explored. In order to achieve
an instantaneous frequency of the acceleration signal of two stationary and moving sensors, which are at a chosen position
on the beam and on a moving oscillator, respectively, the EMD approach and the Hilbert transform were examined [47]; a
jump in instantaneous frequency signals indicated damage location.

VDM as a recently developed method for signal processing is noticed by researchers in various fields Electromechanics
[48], fluid mechanics [49], and economics [50]. The implementation of VMD for modal identification such as natural
frequencies, damping ratio, and mode shapes in a structural system was investigated in [51,52]. Moreover, utilizing the VMD
approach in combination with the band-pass filter (BPF) method to estimate the frequency of the structure using the
contact-point response has demonstrated its efficiency once compared to other methods such as EMD [53]. Employing
VMD as a technique for signal decomposition of a moving oscillator on a simply supported beam was studied in [54]. They
conducted a comparative investigation with the EMD approach, indicating that, unlike EMD, the VMD method can identify
damages without any baseline of a healthy beam.

A novel approach in the field of Structural Health Monitoring (SHM) is introduced by employing VMD for drive-by damage
detection in bridges. Despite using VMD as a method in SHM, the advantage of this work lies in considering various
influencing factors analytically. A comprehensive parametric study is conducted, with VMD utilized in drive-by sensing and
critical parameters such as crack depth, road roughness, noise, and vehicle velocity investigated. Unlike previous research
that relies on simpler vehicle models, a more complex vehicle model is incorporated, enhancing its applicability to real-
world scenarios. The damage detection process is simplified, and its robustness against various uncertainties is increased by
the approach. Damage is effectively identified by the VMD method even under challenging conditions, such as rough road
surfaces and significant ambient noise, while computational efficiency is maintained. Additionally, a method is applied to
significantly reduce the impact of road roughness on signals, improving the reliability of the results. A finite element code
is developed in MATLAB® to analyze the interaction between a trailer-tractor (IT'T) and the bridge, modeled as a half-car
and an Euler-Bernoulli beam, respectively. This code is validated against modal analysis data, with responses compared and
crack-type damage incorporated based on fracture mechanics concepts. Various irregularity conditions, crack depths,
velocities, and noise effects are investigated to assess the efficiency of the VMD method in these scenarios. The unique
aspects of this theoretical parametric study provide a robust foundation for future practical studies on implementing VMD
as a valuable tool in the SHM domain.

The article is structured as follows: an overview and fundamentals of EMD and VMD are presented in the Signal Processing
section. The proposed method is described in detail in the Proposed Methodology section, where the vehicle-bridge
interaction relationships are given by applying two procedutes: modal and finite element analysis, and the relationship of
the damaged element and the application of surface irregularity and finally, the vibration signal of the vehicle are also
discussed. In the Results and Discussions section, the acquired bridge signals are analyzed through EMD and VMD in
search of damage location(s), and the sensitivity of the damage detection methodology is examined through various
influential factors such as different damage locations and severity, presence of surface irregularities, various trailer masses,
and ambient noise. Finally, the Conclusion section summarizes the key findings and contributions of this study.

SIGNAL PROCESSING

signal by decomposing it backward into modes. Methodically, modes have their own frequency spectra. However,

this technique has certain drawbacks, including noise sensitivity and sample frequency [60]. The VMD, as a recently
developed technique, is mathematically more reliable. It is indicated in [61] that using the VMD better results can be reached
with less computing complexity at significantly lower levels of residual noise in the modes.

T ime-frequency techniques enhance the representation of non-stationary vibration data [55]. EMD breaks down a

Empirical Mode Decomposition
As stated, in the EMD the signal is decomposed into modes, also known as IMFs (Intrinsic Mode Functions). Each IMF
must meet two requirements:
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e The number of extrema and zero-crossings is exactly/neatly the same.

e The mean value of the envelopes is defined by the local maxima and the local minima is zero at any point.
The EMD procedure requires spline fitting to create the upper and lower envelopes of the signal and compute the mean of
both envelopes. The signal is then subtracted from the mean, which is called the sifting process. The process is repeated
until the resultant signal meets the mentioned requirements, at which point it is considered as an IMF. After subtracting the
IMF from the original signal, the sifting process is repeated on the remaining signal to yield further IMFs [19,50] (see Fig.
1a).
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Figure 1: (a) EMD, (b) VMD flowchart.

