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1. Regularization technique
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4.Proper orthogonal decomposition
5.Empirical mode decomposition
6.Dual Kalman filter
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1.Symlet function
2.Wavelet spectrum
3.Instantaneous frequency
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1.Variational mode decomposition
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1. Rayleigh damping
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Mass moment of inertia of car body (I,)

Mass of car body (m,) 12404 [kg]
Mass of back axle (m,) 725.4 [kg]
Mass of front axle (m,) 725.4 [kg]

Stiffness of primary suspension (k)
Stiffness of primary suspension (k)
Stiffness of secondary suspension (k;)
Stiffness of secondary suspension (k,)
Damping of primary suspension (c;)
Damping of primary suspension (c,)

1969034 [N/m]
727812 [N/m]
4735000 [N/m]
1972900 [N/m]
7181.8 [N.s/m]
2189.6 [N.s/m]

Damping of secondary suspension (c3) 0 [N.s/m]
Damping of secondary suspension (c,) 0 [N.s/m]
Distance between back axle 3 [m]
to the center of gravity of car body (b,)
Distance between front axle 3 [m]

to the center of gravity of car body (b,)
Young_s modulus of the bridg (E)

2.1 x 1011[N/m?]

Length of bridge (L) 50 [m]
Height of bridge (h) 2 [m]
Width of bridge (b) 1 [m]
Mass density of bridge (p) 7855 [kg/m?]
Modal damping ratio for all modes (§) 0.01

Table 1. Parameters of the vehicle, and of the bridge.
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3.Empirical Mode Decomposition (EMD)

1.Additional flexibility coefficient
2.Huang
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1.Intrinsic Mode Functions
2.Backward error correction
3.Emprical wavelet transform (EMT)
4.Wiener filtering

5.111-posed

6.Tikhonov regularization



Voo JLA/\ A)M/é)%@)ﬁ}

ke Olpas (dige (a5 ol adoms

NP e Sk 5vS1es 0558 VL ey s
sl I S L Lo i S o Jol
123] ol 385 Uit Jols
250 S0 & o (598 -T-E
23 @S 4 (835,55 S 055 425 VMD ol G
Sls 83555 I L5k (e 48 wend (350) Uy JUKs
woage o SAS, bl g s s S|, LS
SKes ke iyt e il e Oles L sy Ol
Wk S o S dsm pin ks paS spd e 55
S R T R
el 25 Jle e a Bl Sl e o5k 4 55l
e
Jots Sl eslinal b ke Jllos S 050 p gl )
Sy b b S 85 el U5 pd ol o ks
A
S b Bt leslinal s go (38 3 ik 3 g0 a6l Y
o35 JUisl wl Lb @ @y Wl 3L S 5 S I
(05 ¥gdas o 50) 55 o
S H S o s & Gl slgy a5 L Y

J}J:& C‘fﬁﬂ:‘ ol QMY_}JAJ

Al o s 5 abaly g 4 A
. 2
. L —jwit
iz Lo [(50+ 2] o]
3 (08)
s.t. u,=f
2
(0 = (@10 3 Tud = g, e Yo aal, s
S oS-y LSJSJ‘ éuwtsjﬁ 9 U:)j.a ¢l.o.v ol aU)S JZ{.LQJ
il Lo g0 plod mar Sk i =Tk
e 4y Jlasl LB e sla by 0 S o3k A3

obam s Ay Colo gy s e sl s ol g5l ang
Lo ;{4“ “ i U J},Jadn a:@\'\}i\ﬁ‘y 6LQJ,<.:J¢ 9
b s Al ol SRy s LS A 8 Ll g5l

oy 2ok C3s mipax e b gl S 2y, S

Hf(t) =% p.v. [(_vi dv (&V)

