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Research on multi-damage identification of continuous beam bridge
with constant cross-section based on vehicle-bridge coupling vibration

SHU Xiaoyu', LI Xuefeng', WANG Chengyu®

(1. School of Civil and Hydraulic Engineering, Hefei University of Technology, Hefei 230009, China; 2. Hefei University of Technology
Design Institute(Group) Co. » Ltd. . Hefei 230051, China)

Abstract: By selecting a quarter vehicle model, bridge crack damage was simulated with the reduction
of unit stiffness, aiming at the identification of multiple damages of continuous beam bridge with con-
stant cross-equal section. The vibration mode function was obtained by fitting the discrete vibration
mode data of the bridge through the Cftool module in the MATLAB software, Then the MATLAB
software was used to simulate the process of the vehicle traveling through the bridge at a constant
speed, and the equation of the vehicle-bridge coupling vibration was solved. Finally, the vibration re-
sponse of vehicle and bridge at special positions was calculated. The results show that the damaged
span of the bridge can be identified according to the position where the vertical speed response of the
vehicle body increases compared with non-damage conditions; the range of damage can be identified
according to the position where the vertical displacement response in the middle of the damaged span
deviates from that without damage when the vehicle travels to the damaged span; the size of the dam-
age can be identified according to the size of the deviation.

Key words: constant cross-section; continuous beam bridge; vehicle-bridge coupling; multi-damage;

damage identification

XFF G IR SO HE R RO IR A [ S A IR S 107 AR BIF S 0 A » AT 552 BN H L 45
WAMNEVFZ 238 b AT T OREMT ST, KA LN Mt m ol . SCRRLL IS 1 Bt 43 i) 254
TGRS R G 2ehl il X A SRR WIS R AR A, 0 1 A X 4 g F i 2l = A

Yrfm HHA:2021-08-18; f&[E HHF: 2021-09-07
EEWA : HEK AR 4 BT H (51878234)
EE RN RLET (1996 I, A BN A B Tl K2 - A
U (1980—) , T LRUA B T, A A0 Tl K24 R B0z A AR 0 Sl (5 VE 3 E-mail ; hiutlxf@163. com.



82 ARe Tk K AR AAF R

%46 %

1) 52 M LA S 25 AG 48405 11 2 5 SR 2 DR 1 %
RSB T T8 SR (4 iR Sl 7 1) 5 ) 5
T AT R 52 s SCkE 3 B4
Wi L5 SRR A - 8 3 2507 T B AR
TR R B TR A R4 R S 0 AR Ak s SCRk
[AJRATE S 32 8 )y fnf AT PR 1) 325 o i sk 32
N R VAR o G2 00 A5 285 4 ik 1) 7 06 X S )
Z A HEA TR LB AIG T 45349 U3 e 1
SR 5 SCHRLS A5 5 EATR 32 7= AR iR sh i 1 o
BEAilt s SRS B R R A M B A T R 5
SCHRL6 5T AR G IR S AT i S A B
1 SEIR A5 Y AR S SEER 28 AT S A 45
s SCHRLT JLATR S W TR & FE ZERR R
Bl 70 1 e SE A b R EMD 43 Fil Hilbert i
Gy BT 7 % SR A G 5 4 1 5 495 10 5 Sk
(8 17E 2 BE T % I AN 38 PR 28 14 3 it I 257 224
FA A PROTAETY , T158 H ZE A i sh e 17, ) P st
FLBTE X R AR AR R 4 5 E A TR

SRR IEA TR A SR BRIy 2 R
T BEAE AT AT G 1) S L R IR A B A A TR
FEAR R 2 (4 15 85 32878 R I J vk a7 B LYY
LI A S X AR G IR SR AR 155 A5, oA
AT S AP,

1 ERREIRIAEET

L1 ZFEiRiREhAE
1/4 ZEAR RN P 1 B

v

A,

1 1/4 EiREE

L om, AR BT v, (o ) A AR
BN sk o A E R A S BRA S
Z [ SR ML ANBHIE R m B2 4
TR s v, (o O N B R R G B )
FiR% s ko oo 73BN R A G B AR G R Y W1 JEE
TIBHJE 2K ve (o ) S HFRAE -5 4200 B 126 fih 1
f Rt 1] LS