Variational Mode Decomposition

A new method to break down the signal into its elemental components called VMD was introduced by Dragomiretskiy and
Zosso [60]. This method is based on Wiener filtering, Hilbert transforms, analytic signal and frequency mixing, and
heterodyne demodulation. In this method, a completely non-reversible VMD model is presented, in which the modes are
extracted in one step (see Fig. 1b). The purpose of this method is to obtain a set of modes and their corresponding central
frequencies so that the sum of the modes retrieves the input signal. Each sub-signal is supposed to be compressed around
a corresponding central frequency ok which is extracted using the method. The decomposed signals are called IMF. An
IMF is defined as an Amplitude-Modulated-Frequency-Modulated (AM-FM) adaptively in the frequency domain by VMD.
By considering the adequate number of modes for VMD, the abnormality in the signals can be captured successfully.
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Incorporating the Wiener filter makes the VMD noise-resistant as indicated in [60]. The VMD equation is expressed as
follows:

L({”é}a{wé},}v) = Z 0, |:(5(;) +é)* u, (;):| o

2

B =D u, () +AD, =D u (1) )

2

where o expresses the variance of white noise, 8 is the Dirac delta function, /is equal to /=1, £(#) denotes the original

signal, 4 is the Lagrange's multiplier, and * represents the convolution sign. The abbreviated representations of all modes
and their central frequencies are given by {u,} = {#,,--+ ,#,} and {w,} = {w,, - ,®,} , respectively [60]. The instantaneous

energy of each mode is given as:
On o
IE= L H (t,w)dw @)

where on represents the desired IMF frequency and H represents the Hilbert transform of each mode [62].

PROPOSED METHODOLOGY

n this section, a novel methodology for the indirect locating of cracks is proposed. A single-axis device is connected

to a truck passing the bridge in the proposed method. The selection of a single-axis device is due to its high flexibility

in adjusting its physical characteristics, which is a different damage detection apparatus in comparison to previous
studies [37,63]. Consequently, the increased degrees of device freedom need the development of a new set of equations,
which is derived hereafter. Vehicle-bridge interaction equations are verified in comparison with the modal analysis in the
Finite element method and Modal analysis method section. The damaged element relationships are given for a self-contained
presentation in the Damaged element section. The validity and accuracy of these relationships are checked by comparing
results for the frequencies attained in the experimental test and numerical simulation of the pre-cracked beam. The
relationships employed to model surface irregularities are also explicitly described in the Road surface profiles section. To
minimize the influence of surface irregularities on crack detection, a novel method for acquiring signals from the vehicle
was proposed in the Vibration signal section. The overall procedure of the proposed method is summarized in Fig. 2.
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Figure 2: Proposed method schematic.

Finite element method

In this section, the equations defining the interaction of TT and bridge in the finite element code ate presented. The
instrument employed here is a more detailed and realistic replica of the commonly used devices in some previous studies
[37,40,63—65]. The vehicle has been outfitted with a trailer system. A schematic diagram of the trailer-tractor passing a bridge
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is shown in Fig. 3. The schematic of the 6 Degrees of Freedom (DoF) TT assembly which will be used as a signal acquisition
vehicle is shown in Fig. 4a. The dynamic equation of TT vibration can be written as follows:

W’z

Figure 3: Tractor and trailer (T'T).

[M, {d}+[C, | {d} +[K, | {d} ={F;} 3)
The mass, damping, stiffness, and force matrices are presented in Appendix A.

L bs p b by

A P = .

72

Figure 4: Bridge and TT’s degrees of freedom in (Top) FEM, (Bottom) Modal Analysis Method.
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The bridge vibration equation as an Euler-Bernoulli beam with two simple ends and 3-point contact with TT is given as:

[Mh] {a}+[cb] {d}+[Kb] {d} = [N1 ]Tf{ +[N2]Tf; +[N3]Tf; “)

f=- 1g+/771&3 _ 7, 8b, n I,d, +mb,d, )
b +b, b +b,

£ = —m2g+m2c¥4 _ 7, Lb, n 1, d, +mbd, ©)
b +0b, b +0b,

f;=-m,g +”7;0&5 (7

where £, 6 and £ are the interaction forces at the rear, front, and trailer axle, respectively. The displacement of the beam u
at an arbitrary point such as x is obtained using the shape function [N] and the displacement of the node d [66]:

u=[N]{d} ®)
The beam element shape function is given as:

[N]:[N1 N, N, N4] @)

where shape function components are defined by the following well-known relations:

2 3 2 2 3 2
R GRS TR ORI o 7 I
/ / / / / / /

The derivative of u with respect to time is defined as:

u ou
i(x, )= 2 g+ 28 11
uGnN=2 %4, a

Given that [N] is a location-dependent function and dis time-dependent, according to Eqn. 8:

Ou _ N1 d (12)

a_x_ x

By placing Eqn. (11) and Eqgn. (12) into Eqn. (3) and Eqn. (4), the trailer-tractor and bridge interaction equation can be
reached as:

[M]{d}+[C]{d}+[K]{d}={F} (13)

The matrices [M], [C], and [K] are defined as follows:
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F}=

where in the Eqn. (14) and (17):

2 2 2
M 2XINT S ZINT L mIND mNo] DN L, mNT
[0] I, 0 0 0
[0] 0 m, 0 0 0
(0] 0 0 7, 0 0
(0] 0 0 m, 0 0
(0] 0 0 m,, 0
| 0] 0 0 0 m,y |
[C, ] {0} {0} 0y {0y {0y {0}
[0] eb’+eb) eb —cb, —cb b, 0 0
[0] e,b, —c,b, o+, -, -, 0 0
5[N] b, -, o ey 0 0 0 (15)
¢, [N, ] ¢,b, -, 0 c,+e, 0 0
(0] 0 0 0 0 ‘) -,
_—fﬂ[NS] 0 0 0 0 —C, €y, |
(K, ] {0} {0} {0} oy {0} {0} ]
[0] kb’ + kb, kb —kb,  —kb kb, 0 0
(0] kb, — kb, k, + £, —k, —k, 0 0
kN, =[N, X, kb, —k, k+ Ay 0 0 0 (16)
—k,[N,]—¢,[N,].%x, kb, —k, 0 k,+k 0 0
(0] 0 0 0 0 £, —k,,
—k,|N;]—¢,[N,]. %, 0 0 0 0 —k, kTR, |
3
N,]' £,
i=0
0
0
kyr(ac,)+eyr' (5 v a7
kyr(x,) F 0y (o, )v
0
k(o) +e,,r'(x)v
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£, =——I1, £, =— I (18)
01 0> 92 0
b +b, b, +b,
. b, ,
fi =~ mg —mg+hkir(x)+er (x))v,
b +b,
. b ,
f,=- m g —my g+ k() +o,r (x,)v, (19)
b +b,

£ =—m g —myg+k,r(x;)+c,r(x;)v

A

£, and f. 5 are forces due to the

>

and £, and f,, are forces due to the moment of rotational inertia of the tractor. £,

inertia of tractor and trailer axles. In the Eqns. (14), (15) and (16) the sub-matrices [M;] and [K,| ate obtained from [67].
The Rayleigh type of damping considered for the beam is defined as follows:

[C,]=a[M, ]+ fB[K,] (20)
a and fare calculated according to the following relations:

200,(5w,—& o)
o=— 12212221 1)
W, —@,

2(‘/:2602 — §1a)1>

p= P (22)

the first and second frequencies of the beam are given by ®; and w2, respectively [67].

Modal analysis method

In this section, TT and bridge interaction equations needed for the modal analysis are detived. TT vibration equation is
represented in Eqn. (3). Vehicle-bridge interaction relationships in the modal analysis are derived using the relations
described in [68], which were for train-bridge interaction. Modified relationships have been derived for the case of TT
passing a bridge. The bridge vibration due to the moving TT is given as:

M, ]} +[C, | {3+ [K, | {w} = S 6(F, ) 3)

where, [My], [C,], and [K)] represent the mass, stiffness, and damping of the beam, #/is the number of contact points of the
TT with the bridge, 0 denotes the Dirac delta function, and wis the vertical displacement of the beam. The contact points
x1, x2, and x3, which are shown in Fig. 4b, denote the TT contact points from the beginning of the beam; they are expressed
as:

=vt+b,, x,=vi+(b +b,+b), x,=vt (24

X

-F

wk

(25)

In the above equation, Fjt represents the forces that apply to the beam by the TT, and Fj consists of two forces of weight
(R.z) and the force of inertia (Fx) applied by the TT.
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bZ
R, =|m, tm | & (20)
b +b,
b
R, =|m, +m, | & 27)
b+,
Ru/?) = (mtO + mﬂ)g (28)
. Id +mbd
F, =md;+ — 2 (29)
b +b,
. Id +mb,d
F,,=md, + — —— 30)
b +b,
F, :”711&6 +7”f0‘.1.5 @31

Based on modal superposition and separation of variables, beam displacement can be represented as:
w(x,0) = 2, ¢,(x)g,(x) 62)
=

where {q /; (f), j =12.. -,77} are the generalized coordinates, and # is the number of vibration modes. Vibration modes are

considered to be of the form of solution a simply supported beam:

¢, =sin (%) (33)

Combination of Eqns. (3) and (23) yield an interaction relation that contains modal components of the beam and physical
components of the TT:

2c 2k

M, 0| g C, —=@ g K, -—%®'|(q) (F,

NS m, L |+ m, L = (34)