FO) & 552 (o3 Sl i Yl JLS K
Sy 4 el s JUS oKT el i SlS

Dy
fa(®) = F© +jHF©) = A@®)e/P (EA)
el 5 e ol Ll s IS !
Oy 53 Lol i e Sl @/ PO Ll Lo des
0Ol cpl el & o amsls AD) 5 JESK L (D)
S labad (L83 5 Ol b e asls o 5o ol b
el e 555 o A 5 D) s 4
w(t) = dp(t)/dt (¢9)
3 i oS ol o S @b S ik e 53 (S
IS i oo sl 0l |55 e b (gla S 3
1291 ol o IS 51 L3k B 2l &
f@©) = R{f4(©)} (0+)
1002189 58 Ogaw¥aued 9 il 8 LIS -F-Y
bt e Do 4 IS 53 0 55 &S ol s b
Coss JB o o pblie (S5 Lsd e S5 e L
33 Ot Sl I 55 s LM § 5 o Fesle
5 et > S wy sy S L e JISK
(01) Slkio slosl ;3 AS 0 ) 5 01 — Wy 501 +wy S5
Ll sdalie B

2 cos(w,t) cos(wyt) = cos((wy + wy)t) + cos((wy — wy)t)

(V)
1] 25 e 4 W sa el AU LIt
(oY)
SaS bl 1 i8S 3 IR Ky I
el 5 gt o S L (ol

fa®e 9t < f (@) * 8(w + wo)
= fa(w + w)

elwitgjwat — pj(witwy)

(ev)

4. Sparsity
5. Quadratic penalty
6. Lagrangian multipliers

A

1. Heterodyn
2. Mono-tone
3. Dirac-distribution



aJU '”4?. = ol cj.l.l.’u L;l’J} - )‘}Jeﬁ;

e 3 g0 A iaeS gy 5 S peie add iy b S

A:JUJJJI.&Y" Mﬂ)b%%}@)}ﬁéuuu.\dﬁ
O dsb pye S o3 a2 00 S o)

05 Rear Wheel Acceleration, V=30 m/s

Intact Case ‘

04 ) ‘ Damaged Case L/3,50% | 4

03r

02t \
L]

0.1 ﬂ ‘

-0.1 1

Acceleration (m/sz)

=

021

03 vl

04 . . . . . . . .
0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)

>Fig. 6.Rear-wheel vertical acceleration at V=30 m/s
(50 % Damage at 1/3 length of beam)

IMF8)>4¢.LLWJV.5.G)}>=»VJL5vLZJVJ.§J

@ w104 IMF 8

é 5F T T T T 3
c \‘ {"

§ o | ‘ \ \/\ ‘\\\A /\'w ]
5 n/ \} W \/ AV

o

E S . / s s ‘ ‘ ‘ 1
g 0 5 10 15 20 25 30 35 40 45

Rear Wheel Location (m)
Fig. 7.Rear-wheel vertical acceleration at IMF 8.

IMF 8 L blus glaband 55,1 A JK&

g & 107 Instantaneous energy of IMF 8

2l 1
1Md(d\w M, |

O “ U‘ V“"\J‘\]\/ & ‘ ‘V’N

0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)

Fig. 8. Instantaneous energy of IMF 8.
Ol 53 e s Ol e 390 452 (V) S s

(97; CM)DJ:J f}aﬂ 92 J}l& 33 Aoy 00 L;/.b“bw]
L blae pladasd (6550 (V)) IS8 55 5 ol ol esls LS

sl 0l 15l 4 5 Q'l\

Slaize g5 3l elisd o (oS Slags 2y Ll s
FIAY Gl Sy ol DLy s b e sl
Ol DO S 5l 553 AST dlesl 6l asm e )
e s s ) S Sape Sl apd e Sl ) 5
oo 03 b aad Jlesl Cue romens 5ty A
Doty ks 53 3 0 Olegan sk 4 5ISY sl 00

b kS ) daly 4 (08) ol g5le

0. [(50 + L) s w0 esent ’