AR 15 I VLR S B3 3 % AR RIS IR A 48 2R

BEEAT 534 - T LA 045 0 7 o iR B0 A A
ESRENIIN
xtHF A
mey, e (3, —y) +h(y,—y) =0 (D
ST ERRERRL. A
my (3 — ) + k(v —y) —

Cr(_&/r—";}s)_kr(yr_ys) :O (2)
Bl b 2 DR R REE A
MY, +CY. +KY, =F, (3

Lrp
M m, 0 Cr —G
D[ e[ )
Vs 0 m —¢ ot

[— 0
K= [—k, k,+/ej‘F“ - L@Hﬂesyj"

1.2 BEATEE

AL GB 70312005 33 ¥y 3Ll . 3R Fi
ZAAGEE N R IE 5% 0% e I A T AN
HBRIBL

GB 70312005 Ty 4% i i A1 B 0y 3 3%
E LWk

\

G,(m) = G,(ny)

Horbron A RO B 23 AR sy Ry 25 0] 22
A, BUE R 0. 1 m ' 5G, (no) Ry 2425 [ R
B mo BF AR % 1T 2 38035 5 B 5 o SRR R, —
LT w=2,

B A AT B B o, AR AR S = on B
AR n B AL I R A R £, 45 381 ¢ T B[] 4
PRSI P
GG

v

n|
7

4

0

Gq(no)ngj% (5)

TBOEFA KA A Cf1 s fo) R X)) 7y
S N AN AL AN X ] B L 1) 2 3288 A
SR IN DX T B HH A5 1) B 34 4 2 R TT A%
/N DX TA] B D 3% R BN -

Yy =G, (frae)Afis 1=1,2,3,-,N (6)
Horpe Afi 5 @ A/ X TE] B Ta] B i A 5
GoSria— ) R T D/NK BB H AR f g XS
INE PR B 385 T BRI

EAIPRIE 5 RGE Z R e RN A=y
A/ INDX ] B 1E 52 3 R B0 A T 22 0 R R A X
(i) B X 1, B 1) 905 ] PN P B AT 26 1 6 % o %, B4
A=W/

r() = > VG, (Fra D DS SN frigit + @) s
i=1

G, (f) =




% 127 R

FoE AT ERBERFOFRBELER

% 5 R RN R 83

i=1,2,3,--,N (7
Horr, o€ [0, 20 R IE 5% 0% pR B AR 22
AR 2400 5 S Y 7 T )y R0 A T B B R A s
W e=wot, FEH f=on 0] 75 3 10N 2 B 56 T It
FRARPR = B RRECH -

r(x) = ZA SIN(2nq i + @) 5

1—1 2,35+, N (8)
1.3 HEREBWETL
AR S AT TR A Ay TR A R AR R L 6
P SFEBUSR BE 1+, 75 TR GRAR 32 B X 4 % 1) Sh
S LKAl 7
AR SCHRL9 Dot i
WKl 2 .

SR ITIR I T2 1000

B2 RETEMITEKR

[ 2 4 Sy FTEARR Ty S TE A
R 5= 25 B TR T+ B
SETTIRTRITAL A B 975 M BT ALY 258 f (o
O I LR IO S A 1 1

TS

XFEICIR T % )
(LIECE

ST R LT 1 52 A3 F-

an

m(;y*f(r, )+

Fe BT 2 o ,QEX%E,T% M)—O,iJr%'%%
PTG

D

IM

4—FN9i‘—'F5 (10)

f&&%iﬂ@ﬁﬁ{m x JT RS R u (ast)
WSy TR N v () AR IPIAA 34 F) 42 1Y
LIRS

u(l‘yzat) - uo(x,l) _ZM

dx
7/(1.729[) :'Z/O(l'9l) (12)
o ug Ces o) Sy W PRI B AT — 508 il ) 457 7% 5

(1D

vo (oo t) PRSI FAT — AR 1] L8 5 = R
T L AT — 55 A 2 W) AR 5 2 D]