0 M |\d d , d F
_ka(b Cl/ k;r/é(I) - chle¢ Kl/

where, [My], [Ci], and [Ky)| are the mass, damping, and stiffness matrices of the beam, respectively. In the aforementioned

equations, Fj, represents the forces that act on the beam due to TT, and F,, shows the forces that act on TT due to the
beam vibrations. The sub-matrices of the above system are defined as follows [68,69]:

M, =[I] (35)

0C, = diﬂg[ZJ,»@/] +LLZ/‘(¢&C;/€¢/:) (36)

777/ k=1

33



t”

S.K. Shandiz et alii, Frattura ed Integrita Strutturale, 70 (2024) 24-54, DOI: 10.3221/IGF-ESIS.70.02

| 2 & , ‘
K, = dzag[a)jz.] + _z vo.c. b + k. 8.) S
m, L

2 U , .
F, =- Z(ka TV TR )¢,é1 (33)
m, L

0

0
Vo.r + ko
F — 3 1' 371 (39)
ve,r, + k1,

0

Ve, 15 + AT

¢k:{¢l(Xk) Py () - @(Xk)}T (40)

$(x)  (x,) ¢1(X3>
_ 9, (x))  P(x,) ¢2(X3>

D (41)
¢rz (Xl) ¢;1 (XZ) ¢rz (X3)
- 0] [0 0 0]
0 0 0 O
‘, 0 k00
csk = > k.rk = > (42)
6 0 0 4 0
0 0 0 0 O
L L‘IZ _ L O O /élZ _

In the above equations, 7, E, I, @, and ¢; are the per-unit-length mass, modulus of elasticity, the flexural moment of inertia,
the jth undamped natural frequency, and damping ratio, respectively. M,, C, and K, are the vehicle matrices in Eqn. (3). The
natural frequency of the beam is given as:

. 2
w, = (ﬂ} E_I (43)
L m,

The TT vibration is then achieved from both methods by implementing the parameters specified in Tab. 1 for beam and
TT. Two approaches were used to determine the vertical displacement of the trailer (d5) at different speeds (see Fig. 5a). A
comparison of modal and finite element results is made to explore the influence of the number of elements on the accuracy
of the FEM results, where 30 vibration modes are evaluated in the case of modal analysis (see Fig. 5b). It should be noted
that when the front axle reaches the end of the beam, the TT stops moving.
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Parameter value Parameter value Parameter value Parameter  value  Parameter  value
Iy 172160 £y 1969034 ¢ 7181.8 by 3 E 2.1x101
7o 12404 ks 727812 & 2189.6 b> 3 d 0.01
n 725.4 ks 4735000 ¢ 0 bs 2
2 725.4 ky 1972900 ¢ 0 Yo, 7855
Wi 5000 st 100000 o 0 L 60
My 2000 )2 300000 2 0 I 0.6667

Table 1: Parameters of the TT, and of the bridge (Mass moment of inertia is in &g.#7, mass is in &g, stiffness is in N/, damping is in
N.s/m, length is in m, Young's modulus is in N/#7, moment of inertia is in 77, and specific mass is in &g/#7).

10 Trailer displacement (ds) 10 Trailer Displacement (ds), V=30 m/s
X
0&-4g T T T 0 T T T
S
—S— FEM 40m/s ‘ Modal, 30 Modes
-1 — + —Modal 40m/s RES N I FEM,25 Elements
—&—FEM 20m/s \ FEM,100 Elements )
ol — * — Modal 20m/s '_ — — —FEM,350 Elements ,‘/
2F ) ——— FEM,500 Elements /]
—~ -3 —
E Ear
2 g
S -5 ks
g 8 sl
o 5l a
s 6
8t 7r
9 . . . . . 8 . . . . I
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Figure 5: (a) Trailer vertical displacement in FEM and modal analysis, (b) Comparing 30 modes in modal with 25, 100, 350, and 500
elements in FEM.

Damaged element

In order to represent damage, the stiffness matrix of the damaged element is needed, the damaged element with crack depth
ais shown in Fig. 6. For an arbitrary load in the absence of shear deformation, the strain energy of the beam element without
crack is defined as [70]:

a.
M ' ' \ M

i l:,i+1

Figure 6: Damaged element with crack of depth .