L({uk}r {wk}r A) =a
k

z
lro-) wo 2+<A(t),f(t)—zuk(t)>
k 2 k (00)
(08) Walas (53l e alies ey YL olSis 1 15 ol
23] <l

iin oo 4 35 31 odlai! b o T (o bl —¢
54 (S ol YoY Cad 3 el &l Jals 5l eslanal b
45 S Slagly it 350 e ras b e 5 3500 Lo
éww‘&wﬂw%ﬁﬁvﬁwwéuvuﬁﬁ
Ole (V) Jsd 3 Lo s & ey Dliasiln 530 0 sl
NG IR Wi

s s 53 A ey e ) e B S (A) IS s
ol o303 OLES s> gl 5 Il Il 55 gl 4l e Y
ULl hoys 00 Gas 4y (S5 g 4 Shs el Lol
L odd Jlosl (o a5 S5 s G sk 50 0
oo b bl sse 4w adl deny e e S O
Ly a3l A oyl IMF (V) K3 .l 0 4 35 VMD
o S O 53 Sl IS 3 8 40 kes ez o OLS
ol il 0T b pgwr 3 SLSL i S als 3
Lol S5 s Olen SLSU o8

oy LIME 8 (65 5l aalome 5 ko Lo Sl eslinal L
ol gt (A) K5 @ s 4 IMF (il sl slalamd (65 51 (07)
>

IE = waHz(t, w)dw (o)
0

1.Saddle point



Voo JL«:/\ °JL°“2/V‘§3-)W°JJJ

oot Ol e pwdige sk oode aloe

IMF 8 U ble gladamd (g5 VY S

8 %107 . . Insta‘ntaneolusene‘rgyofI‘MF8
ran
6l
5l
g4
’ |
3
| '« | 4
. / iy \
| \
17‘&‘ |/ W /\’w\\)/\ /“\ ,
. . / N b v )y \UA",VA\/\/‘\J f\/ / \ \,/)m\/:\.w|
0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)
Fig. 12. Instantaneous energy of IMF 8.
e &
4l g P1 (g .0

CS ol ale 5 4l dlewy LAS,1 Gl 3 ) 5 L
e S S apd e pale A glase e
120] sl O 53 3IS 3 4l b

S s a8 calee Wi dws 4w 4 pl Sl eslid L
G35 31,15 Sl S L pn o ool Oles 5 0 Bl
Gl s e pl Sl e by e S 5 Lpd e o0l s
op s hosn Nt 5 Ao Y S S Ges 53 03 5 (S,
S 03 S e Ol e (V05 18) e IS 51l $ 513
oL G S s ST bt el b
b S @l 2l | (L8757 (H2)) L5 sl Jsl 3055
s o OLE S5 e plulid s

€Y

“’g\ .2 0% IMF 9
z 2r /\\ \ f
g ol ‘w" ‘/\ J U Mm’“f
QL 4r
Q L
:(‘3 0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)
Fig. 9.Rear-wheel vertical acceleration at IMF 9.
IMF 9 L blus glakes 550 Ny IS
R «107 . . Instalntaneolus enelrgy ofIIMF9 .
sh
7L
6
55
2
Gt ‘
3t \
2f M\M . » 1
l\ [ \)‘ [ “
1f /\ VY LA
) Nﬂ/‘””\ )\J“W/\/MJ M. |
0 10 15 20 25 30 35 40 45

Rear Wheel Location (m)

Fig. 10. Instantaneous energy of IMF 9.
‘d.:mj&fj.a‘)jw uL’;ﬁ:ﬂxjﬁbf Qf;' (\\)Jg,:«)b
ouﬁdjbfyy)rygg,;wﬁm S5 b ads

Ol 0l 63l

‘% 10 IMF 8

ool A f& \

20 MW‘ \ } \

g2l /\

-

g 6= -
g 0 10 15 20 25 30 35 40 45

Rear Wheel Location (m)
Fig. 11.Rear-wheel vertical acceleration at IMF 8.