HY DR [ (2 A% | /)N IO 728 5 R ] A5 52 1oy A8 5 3
EZALIMIRLEI RIS SR

ot () A% 2

Ju
dx

(13)
Bl B2 RS wo (s 1) X 52 1852 W) 308 75 1] LA 22
M DU P A5 SR F) RO 2N

_ Lyt 2
& =5(52) =5 (14)

% _ g v __ o

_ . _dvu 97} (727./
at dx dxdt Pxdr

& =

dx dx axz
(15)
1 Kelvin-Voigt #1000 a] 45 1 F7 55 by 2% 22
EOEN AP EYE
=E¢E+99 (16)
o ?ﬁ»ﬁnﬁﬁ%ﬁﬂmmﬂ
+¢<14>*t\(15)5tf]ﬁtfh/\(16>*t L

o E[%(%) *z%’}@(@ _ 92%;)

dx dx dx*
an
MRS RSN Z AR A
M = bJ gia,zdx =
—ELQX ¢:9y (18)
b s b he 435 Sy AT Y 5 88 1 g B2
MRS T 50 Z B SR A
m_qu_—m@Q+
A (2 %)—P (19)

Hodr, PR 1 7= A % 77
B (18 L A A A A (10 2, Tk 2%
NWNEIEWCIE

(’y+E1”+77E13y

L%y 22

JJJ
dx UE

dz? dx dx Iz*

EA(R) 234+PTY = fan 20

dx ) ax’

AT AE T e BN X B R A A T
A AR A B A A R A R Y
R R A AR E R RSN A
s AR TRl B o AR 2 R AR AR SR 1Y 3
P HMBHIE Sy o T SE R AR 115 J7 BRI ik



i ARe Tk K AR AAF R

%46 %

T 25 TR T AN -4 DR 22 0532 1) BSE4BL B9 % TS
RPN () W AT AF AN TENT AT BRI 17 1Y
'ﬁzﬁﬁjj QWH:
Q) = (m+mOg—rkly.—y.—r(x)]—
clye—ye—r()] @D
flxst) =—8(x—v)Q() 22)
Hor . o4 Dirac pR K, 328 FH PR B 43 A 1) 7 1300 A
PR MR B (20) A TR M 17 (2.
ACe); 35 hy S5 AT % SE TR N 5 0 B IR S pR A
FIBEZS AL RS 3 (e s T3 A -

Y = DA, (23)
i—1

W REKA Lo CHEA O, [F T
B RRPILIR LA @ (2, , K 5 T 78 46 > S5 8 0 1%
LR TR AR A QD L (22) R I iz A
4 TR T BT RN B SR T
(L ATINGY P
"L
B = mJogo(I),Z,dx (24)
L
B = EIJO 6O (e, de (25)
B = | e, de (26)

L
B = EA| [¢/ (), 74 (0,0 (0),de 2D

25 R -
BrAk (D) 9 B2d (0, + (Bony + PBs. DA, —

2 8.A D] — 3 BLA WA W, —

k() S (A WD, — copla), S g()d (1), +
=0

kyp(x), [y —r() ]+ cop(a), [yv.—r()] =
(m, +m) go(x), (28)
&) A RPN AT RN BB B R 3
PR AR IR S 7 1 i T R LA R R T B T
FEAFATRE DY S AR AR
1.3 EMBEARNEILIRKER
ASCE ST T S AR AT AR 2 A
T A 5 AT 2 1) 9% Sl RE 245 BRI A5 A L Y 4

Wkl T2
A IR R -
MOX+COHX+ KX+
S(HX*+DWXX? = FQ) (29)

Hr MO R R C(o Ry XA
s KOS ) SCRIBERERE S (o) \D () g f ARk
PR 255 | A AR B F (o R A ST VE R 1) o5 X
KT SR

MR B A R 3 R LR IR B L X s
75 REBEA TSR W IRUE 7 3 » A 3CH%E ] New-
mark-g X EAFIR G TR TR AR .