273
LVOZL M2/+MP/2+P/ (44)
2EI 3

where in the above equation, P and M are the shear force and bending moment applied to the element and /is the length of
the element. Additional energy as a result of crack presence can be obtained from Castigliano's theorem. For a rectangular
cross-section beam with height 4, width &, the excess energy from the crack is written as:
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W =p I —IL 4 a (45)
0 E E

where E' = E in case of plane stress, for plane strain E=E/ (1—1)2), and « is the crack depth. The stress intensity factors

of modes I, II, and III are represented by Ky, Kir, and K, respectively. Writing the excess energy due to the presence of a
crack and neglecting axial force, will read as [71]:

of (K +Kp) +K;,
W(l)zbjo[( wm T g) + HPJJd (46)
OM | 7waF(s) 3P| 7waF,(s) P.|rwaF,(s)
IM :%—2’ KIP :T’ KHP :T (47)
F () 2. (m*j0.923+0.199[1—sin7m/2]4
(($) =, |—tan| — R
s coss/ s )

1.122+-0.561s +0.085s” +0.185°

Ji-s

In the above equations, s is the ratio of crack depth to beam depth. The flexibility matrix of an intact element is expressed
as:

Fy(5)=(3s=25")

21977 (0)
0 _ ouWw

! , i,j=12 P=P, P=M (49)
9 al)lap/ / 1 2

The coefficient of additional flexibility due to the presence of cracks is defined as follows:

27 (D)
) _ ouWw

L ij=12 P=P, P =M (50)
"~ oPoP, J 1 2

Finally, the total flexibility will read as,
& —x0) 4 xM
G =G G (1)

The equilibrium conditions are described as follows:

(Pz M, P, MM)T =[T](P;+1 Mi+1) (52)
-1 -L 1 oY)

= 53

[T] [0 1 0 1} 3

K], =[T]'[€][T] (54)
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This stiffness matrix is used in the FE model of the bridge to represent the damaged locations. Damaged beam frequencies
are compared to laboratory data [72] to confirm the accuracy of finite element modeling results for a cracked beam. A steel
cantilever beam with Young's modulus of 206 GPa, width and height of 20 m, Length of 300 z, and specific mass of
7750 kg/ 7 is considered. The beam's first and second frequencies resulted in the FE model and experimental data [72] are
given for various crack depths and locations in Tab. 2. These results clearly demonstrate the of accuracy of the developed
FE code in predicting damaged beam frequencies.

Crack Crack Natural Frequency Error (%)
location depth Method 1st 2nd st ond
' Exp [72] 185.2 1160.6 - -
ntact -
FEM 185.1 1159.9 0.05 0.06
Exp [72 184 1160 - -
80 2 pl72
FEM 184 1159.2 0 0.07
% . Exp [72] 174.7 1155.3 - -
FEM 176.4 1154.5 -0.9 0.07
Exp [72] 184.7 1153.1 - -
140 2
FEM 184.7 1152.1 0 0.09
Exp [72] 181.2 1092.9 - -
140 6
FEM 181.9 1098.1 0.4 0.5

Table 2: Comparisons between the first two natural frequencies derived from FEM, and the experimental study (length is in z» and
frequency is in H).

The deviations observed in Tab. 2 between the experimental data and the FEM results are relatively small, indicating that
the FE model is quite accurate in predicting the natural frequencies of the damaged beam. The discrepancies can be
attributed to several factors, including potential variations in material properties, slight differences in the actual versus
modeled crack sizes, and inherent experimental measurement errors. Specifically, the minor errors in the 1st and 2nd natural
frequencies, ranging from 0 to 0.9%, reflect the model's robustness. The slightly larger deviation at the 6 mm crack depth
and 140 mm location (0.5% in the 2nd frequency) suggests that as crack depth increases, the complexity of accurately
modeling the damage also increases, leading to higher deviations. This reinforces the importance of ongoing refinement of
the FE model to account for such complexities in real-world applications.

Road surface profiles

Vehicle responses can be significantly affected by the road surface's roughness. Probability characterizes surface roughness,
according to ISO 8608 [73]. The surface roughness quality can be provided by power spectral density (PSD) according to
the following equation:

—w

n
G, (n)=G,(n)| — (55)
7,
where 7 is the spatial frequency per meter, w=2, and 7,=0.1 ¢yeles/ m. Surface quality can be classified into eight grades based
on the roughness height. In this categorization, A stands for the best surface level and H is the worst. For classes A, B and

C, the value 0.1X10°¢ (#7), 128X10 (#?) and 512X106 (#?) are assumed for Gafng), respectively [74]. The amplitude of
surface irregularities is shown as:

d =\|2G,(n)An (56)

where An represents spatial frequency sampling. Finally, the relationship between surface irregularities is defined as follows:
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r(x)= Y (dos(nx+6)) (57)

In this relation, #is the 7th spatial frequency, 4;is the surface irregularity amplitude, and 6} is the random phase angle, which
here is a uniform distribution within the range [0,2m) [46]. Three classes A, B, and C, are considered here as representatives

of rough road profiles (see Fig. 7).
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Figure 7: (a) Road profile class A, (b) Road profile class B, (c) Road profile class C