sl b il slagas L (S ol Jlesl L
53 el ol eals OLis (V) S 55 VMDD s, b o]
wlrals S5 Ges (Rl L &Sl seie (V) K

sl ol J:.«:.:J ):.s IMF 6@)\5}&.’ BL L;:Léfl.l



AJU 2 Lol 4Ji.bLJr L;BJ;- : ‘)j‘;@-‘:‘

e D ge dy g gy 5 S pete 4l iy mul 5 )8

<J.§d)lﬂ(}M}J}C}M&)Jwi)IMFg):%ﬁ;@)w)wriuuu\‘”J.ﬁ

0 IMFs
15— 30%]| |
< -~ -50%
e ' 70%|
E/ 05— —
2 o= |
©
© 05 —
Q
8 - -
<
15— —]
2 \ \ \ \ \ \ \ \
0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)
Fig. 13.Rear-wheel vertical acceleration at V=30 m/s in IMF 8 (Different damage at 1/3 & 2/3 length of beam).
G Jsb v /8 55 o3 Y CowD) IMF 8 s 4l alows s s o6 i A8 I3
o x10° IMF (8) %30 Damage
\ \ \ I
— — ~Damaged (0.4L 30%) VPS 1 —
N': ~ -~ -Damaged (0.4L30%) VPS 2| |
E ——Damaged (0.4L 30%) VPS 3 f
g “\X'H 3[%;‘7{\%"'\ R ‘\ 4 N\~ —a ’l\rJ . ;‘ B == et ]
S A VA A N e WA NEoox? < e [P au e |
e - \f\“\/‘}\‘( *\/r \J/\/ B I I s ol \;‘ i
< —
\ \ I \ \ |

15 20

25 30 35 40 45

Rear Wheel Location(m)

Fig. 14. Rear-wheel vertical acceleration at V=30 m/s in IMF 8 (30% Damage at 0.4 length of beam).

(s Jsb /8 53 oy Ve WT)IMngwxa@,@)wV:ugu.\op

15

IMF (8) %10 Damage

1= \

LG

Acceleration [m/sz]

AR e o
WA I \\W,ﬂ(\]‘/)}&//\f\/

I I I

Damaged (0.4L 10%) VPS 1
~-—-~Damaged (0.4L 10%) VPS 2
—— Damaged (0.4L 10%) VPS 3

S O PN
e W N
oK ‘/ T

15 20

25 30

Rear Wheel Location(m)

Fig. 15. Rear-wheel vertical acceleration at V=30 m/s in IMF 8 (10% Damage at 0.4 length of beam).

Hy mho g A oS Gl ol Cond A 4 Ol 0 1)
sl gy Az ol s ck.ﬂ A
n -w
Ga(m) = Galno) (+-) (ov)
Mo
b 55 Ga(ng) 12 0.001x107¢m? Hluas A CEM sl
sw=20 5 S S En el el S
bl lae (g5l el Ol g5 aals L ASL 0 ng = 0.1 cycle/m
sl (OA)
d = (2G4(n)An (oA)
) Do mhae Gl el 4 b e daly Solg s

e

A

il slaadl Al sla sl Y g

VPS1 VPS2 VPS3
I 1.51, 1.361,
mg 1.5m, 1.36m,
my 1.5m, 0.5m,
m, 1.5m, 0.5m,

f, = 2.1827(Hz) f, = 1.8722(Hz) f, = 1.8744(Hz)
Table 2. Parameters of different vehicles

T S )Ieal JT w9 -1
Slageals S 63k LI 5 oo e a3 (S5l el s 5
Coale lols C)‘M Sla,lgenl 108 glr i Al
Sl senl CoiS [30] ISO 8608 ulhao . tizen _sVlazs|
daly Gllae (PSD) 0l ik J&s Lowsy Wl o aw
Solsmal gl (S5 bl s s iS5 53 @1 (0V)