2 EZERTHZRAIRANTR

P R AEAE 2 AL 5, g A A 453 403 2 2 X A
G G BRI R 7 A S0 FE R B TR — A B
AP I R B 2 H B s R 1 R S ASUAR 4
W GRS B 1) st o7 B T BB AR ME LU s A7 246
P8 D0 o R LTI A 2 A 38 o 368 32 i 7 A ok el B
P

PP TR A AR R D0 S < S AR A A % ) R
JEE W 07 A R4 45 1+ 5 TG R LU M B R R R 1Y
5 BRI 5 5 T AR AR 5407 55 11 125 vl 158 1) 47 A )
W55 T ST 118 i 25 40 O 458 405 07 "5 i 25 B K AR 3T
LIR30 T 5 e i A A0 2 R % o 3k R e 7 K B2
H IS [ 57 A% 1] 17 i 22 1) RS/ INBN T 43 i R0

AR SCHE T (204-25-20) m SR T % 22 22
ST X 42, i C50 1R+, B p=2.5X
10° kg/m?®, gtk i & E=3. 45 X 10" Pa, {5446
1=1.280 1 m',JR&E LA RHUBEJE LA 0. 02,

AR B BN :m, = 3. 85X 10" kg.c, =
3.82 X 10° kg/syk, = 5. 07 X 10° N/m,m, = 8. 66 X
10° kg, b, = 8. 56 X 10° N/m,c, = 1. 96 X 10° kg/s,
2.1 1 BFPEERRGIN

AR 1 e i 1 i v s B TR R R 4 0
3 - TR 53530 A WD BE 47 30 26,5076 5 ZE 4 LA
36 kern/hy B A0 30 3 kA B ST AR g
L5 R B 11 AR 5% i R ) N 5 ot TS A
F RN Py 7 X6 EE 25 S AR 3 B

w
T

iﬂ 30%

pSiivst

[\ ]
T

—
T

ZE AR (19 38 1 B /(mm-s ™)
— o

'
N
T

010 20 30 40 30 60 70
ZERRAERF _EAT B A /m
B 3 51 Eineh B iR B 2 A 12 (o) 53 2 0 A

HIE 3 AR YA A TR B R 2R 1 B
ARSI 2 AR AAC e [ 3k B M 17 L TG AR ZS et
RO E; AT B R AR S 0 5 3 B,



% 1 H

RRETF.F AT ERBESRDINEBRTDEL RN S RGP ANFR 85

3V B P 2 AR o R 17 G TC R A I /N, L
MRS TR RIS 1 B H5 53 51k 306,502
BF L 24 AT B BIRF 2 6. 7.6, 4 m Ab A4 R pi) gk
R M 3755 TCA AR A B i 25 85 K 430 Sk 0. 127 43,
0. 253 77 mm/s; 7EHF 32 0 B35 453 43 3 R 3076
50 VoI, A A A TR BT A2 29. 9.30. 0 m b {A
M i) 8 R . 5 TG R S B i 22 AR kL 4 B R
0. 046 88.0. 150 35 mm/s,

B DA B AT FIRR R A5 1 5 A s A e
15255 3 B AAFAES7 « (ELA5 405 11 EL ARSI T ) LA )
Wio PETTOAL I SR B — 1 B v R 1) 6 S ) N
A3 5015 R 7 B4 TCAARAS IR L L 25 SR An ] 4 R