Vibration signal
Laser sensors can be used to detect relative acceleration between the beam and the trailer axle (see Fig. 8). The beam
acceleration below the trailer axle is calculated by subtracting this relative acceleration from the absolute acceleration of the

trailer axle, which read as:

Laser Sensor

Acceleration Sensor

Figure 8: Sensors mounted on the trailer axle.
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Y :Y—Y (58)

ut t r>

where, ¥, Y, and Y represent beam acceleration under the trailer axle, absolute acceleration of trailer axle, and relative

acceleration between trailer axle and beam, respectively. An illustration of these parameters is given in Fig. 9. The beam
acceleration under the trailer axle is analyzed through both the EMD and VMD in the following bridge damage scenarios.

e 2.
B CUURE | L
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©

Figure 9: (a) Beam acceleration under trailer axle, (b) Absolute trailer axle acceleration, (c) Relative acceleration between trailer axle and
beam.

RESULTS AND DISCUSSIONS

are examined according to Tab. 3. All signals ate collected at 5 m/sec velocity.
EMD was used to analyze damage scenarios (P2, A2, B2, C2) to find the location of damages. The number of modes
extracted by EMD is 7 modes in the P1, B2, and C2 scenarios, and 8 modes in the A2 scenario. The location of the damage

is not evident in any of the instantaneous energy diagrams, as shown in Fig. 10. The VMD approach's performance to spot
damage will be described further below.

I n order to investigate the applicability of the proposed methodology in identifying damages, different damage scenarios
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Road Class Damage Location Severity
Case
P1 L/3 10%
Pg‘*fzt P2 L/2 10%
P3 2L./3 10%
Al L/3 10%
Class A A2 L/2 10%
A3 2L./3 10%
B1 L/3 20%
Class B B2 L/2 20%
B3 2L./3 20%
C1 L/3 20%
Class C C2 L/2 20%
C3 21./3 20%

Table 3: All Damage scenarios with road classes, locations, and severity.
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Figure 10: Normalized instantaneous energy of IMFs extracted through EMD for cases (a) P2, (b) A2, (c) B2, (d) C2.

To capture the effects of imposing damage to the bridge, the output signal's frequency spectrum is evaluated. Scrutiny of
the spectrum reveals that there is a notable difference between the intact and damaged cases. This difference is evident
within the frequency range 0.01-0.15 Hz, as shown in Fig. 11. By decomposing the signal with VMD, in IMFs with central
frequencies around 0.06 and 0.07~Hz damage can be seen as a peak in the corresponding IMF energy signal. In each case,
the given signal is decomposed into 40 IMFs. The normalized instantaneous energy for P1, P2, and P3 damage is shown in
Fig. 12, in this figure, the damage can be detected at the peak of the diagrams when compared to the intact case. Several
normalized instantaneous energies of IMFs at P1 damage are shown in Fig. 13. The site of the damage is evident in these
IMFs, as can be observed. In the following, just one IMF is utilized, where the damage is most visible.
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Figure 11: Frequency spectrum for cases (a) P1, (b) P2, (c) P3.
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Figure 12: Normalized instantaneous energy of IMF extracted through VMD for cases (a) P1, (b) P2, (c) P3.
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Figure 13: Normalized instantaneous energy of IMFs extracted through VMD for P1 Damage scenario with six IMFs.

In order to determine the damage in other cases, their frequency spectrum is shown (see Appendix B), and the instantaneous
energy of the related IMFs is extracted in those central frequencies based on the significant difference between the intact
and damaged cases (see Fig. 14).
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Figure 14: Normalized instantaneous energy of IMF extracted through VMD for cases (a) Al, (b) A2, (c) A3, (d) Bl, (e) B2, (f) B3, (g)
C1, (h) C2, (i) C3.

The use of VMD and instantaneous energy from IMFs show that this technique is capable of detecting anomalies in vehicle
acceleration signals caused by damage. Fig. 15 provides an analysis of the effect of minor damage in Class B and Class C
irregularities. It is worth noting that in both Class B and Class C, 10% of the damage is undetectable. While peaks are visible
in certain scenarios, such as B2 and C2, these anomalies are not consistently observable. The corresponding damage
scenarios are summarized in Tab. 4.

Road Class Danecs Location
Case
Bl L/3
Class B B2 L/2
B3ls 21, / 3
Clys L/3
Class C C2 L/2
C3is 21./3

Severity
10%
10%
10%
10%
10%
10%

Table 4: Less severe damage cases in road classes B and C.
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Figure 15: Normalized instantaneous energy of IMF extracted through VMD for cases (a) Bly, (b) B2, (c) B3y, (d) Clis, (¢) C2i, (f) C3ps.