Yeor JL /) A)L«J/é)%g‘js

w\)JVMDJ‘yBM)}A(J}br}u}b}r}u&)s
5 Wl Sl s IMF s i llae 508 alows |

2 e (S ] B e Ol e s o]
58 edalie (V1) K3 5 plawiio O 5w

ﬁijﬁdb}b)bd@&lﬂ}@)}»g)h&\vJﬁ

C]a..«djba.au A}?J\{o.)..pwi

Rear Wheel Acceleration, V=30 m/s

0.5 T T T T T T T T

Intact with irregularity

— — —Damged (L/3 50%) with irregularity | 4
Damged (2L/3 50%) with irregularity

Acceleration [mlsz]

04 L L L L L L L L
0 5 10 15 20 25 30 35 40 45

Rear Wheel Location (m)
Fig. 17. Rear-wheel vertical acceleration for intact and damaged
cases with road profile irregularity.

r(x) = Z(di cos(njx + 6,)) ()
0; 5 Olu g anlsd; « S (85 ol §omy ey ol s
aals yo ol eSS GJJJ&J_L?@“U:«S;"M«\ solas 3B 4l

[19] <.l [0,2m)
(A YS) o (5 pmal NV S8

105 Road Profiles Class A
o F T T T T T T

1.5

o
3

Roughness [m]
o

-0.5

0 5 10 15 20 25 30 35 40 45 50

Distance(m)

Fig. 16. Road profile (class A)

@jdfwy(\ﬂ)‘}ﬁéamd)\quWll{

M)JO' Wi)c.liswiﬂj_}rjuﬂ;dl?}b)}w

LSJ‘)’“‘AL' J)}}LAJﬂJwi}VJLnd\;-jJ)JA:lL%jg_,.i&))mut&ﬁ:dﬁjy A.!J:x_?\I\JS.i
Intact IMF (8) and Damage IMF (8)

o
w

o
N

o

o
A

Y

VAN

\

|

1

]

;
\A

Acceleration [m/sz]

T
— Intact with irregularity
— — —Damaged (L/3 50%) with irregularity ||

Damaged (2L/3 50%) with irregularity

01— \ \/ _
v f
02— \/ —
0 | | | | \ | | \
0 5 10 15 20 25 30 35 40 45
Rear Wheel Location (m)
Fig. 18. Variational mode decomposition of rear-wheel acceleration, intact and damaged case with irregularities.
é)\}o.hu:ﬁjl{(r}.ujzjry&)e.b.}wl)Hbd\?}))}%%)@)fugurﬁ.ﬁb)ﬂyw.\QJSaf-
|IMF8(Intact)-IMF8(Damaged)|
0.1 T T T T
Difference between intact and damage (L/3 50%) with irregularity
N’; 0.08 — — — —Difference between intact and damage (2L/3 50%) with irregularity N —
£ n ! \
'c 006~ n novon _
(5} AV n
® [ ; l, ’\\ [T n
© 0.04— Py vy /A —
2 \ ! [ [
3 I\ ~ PR
51 L N ! A /A R AV SRR AW AT, |
< 0.02 ~\1 \ VAR NId oA\ ) VoV
N N WAL Al 7 2 I | T T T /\ 4 SN AN yo i\ VAN IRYAY
oLV 20 A AR AN P T 0 N VANV AT AV VA B VA VA B V'
0 5 10 15 20 25 30 35 40 45

Rear Wheel Location (m)
Fig. 19. 8th mode difference of rear-wheel acceleration, intact and damaged case (L/3 & 2L/3) with irregularities.



c}b 2 Lol ‘x.hL; L;sz;. : Jﬁj@"‘:’

e ge a2 gy 5 S ote add dliwy mul 5 )8

sk s b S plba ) S canl o8

2,05 aslsl Qlaman as ol b olseal Sl )

&y A

[1] A. Yavari, M. Nouri, and M. Mofid, "Discrete
element analysis of dynamic response of
Timoshenko beams under moving mass,"
Advances in engineering software, vol. 33, no.
3, pp. 143-153, 2002.

[2] A. Nikkhoo, A. Farazandeh, and M. E.
Hassanabadi, "On the computation of moving
mass/beam interaction utilizing a semi-
analytical method," Journal of the Brazilian
Society of Mechanical Sciences and
Engineering vol. 38, no. 3, pp. 761-771, 2016.