0.6
0.4
£
3 02}
Z o
o)
&1-02
=
2 04 — Tl
T+ 0.6 - Hi4530%
E‘;-o.s- ----- $14i50%
&-100
'1.2 L 1 L 1 L 1 1
0 10 20 30 40 50 60 70
AR AT B AL B /m
(@) H1E
: 0.5
2 o
4;:
i
=05 — kA
o - B30%
N U $1750%
&
®
'E_-I.S 1 1 1 L L 1 1
0 10 20 30 40 50 60 70
AR AT B AL B /m
(b) i
0.6
- 2‘2‘ : - Bif30%
=™/ N A550%
g 04
ﬁ 024
E g4l
5 04
£ .0.6}
%-0.8—
o
#® -1.0f
'1.2 L 1 1 Il L 1 1
0 10 20 30 40 50 60 70
ZERRAER AT B RIAL B /m
(o) 38

B4 51 BT iRG e & R RN AL

H1 & 4 AT, R8T 0 2R 5 RS 1 15
I Fp i 1 H s 0 XoF 7 14 2 B B % i 3 B
N5 TCHCIRASAH LA R 22 R 2288/ s 2 Z 41 T
FNEF 3 Wi, BEE R AL BB 5 3 i e
[ 52 B4 ) 17 15 TC A5 PR 2 A EBR RN o g 25 58K
P L da BT 4% 40 3 A 309650 %0 B 4 43
BIATBEFIAFEEH 9. 0.8, 7 m AbE 1 B v (i R
;55 TR A5 A LA 22 B KL 4303 0. 035 88,
0.074 26 mm, 1] F B AT R 1 B8 45403 1o
LT 22 35 . Ab ] g 845 4 i o
30765070 I, 224 43 I AT Bk B AR R 27. 8,
26. 7 mkh b 5 it v (5 B i 1 55 T 5Bk 25 A B
Z2AEA LAY RIR 0,031 27.0. 028 42 mm., AJ ] W
R R v B A5 7 B T w22V FEL A

H1 LA 4B l ST AR RS 1 B RN rp S 40
B AE 13 B B % 00 400403 8 B T ARl 22406 7
YREIC A S 3 B A e A 1B ) ek ) ] B
55 3 B v R i) 3 W N 5 AH I TG R A 1 AR
22 H 1
2.2 1 BME I EBERRGON

RS 1 BSRIES 3 B 1 5 v B[R] S A R 1Y)
P10 BT REBEATY SR 3330 Ry W BE BT 9 3096.50 %4
FARAIIRLA 36 km/h 119 3808 5] SO0 B2, SE it
A A e 4145 B S ) AR 5 g 3 R
5 ZE A 3o G AR % R A (A %% ) R R X
FC L 45N 5 R .

w
T

— RS
- #45i30%
----- #4450%

N
T

—
T

2 A 1) 338 B T I/ (mm-s”™)
_- o

'
%
T

-3

0 10 20 30 40 50 60 70
ZEAAERR EAT B AT B /m
B 5 51 EME 3 EERRGHEERE G EEREL

PP 5 0], AR AT 3 B A 250 1 B AN
55 3 BN, 2 A AR 5% i s R 7 G TSR A
IF R A 5 240 T 3 BB A7 22 11 v S EE R
GV B AR 5% i R ) 1 B TE AR S B N
HARZ 8K FEMF RS 1 85445 43 3 R 302,
500 A4 AT B BIAF AL 12. 7.7, 7 m Ab 7R
AR e [ 38 00 7 15 G AR 25 B 22 B A 43



56 ARe Tk K AR AAF R

46 %

0.126 89.0. 163 89 mm/s; TENF P 3 BG4
Bk 302050 %0 B, AEA 43 AT 350 B BF 2 59. 2,
54. 6 m b7 A e 1] L FE 0 155 0 IR A ) g 2
Bk, 4800k 0. 141 65.0. 159 96 mm/s.

LB B4 n) D e o A B AE 1 BS R
05 3 BRI h IS AR . TR S
TR o — 15 5 v 5 [ 2 A% M s 3 1) 55 6T 0L 1) T
PURAS X L, 25 R A& 6 B .