Effect of velocity

In this section, the effects of various TT speed on damage detection are investigated. It is evident from the simulation results
that the damage location can be determined at varied speeds. This is illustrated in Fig 16. The normalized instantaneous
energy of A2, B2, and C2 damage scenarios is shown in this figure. Different velocities ranging from 2 z/ sec to 30 m/ sec are
investigated. The noise in the IMF's normalized instantaneous energy is more pronounced at low speeds, e.g. for 2 /sec
than the higher speeds.
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Figure 16: Normalized instantaneous energy at different velocities extracted through VMD for cases (a) A2, (b) B2, (c) C2.

Based on the simulation results, the VMD method is effective in detecting damages across a wide range of vehicle speeds.
Specifically, within the range of 2 7/ sec to 30 7/ sec, damage detection remains reliable. This demonstrates the robustness of
the VMD approach in varying operational conditions. However, at the lower end of this speed range, increased noise levels
can introduce more fluctuations in the normalized instantaneous energy, although damage locations are still discernible.

Ejfect of mass ratio
The examination of damage detection under various trailer masses is also examined. Tab. 5. illustrates the different masses
associated with g and  in different cases. Fig. 17 displays the impacts of mass when the TT passes through the A2
damage scenario.
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Table 5: Various trailer masses (mass is in £g). Figure 17: Normalized instantaneous energy at different trailer

mass ratios extracted through VMD for A2 damage scenario.

Effect of noise

The ambient noise is present while measuring acceleration and displacement sensors, and will affect the method accuracy.
Thus, the impact of noise levels on damage detection has been studied in this section. Starting with the equation of noise
which is given as:

Si=S+aN (59)

where Sr is a noisy signal, Sis a clean signal, Nis a random vector with a normal distribution, and « is a coefficient for
applying noise with the desired signal-to-noise ratio (SNR). To suppress the inconsistency emanating from the presence of
noise, the results of passing vehicle ten times are recorded and averaged. The applied noise with SNR of 40 4B is added to
the signals which is shown in Fig. 18.

% N I “M " “M W |

Trailer axle location (m)

Figure 18: Noise with SNR=40 4B.

The normalized instantaneous energy of the IMFs related to P1, P2, and P3 Damages is shown in Fig. 19a-c. As itis evident,
the peaks of diagrams can still be used to illustrate the location of the damage, approving that the noise effect can be handled
effectively by the VMD. A1, A2, and A3 damages with noise impact are visualized in Fig. 19d-f, although the noise has
caused fluctuations in the normalized instantaneous energy diagram, the location of the damage is still easily recognizable.
The demonstration of the noise effect in B1, B2, and B3 is shown in Fig. 19g-i, the peaks in the figure clearly illustrate where
the damages occurred. Signals in C1, C2, and C3 are affected by noise as seen in Fig. 19j-1. As indicated in the figure, there
were several peaks in the diagrams, but these peaks do not even reach half of the highest peak at the location of damages.
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Figure 19: Normalized instantaneous energy of IMF extracted through VMD for cases (a) P1, (b) P2, (c) P3, (d) A1, (e) A2, (f) A3, ()
B1, (h) B2, (i) B3, (j) C1, (k) C2, () C3 with noise.

Itis important to note that an SNR of 40 dB has been identified as an acceptable range for effective damage detection under
the conditions tested in this study. Within this range, VMD effectively manages the noise, allowing for clear identification
of damage locations. However, when the SNR falls below 40 dB, it becomes increasingly challenging to detect damages,
especially in scenarios involving higher road roughness.

A comparison between END and T"MD

According to the results acquired in the Results and Discussions section, the damages cannot be detected by implementing the
EMD. The instantaneous energies of all modes decomposed by the EMD approach are given in Fig. 10, and it can be
observed that the peaks seen in those diagrams do not coincide with the location of the damages. In fact, the EMD method
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cannot be successfully used in detecting the damage location(s) in those cases. On the other hand, the VMD approach
results have been demonstrated to be quite promising. The damage locations can be spotted by the VMD by breaking down
the signal into a customizable number of modes. The VMD approach employs a wiener filter to effectively remove noise,
helping identify damage location(s) amid the presence of the noise. The advantage of the VMD method over the EMD has
also been proved in bearing fault diagnostics [75]. In addition, a comparison of these two methods for speech enhancement
demonstrates that the VMD method is superior [76].