[3] A. Nikkhoo, F. Rofooei, and M. Shadnam,
"Dynamic behavior and modal control of
beams under moving mass," Journal of Sound
and Vibration, vol. 306, no. 3-5, pp. 712-724,
2007.

[4] A. Ghannadiasl and S. K. Ajirlou, "Forced
vibration of multi-span cracked Eulere
Bernoulli beams using dynamic Green
function formulation," Applied Acoustics, vol.
148, pp. 484-494, 2019.

[5] H. Khezrzadeh and H. Jafari, "Analytical
study of steel-FRP bridges vibration subjected
to moving mass," (in Persian), Modares Civil
Engineering journal, vol. 18, no. 4, pp. 57-70,
2018.

[6] Y.-B. Yang, C. Lin, and J. Yau, "Extracting
bridge frequencies from the dynamic response
of a passing vehicle," Journal of Sound
Vibration, vol. 272, no. 3-5, pp. 471-493,
2004.

[7]1 P.J. McGetrick, A. Gonzlez, and E. J. OBrien,
"Theoretical investigation of the use of a
moving vehicle to identify bridge dynamic
parameters," Insight-Non-Destructive Testing
Condition Monitoring ,vol. 51, no. 8, pp. 433-
438, 2009.

[8] C.LinandY. Yang, "Use of a passing vehicle
to scan the fundamental bridge frequencies:
An experimental verification," Engineering
Structures, vol. 27, no. 13, pp. 1865-1878,
2005.

[9] A. Malekjafarian and E. J. OBrien,
"Identification of bridge mode shapes using
short time frequency domain decomposition
of the responses measured in a passing

43

S5 4omi 9 SNy o Y

s e s by o3 (Sus ol Ll
5 03 @bl Js 4 gy ol il 3 2lS - s
5 0 s es glas 8 s of plnil Slu
3l B (o5l e, 5 S Olge a4 e
J:".’.li ))}ﬁ).} Q)SU&WM&L&@)J) ealae!
bﬂjlsﬂj}:d‘)).@‘ﬁﬁ)lﬁbb@\))jﬂwm
o 2050 sl Sl b s e asts s g ol
sl 4 S 13

oo 3w o s el dews S 00l s e ol o
o.l,\::oJ‘JQuJJJJJuiw)ﬂd‘b)ﬂ&&d})}budbe-\
oo el Dleo  Sabes Lo sl il L oS el
Loaalsl 3 50 559 s9de gl 5 dloge s @Lﬂ
bl s cnSls Sl Ll led » (Shbs ol Jlesl
u‘j;jj:;ﬁﬁby 4.“.J.>J u,i:_g)l.gds.)v.iebb Olis (aliseo
IMF ;5 S8 ole s S pso a ) (Sds ol o
L;.\.::w]hbwﬂu LS.‘ALQ.Q‘\SOJAT an.)u L;Lh
odalin Cilisus sl S5 ol Jlesl L3 S sdalis 5,0
33 S8 IS L& Ges S5 Ges SlBl L aS 55l
Llg o Sis opl S o lhy (b33l 55 ol sla IMF
LS Oley Jsb s bl ol 5 J xS 4 SLle Sas
03,5 sy bas sl Ol ald& s s sla syl S )
ol bl Ol Jy I8 dmy Ll 6 5
3l ey a3 5T oy Sy ol OG5 55
Lgt.a'c.ﬂlf: S L ol adis Ll sl u,il:»&\jjl Ol
LS sl ol opl SOl s ) 2 L3S ool 1 (5 2
MGMWJJGLQD}GQF)JLEMQMLLAWI
RELEY TR B R E o @ad Slag sl I ey
sl s oolazel sl 3l aie Olge 4 la (gl seals

J>w HL\.«J:.? “ Jﬂfjﬂ LSL&oJ‘J )\ oslaul L» dl};dé J.?‘ U'i\



AR AN JLA/\ cjw/v&)w‘:)jJ

[19] K. Kildashti, M. M. Alamdari, C. Kim, W.
Gao, and B. Samali, "Drive-by-bridge
inspection for damage identification in a
cable-stayed bridge: Numerical
investigations," Engineering Structures, vol.
223, p. 110891, 2020.