0.61
041
£ 02}
2
g-o.z-
E o4 — Rk
o - BE30%
g-o.s ..... HF50%
#* 08
® _10f
12 R Y R
0 10 20 30 40 50 60 70
ZERLENT AT B A B /m
(a) 18
0.5
B o0
LE
2 s AR
Eﬂ - Bi30%
X e TA50%
# #H50%
& -
®
&

010 20 30 40 s0 60 70
ZEAHERF AT B A7 B/m
(b) i
0.6
g 04l — EHURE
£ YU o Hi30%
E 0.2+ ) N F1550%
2 0k
= >
=-02F
2y
g-OA—
$-0.6—
gﬁ-O.S-
1.0k
1.2 L 1 1 1 1 1 1
0 10 20 30 40 50 60 70
TR AT B A7 B/ mm
(o) 2831

6 % 1EWE 3 BEHIRG N &R EE B0 A

HIPE 6 LA, 2R AT B AR O RE 2R 1 5
TSRS 3 IS o 73 0T L PR 322 85 15 v 8 g {7 % W) 7

55 TCHCIR S TAAE D 22 1) o7 B8 30 B A s Y 42 A 7
i S P W 2 %) v S I B P R EE A o
5 1255 v 3% i) 47 A% M 7 G TE BRI BSOR R/

H1 & 6a 7T %0, 45145 73 B A 3024650 %0 B, %
W BIATRE B 9. 0,14, 8 m AL 1 s
AP RSTS Vi RN i N A | = 5 N o
0.033 86.0. 039 55 mm, Hy It 7] ) W7 4 #F 2
51 R E A TR ZE A .

H1 & 6¢ mI %0, 451455 73 514 3024050 %0 B %=
A ST I B R R 55. 9.49. 8 m AbSS 3 B
iR e 1 5 J6 R 3 A L 22 B R i
0.032 55.0. 037 89 mm, Hy It A 3] W 4 32
553 B A BN TR ZE N .

1 LA LA AT AR B 250 1 s A 3 15
5 TR O 0 A A 1) 9 L A SR 4 R B R AR AR
ZERHAT YR TC A3 0 T B S AR R o R ]
B 5 15 v 5 [ 57 4 e 10755 A I IS AR 2 ) O 22
FIHT o
2.3 % 1E3/0MIhEERRGSHT

AR R A 1 5 3/5 L B F i s rh
(] ERF 3 A [) 2 ) 43 4% o 0 A0 2 B2 3 Ay M 2
PRI 302650 % , ZEAR IR 36 km/h, 1554
30 o 0 A O 2 AR % o s R W) 1 5
s 3o T SR T Y A 6 ] 3k R e 7 R AT X L
SN 7 PR

w
T

— EHCRA
ol - BiE30%
‘é’ - 4 50%
= 1
a
=
i 0
=
=-1r
2
® oot
4&+
3

0 10 20 30 40 50 60 70
ZERRERF _EAT A B /m
7 EE 1 EE3/5 AT b B B vhi5 4 B 4 44 1R ) 5 E i KL

ML 7 BT LLE S 28 A AT Ok B 1
55 1 BRSNSt B (AR 18 i ok R M) O L TG
BURER RO E A 1 B w250, h s e
M ZEHER s 44 TR B I MR R 56 3 ST, 25 i
RN BE N S AR Ve 17 B RN O R VA
ZERUINTENF RS 1 BS54 01 302450 Yol
By SIATBE R BF 210 14, 0,13, 8 m kb ZE {4 1%
[ J3E W) 7 5 TG 0Dk 2 A 22 B oK A3 ok



% 1 H

RRT . F A TENBERFOFRTEL R

% 5 R RN R 87

0.122 58.0. 211 95 mm/s; 7EHF 2 v 545 47543 5]
k307650 %0 B ZEAH 43 AT Bk AR B Y 36. 0,
28. 0 mAhZE A 18 i) 0 J3E ] 1 -5 TG 5 bR S B i 22
BR 48 0. 177 56.0. 259 81 mm/s.