CONCLUSIONS

in drive-by sensing of bridges. The acquired moving mass signals are decomposed using VMD, and it is found that a

reliable estimate of damage location(s) can be found via the proposed methodology. The effects of several influencing
factors including road surface profile, damage severity, and noise are examined throughout this research. The main findings
of this are summarized hereafter:

I n this study a cost-effective indirect damage detection technique is introduced. In this method, VMD is implemented

e Results of the exclusively developed finite element code for analyzing the TT bridge interactions are in promising
agreement with the modal analysis solutions and can be used to reach the signals of interest including the bridge
vibrations resulting from moving mass. This can be done by subtracting the absolute displacement of the trailer
axle and the relative displacement of the trailer.

e A meticulous comparison of the frequency spectrum for damaged and healthy states gives clues about the frequency
range at which the IMFs should be scrutinized. A clear gap is evident in the power spectrum of these signals within
a specific frequency band.

e Comparison of the EMD and VMD methods showed the superiority of VMD over the EMD method in identifying
the location of damages.

e The damage location(s) can be reached even in the presence of a rough road profile. However, the road surface
irregularities impose limitations on the detectable flaw size. The acquired results show that in the case of a perfect
surface and roughness class A, the VMD technique can be implemented to identify cracks of lengths down to 10%
of beam depth, while in roughness Class B and C, the detectable cracks are limited to 20% of the beam's depth.

e The VMD technique is capable of handling intrinsic signal noise down to a signal-to-noise ratio (SNR) of 40 4B.
However, when the SNR level drops below 40 4B, it becomes increasingly challenging to identify minor damages
accurately.

e In contrast to previous studies, this research investigates the detection of shallower cracks and employs a more
advanced vehicle system.

In conclusion, the findings from the VMD method showcase its exceptional potential as a robust damage detection
technique, demonstrating its effectiveness even when subjected to adverse conditions, such as rugged road surfaces and
ambient noise. This method stands out for its ability to detect damage without requiring reference data from a healthy state.
Nonetheless, further research is underway to analyze the efficacy of this method in detecting different types of cracks and
its applicability to various bridge systems.

Additionally, because this method has a good ability to handle noise and detect small abrupt changes in signals, it holds
promise for use in real-world problems. Although implementing this method in real-world scenarios could be very
challenging, this study proves its theoretical feasibility. It is, therefore, worth examining this approach in practical
applications to fully understand its potential and limitations.

In addition to the numerous advantages offered by this method, there exists a limitation within this approach. Decomposing
the signal into several modes requires expertise to determine an appropriate number of modes, as this can greatly influence
central frequencies and efficacy in damage detection. We anticipate that future research will address this limitation, enabling
the configuration of the number of modes without requiring specialized expertise.

APPENDIX A: VEHICLE VIBRATION MATRICES

T he mass, damping and stiffness matrices in Eqn. (3) are as follows:
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APPENDIX B: FREQUENCY SPECTRUM

T he frequency spectrum for other damage cases (A1-A3, B1-B3, C1-C3) are shown as below figures.

(AD)

(A2)

(A3)

(A4)

(A5)
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Figure B.1: Frequency spectrum for cases (a) Al, (b) A2, (c) A3.
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Figure B.2: Frequency spectrum for cases (a) B1, (b) B2, (c) B3.
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NOMENCLATURE

: intrinsic mode function (IMF)

: central frequency of IMF
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: Lagrange multiplier

: variance of white noise
: Dirac delta function

: desired IMF frequency

: Hilbert transform function
: mass matrix of truck—trailer

: damping matrix of truck—trailer
: stiffness matrix of truck—trailer

: node displacement

: mass matrix of bridge

: damping matrix of bridge

: stiffness matrix of bridge

: shape function

: interaction force at rear axle of truck

: interaction force at front axle of truck

: interaction force at trailer axle

: forces due to inertia of truck—trailer and trailer axles

: forces due to moment of rotational inertia of truck—trailer

: vertical displacement

: acceleration due to gravity

: crack depth in damaged element

: beam height

: distance between axles

: damping of shock absorber between truck-trailer body and axles
: damping of wheels of truck-trailer

: stiffness of spring between truck-trailer body and axles
: stiffness of wheels of truck-trailer

: moment of inertia

: mass moment of inertia

: mass of truck

: mass of axles of truck-trailer

: mass of trailer

: length of bridge span

: original signal

: Elastic Modulus under normal conditions
: Elastic Modulus in Plane Strain conditions
: Poisson’s ratio

: power spectral density function

: stress intensity factors of modes

: force due to weight

: force due to inertia

: beam displacement in modal analysis
: strain energy of intact beam

: strain energy of cracked beam

: mode shape

: generalized coordinate

: vehicle velocity
: Surface roughness function, derivative of surface roughness function
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s S.K. Shandiz et alii, Frattura ed Integrita Strutturale, 70 (2024) 24-54, DOI: 10.3221/IGF-ESIS.70.02 s
S : clean signal
Sn : noisy signal
21530535 : total vertical displacement of axles
%1 s %2 , %3 : total vertical velocity of axles
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