[20] P. Mario, "Structural Dynamics Theory and
Computation," ed, 2004.

[21] K. Youcef, T. Sabiha, D. El Mostafa, D. Alj,
and M. Bachir, "Dynamic analysis of train-
bridge system and riding comfort of trains
with rail irregularities,” Journal  of
Mechanical Science Technology, vol. 27, no.
4, pp. 951-962, 2013.

[22] H. Tada, P. C. Paris, G. R. Irwin, and H. Tada,
The stress analysis of cracks handbook.
ASME press New York, 2000.

[23] K. Dragomiretskiy and D. Zosso, "Variational
mode decomposition," IEEE transactions on
signal processing, vol. 62, no. 3, pp. 531-544,
2013.

[24] Z. Wang et al., "Application of parameter
optimized variational mode decomposition
method in fault diagnosis of gearbox," IEEE
Access, vol. 7, pp. 44871-44882, 2019.

[25] Y. Wang, R. Markert, J. Xiang, and W. Zheng,
"Research on variational mode decomposition
and its application in detecting rub-impact
fault of the rotor system," Mechanical Systems
and Signal Processing, vol. 60, pp. 243-251,
2015.

[26] M. Bertero, T. A. Poggio, and V. Torre, "IlI-
posed problems in early vision," Proceedings
of the IEEE, vol. 76, no. 8, pp. 869-889, 1988.

[27] A. N. Tihonov, "Solution of incorrectly
formulated problems and the regularization
method," Soviet Math, vol. 4, pp. 1035-1038,
1963.

[28] N. Wiener, Extrapolation, interpolation, and
smoothing of stationary time series: with
engineering applications. MIT press, 1950.

[29] E. Bedrosian, "A product theorem for Hilbert
transforms," 1962.

[30] I. ISO, "Mechanical vibrationsRoad surface
profilessRe porting of measured data," ed,
1995.

vehicle," Engineering Structures, vol. 81, pp.
386-397, 2014.

[10]J. Bu, S. Law, and X. Zhu, "Innovative bridge
condition assessment from dynamic response
of a passing vehicle," Journal of engineering
mechanics, vol. 132, no. 12, pp. 1372-1379,
2006.

[11] K. V. Nguyen and H. T. Tran, "Multi-cracks
detection of a beam-like structure based on the
on-vehicle vibration signal and wavelet
analysis," Journal of Sound and Vibration, vol.
329, no. 21, pp. 4455-4465, 2010.

[12] K. V. Nguyen, "Comparison studies of open
and breathing crack detections of a beam-like
bridge subjected to a moving vehicle,"
Engineering Structures, vol. 51, pp. 306-314,
2013.

[13] K. V. Nguyen, "Dynamic analysis of a
cracked beam-like bridge subjected to
earthquake and moving vehicle," Advances in
Structural Engineering, vol. 18, no. 1, pp. 75-
95, 2015.

[14] S.-H. Yin and C.-Y. Tang, "Identifying cable
tension loss and deck damage in a cable-
stayed bridge using a moving vehicle,"
Journal of Vibration Acoustics, vol. 133, no.
2,2011.

[15] M. E. Hassanabadi, A. Heidarpour, S. E.
Azam, and M. Arashpour, "Recursive
principal component analysis for model order
reduction with application in nonlinear
Bayesian filtering," Computer Methods in
Applied Mechanics and Engineering, vol. 371,
p- 113334, 2020.

[16] E. J. OBrien, A. Malekjafarian, and A.
Gonzglez, "Application of empirical mode
decomposition to drive-by bridge damage
detection," European Journal of Mechanics-
A/Solids, vol. 61, pp. 151-163, 2017.