H1 DAL A ] DL S B R A 55 1 85 3/5 4b
P A E s 56 3 5 AR Arfe it 1oLk
B 15 e R 1) (SRS 1 I 43 0 5 6 g ) TG
PURASBSXRT L, 25 R an &l 8 P

0.61
E 0.4+
5 02
E 0
o)
&l 021
=
w 041 — EHRE
g 0.6 --- H4530%
ot | [ #1750%
® 100
-12 . . , . . . .
10 20 30 40 50 60 70
ZERAERF EAT AL B /m
(@) 2185
0.5)
£
2 o
g
i
& 05 — EBRE
g‘:ﬁ - #i1530%
T N /o F550%
&
®
T 1)
0 10 20 30 40 50 60 70
ZERRAE _EAT A B /m
(b) g
0.6r
gm—
5 02
g
ﬁo
202
P04 —Emns
& 06 DW30%
& HHG50%
2 08
-1.0F
a2
0 10 20 30 40 50 60 70
ZEAHLEM AT AL B/m
(0 3

8 8185 3/5 AbAN e S B R4 {07 A % B B v AR g o 7 L R

MIE 8 a] DL . 24 4 55 A7 3 2 4 22 1
55 1RSI RS I 43 591 Xk IO AR T 1 e S e 3 B

M o7 b TR I, L2 1 85 1R 2248/ i
R 223K MR TR 2155 3 R, 5 3 s v
R [ (v RS M ] L TCHLIRAS BN s BARZEEN

H1 &l 8a AT 4, 45145 73 B A 3024050 %0 B, %
A TIRERE R 11, 6 m AbSE 1 BSBS (L RS I
;55 TR A5 A L AR 22 B KL 430 0. 040 72,
0.051 08 mm, A FI W7 3 5 256 1 5 i 400 40 o
P F w2 FELA

H1 & 8b w] A1, 5475 43 5k 306,50 %0 i, %
AT IR B AT ZR A 30, 7 m Ab v S B v RS I
EJTCHUIR 25 A0 B 25 5 KL 43 5l 0. 083 55,
0. 081 87 mm, A] A W7 4 1 52 Hb i85 1 483 405 137 1Ao7
T2 FE Y

H1 DAL 430l AR HE AR R 56 1 85 3/5 AbFn
Hh 255 5 R AR5 07 A T BB A SR A A T
FRAE 4 T3 B JCA 5 O 5 3 A s AR % g 5k
JEE M S TS 3 s v i) (57 S i 75 A I TG4 bR
AR 22 18T

3% i

=A

(1) ARHE A5 73 59 ek $ A7 7 52 5 JC it O
RIS B AR 085 ] T B2 D+ R LA T 8 45 475 15 LA
D AT ol A5 0 5 R G B A i T ) 7 4%
RIHEE .

(2) X EEHAT I G- TCAGUIR 28506 17 14 43— B
i85 P 1 g {57 A W) 7 3 i 2 1) 7 A B
BRI o

(3) AR AR 1 i o8 w7 s — 15 1) 5
18 fia) (S A M -5 Xk 7 DG IR 28 14 i 22 R J5E T
PR IR .

() AL R IT A — & IR 22
T A YRR TR0 £ o7 A U B A A
JE B AT —E BORTIE » AT T R

[ % X W]

[1] DOEBLING S W.FARRAR C R.PRIME M B. A summary
review of vibration-based damage identification methods
[JJ. The Shock and Vibration Digest,1998,30(2):91-105.

[2] KAWATANI M, KOBAYASHI Y, TAKAMORI K. Nonsta-
tionary random analysis with coupling vibration of bending and
torsion of simple girder bridges under moving vehicles [ ] .
Doboku Gakkai Ronbunshu, 1997,1997(570) ; 231-238.

[3] YANG Y B,LIN C W, YAU J D. Extracting bridge fre-
quencies from the dynamic response of a passing vehicle[ ] ].

Journal of Sound and Vibration,2004,272(6) :471-493.

(TH%E 103 |)



%14 1EAEE, S KT BHE AR5 038 W 38 3 AR B AT 103
2274-2280. the progressive failure of shield tunnel face in granular

(3] e . 23 fr 20 4F A N 1 48 16 B B AR ot 5 [ D
HH FRIN A A, 2017,

(4] Aok, Fl&, Biam, 55, 35 LM e A b A5 18 0 200 b
L. A L, 2015, 44(7) 1 44-47.