[17] A. ElHattab, N. Uddin, and E. OBrien,
"Drive-by bridge damage detection using non-
specialized instrumented vehicle," Bridge
Structures, vol. 12, no. 3-4, pp. 73-84, 2017.

[18]J. Li, X. Zhu, S.-S. Law, and B. Samali, "A
two-step drive-by bridge damage detection
using Dual Kalman Filter," International
Journal of Structural Stability Dynamics,
2020.

$o



Shahrooz Khalkhali ,Hamed Khezrzdeh . Application of moving vehicle response

Application of moving vehicle response and variational mode
decomposition (VMD) for indirect damage detection in bridges

Shahrooz Khalkhali Shanndiz!, Hamed Khezrzadeh?”

1.Faculty of Civil and Environmental Engineering, Tarbiat Modares University, Tehran, Iran *
2.Faculty of Civil and Environmental Engineering, Tarbiat Modares University, Tehran, Iran

khezrzadeh@modares.ac.ir
Abstract
Regarding the importance of bridges as one of the most critical infrastructures, their maintenance, and health
monitoring is of high priority. Interaction between the moving vehicles and bridges is amongst the fields of
study that have been investigated in depth by numerous researchers in the field of bridge engineering. Among
different proposed methods of structural health monitoring of bridges, the indirect methods that do not need
the healthy structure response are of high interest because of their ease and low maintenance costs.
The response of a moving mass passing through a bridge can be analyzed for the indirect prediction of the
beam's mechanical properties. This can lead to the detection of possible damages or degradations in the
structure. By mounting high precision accelerometers on the moving vehicle and recording the corresponding
signals, it is possible to capture the sudden change of mechanical properties pertaining to the existence of
damage in the bridge.

In the current study, an FE code is developed in order to analyze the moving vehicle response. In this code,
the bridge is modeled as an Euler-Bernoulli beam, and a complete model comprising stiftness and damping of
the suspension system of moving vehicle is built. In order to verify the results of the code, comparisons are
made with the outcomes of modal analysis. The sensitivity of the FE results with respect to the number of
elements is examined. These comparisons clearly show that both methods reach the same values for a
sufficiently high number of elements for the moving vehicle response.

Following verification of the code, a brief review of the concepts underlying the variational mode
decomposition (VMD) method is given for a self-contained representation. The VMD can be used to
decompose a signal into a number of signals with limited bandwidth. Although it has found many applications
in different signal processing cases (e.g. in the field of electronics, mechanical vibrations of machines, or even
in the analysis of economic and financial time series), extending its application to the field of structural health
monitoring is entirely a recent and ongoing topic of research.

After the introduction of the VMD, damage in the beams is implemented by using fracture mechanics concepts.
Different damage scenarios are applied in order to check the reliability and robustness of using VMD as a
damage detection method. These include different damage locations (single, dual) and damage severity
represented in terms of crack depth. By having a reliable means for the analysis, the novel variational mode
decomposition (VMD) is applied to analyze the signals recorded from the vehicle's back axel in search of any
possible irregularity in the signal properties. By monitoring results attained for several damage cases, the
following conclusions can be given:

+ The variational mode decomposition (VMD) can highlight the presence of irregularities in mechanical
properties that can be reached directly from decomposed signals.

+ The location of these signal irregularities coincides with the presumed location(s) of the crack(s).

+ The severity of the signal irregularity and corresponding instantaneous energy is proportional to the degree
of damage imposed on the beam.

+ The moving vehicle's natural frequency plays an essential role in the bridges' structural health monitoring.
The signal processing results exhibit amplified abrupt changes for the vehicles with the natural frequencies
close to the beam's fundamental frequencies.

Regarding the above conclusions, analyzing moving mass response with the VMD can be a reliable damage
detection technique.

Keywords: Indirect health monitoring method, Moving vehicle, Vehicle-bridge dynamic interaction,
Variational mode decomposition (VMD), Finite element method, Modal analysis.
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