(5] HWiE. E5 5. W% v S8 AT b B AE R X
FIyp e Re o Bt [T 1. B U K 1 2 4R, 2018, 38 (1)
22-29,167.

[6] ONATE E,ROJEK J. Combination of discrete element and
finite element methods for dynamic analysis of geomechan-
ics problems[ ] ]. Computer methods in applied mechanics
and engineering,2004,193(27/28/29) :3087-3128.

(7] ke, BhBH. BT BR 2250 5 B HOTH & 19 S 25 BUE 1
BT, A+ TR, 2009, 31(9) : 1402-1407.

(8] /IR ARFEH, Elt. JEF =2 B Bl S & ik 52 B
TRSBE DI RERL %] LRI Rk, 2015,
48(HEF 1) :159-165.

(9] hpidR. 22400, W B A, 45, DINER 7R = e - E Sl &
FAEBIL TS [T ], A, 2019,64(4):61-67.

(100 EEE, #BCI . 45 Jo . %K 4 b e 4 A 20 s 1) = 2 g
WL A A BUE R L L) . A & TR AR, 2021,
43(2):347-355.

[11] YINZY,WANG P,ZHANG F. Effect of particle shape on

soils by coupled FDM-DEM method [ ] . Tunnelling and
Underground Space Technology.2020,100:103394.

(121 gz B LA D FE ARG, 55, EPB J& #3210 A2 58 14
PRC-FLAC B3 447 (1. 4 i B k2 224 3 AR b
Jif),2019,47(5) :116-121.

[13] MICHAEL M, VOGEL F, PETERS B. DEM-FEM cou-
pling simulations of the interactions between a tire tread
and granular terrain[ ] ]. Computer Methods in Applied
Mechanics and Engineering, 2015, 289:227-248.

[14] GUO N,ZHAO J. A coupled FEM/DEM approach for hi-
erarchical multiscale modelling of granular media[ J ]. In-
ternational Journal for Numerical Methods in Engineering,
2014,99(11) . 789-818.

(16 M. £ 5 ] R0 7/ 3028006 N S 48 18 J) 21
RERIRI A3 BT [T ], 3 F & | 5 TR 44k, 2019, 15(3):
TAT-754.

(16 R WA, BEaeE, 2R el 45, U TR A RHIBURL [|] 422 fih 77 )
B (5 5 40 04 7 L1, R S 4. 2015 20 (200
153-156.

Lt WO

(E#E 87 m)

[4] MEREDITH J, GONZALEZ A, HESTER D. Empirical
mode decomposition of the acceleration response of a pris-
matic beam subject to a moving load to identify multiple
damage locations [ ] ]. Shock and Vibration, 2012, 19 (5);
845-856.

(5] SAfil, ZRFv. TS8R MR R 5 L. 04 R 253
K2R, 2009,44(1) : 60-65.

(6] &3, BT NGRS 50T I 2 B AT SR8 05 U0 O v F
D] K KR4, 2012

(7] B, 5T ARG R 30 TR BE L 18T SRR UG 12 W )y
R 0D0. MR : IR Tl R4, 2015,

(8] BT EIA, M 200, 45, BT 10 245 el I 1) 3t 1% A0 12
PRRBA LT ] RSS2 Wi, 2018, 38(4) : 696-703.

(9] MWZEE. d5Wsii2eIMI 2 . S0 S AETb R di it
2007.211-212.

[10] SIMSEK M, KOCATURK T. Nonlinear dynamic analysis
of an eccentrically prestressed damped beam under a con-
centrated moving harmonic load[ ] ]. Journal of Sound and
Vibration, 2008,320(1) : 235-253.

(1] HHRL B RO EREE RENAELE3 50l
PR35 ;. 2007,26(8) : 104-108.

(GifEdmiE  EA D



