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Study on Optimal Sensor Arrangement on Bridge Structure Based on Sensitivity and
Effective Independence Method

YANG Zhi-kui', YANG Ya-xun®, YU Hai-bo’
(1. School of Civil Engineering, Shaanxi Vocational and Technical College, Xi’an Shaanxi 710000, China;
2. School of Highway, Chang’an University, Xi’an Shaanxi 710000, China)

Abstract: Sensor arrangement is an important part of bridge structure health monitoring. Complex bridge has
many monitoring items and many structural degrees of freedom, so it is unrealistic and unreasonable to
arrange sensors for all the degrees of freedom. The purpose of optimal sensor arrangement is to obtain as
complete bridge structure information as possible by using the least number of sensors. At present, the
optimal arrangement of sensors for bridge structure health monitoring has its own defects and deficiencies,
especially in the mode selection, which is mostly based on experience, neither scientific nor rigorous enough.
In view of the problem of optimal arrangement of sensors for bridge structural health monitoring, the maximum
linearly independent effective independent method is modified by using the sensitivity coefficient that reflects
the structural damage, a sensitivity and effective independent method is proposed. When the method is used
to optimize the layout of sensors on bridge structure, both of them are combined through vector calculation,
which not only considers the observability of the mode, but also applies to the identifiability of damage. At

the same time, a method for selecting the number of modes based on the modal closeness is proposed, and
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the problems of relying on experience and poor objectivity in the selection of mode numbers of the bridge

dynamic system structure by using mathematical solution are solved, making the selection of the number of

modes more objective and reasonable. The example analysis shows that When the proposed method is used to

optimize the layout of sensors for bridge structure health monitoring, the evaluation results using a variety of

evaluation criteria are ideal, it is an optimal sensor arrangement method suitable for bridge structures.

Key words: bridge engineering; sensitivity coefficient; sensitivity and effective independence method;

bridge structure; modal closeness

0 5

TEXTIR R e HE AT WS I, (% s 2R S I 2 W
MRS RE, EREHRPVEL TR, B4
MR A B2, SRR I % S8 3 25 T 3045 F
ASEENZK, NATREFEM BB — A i B # A
BEARIRAS o W] 2 HEA BRI 19 4% IR e ok S B X &5
PR ASBOE 15 B  RR B, BN T 2 42 i e
W i e Rz R AL R A T R
BERSAE & M5 IO BR85S vp )R TT B A0 10 A5 2%
CI G TINE 2 ({DES e 2 OIS R

i 7E 5 T 30 )k B 1) A4 TR B AL A B BRE J5
W, FEAREUEREE . ARSIk (ED . B
FifER: (MKE) ™ | F a0k | ki
LA, (H R R — I A TE B B G
R, TR B IS R — Tk, B
MERD A4 T TR R A A O L AR IR AR
ﬂﬂ‘ﬁﬁﬁ@i“ ; Castro-Triguero 5L T Fisher {5 54
W N RE R B B A AL 1 7 2 RS 1 MR AR 45 H9 2 50
XA A A B A R s LL e T OEL 3 A
MKE 2 [l B e 22, DR B AT LU x5 %
PEARASEN B PR T TS A0 i i A
TP ERHE SRR AT B AT AL R I35 FhE P4
AR GRS T BIE R LR, EAT T 22550 i 15 1 s
A A E " ZHOU 246 3 J i 8k I F 14 g%
MDA B, I o 4 b 7 s AT ok, 38 T
A U A e B O A LR T A
WERE L | ML R A A IR A A R
AR 2 X A2 e 5 A 405 B 4%
SRR A B AR, 4RI T R0 2 H AR R T B
JrEt,

T AT #2110 5 v o A 25 8 L 2 BBy 1
X HE T8 SCMT4ME T AR R R HEA T A A A A &
3 3ok £ /N 7 2 Y D) 455 A0 D 1 e ST A AN [ 4 A 14
ZEME IR AL AT BT %

il

1 gL EE

1.1 BRIMIIE

A RO SR B BEAR LA IR Y
g, s 0 A B R R X H AR A IR
R IO ok e N B R BT BR, R 2L
JE R KA I SEUE B, DRIEI AT B 5
IR R RGN ITHR S G B . RIS S
3, A LUK RS G R v, R R

Yy, =g + w, (1)

K, @ NBEIRAGEE; g RS HRA AL AR ] 6 ;
w I o EAS BT A, ORI E L) L
HRAR g BYaE R TG AR 3T, R 4 T RS 2 I G R A
T 2E T 22560 T

J=Elq-0 -0 =] so'e] -0,

(2)
AP, Q Fn Fisher 5 QAR , IAHEI AR
S AR A U T 220 I o MEIE H @ IR AE,

1 1 e o e
{5 Q=" d= A, , LA (7 LI
g g

SER, BIAS A (AT DAACERAE R R A8 1 A RO
ST CHE R

E, =W\ (oW,) " =d[d'®] '®", (3)
K, W, A, WPREILFFIE ] 5 A AR R YRR
Ho MM E, B IGE RAE T AR AL R ER XS
FERER A AR B . DA AROE L B Wi B E
XL ITR B/ MO NI S, ERTET IS AR .
1.2 REFERIE

T R BOE W R B TN 45 0
IR RAEGET , S5 S0 AU B et & A AR 4k
MR M BT RIS . n A HEERI S )1 RSN
R AUINEACET, 25 R %5 B R R AR 1, IR
Shs il RN -
[(K+AK) = (A, + AA)M] (D, + A®,) =0, (4)
X, KNSRI ; M ORZ5H R A, Al &,



54

Wb, . BT REUE A RO LI AR AL B A A BT 85

FORIRSN Ty B RS AR B ] 6, AT LK 4R B )
AL AD, FR T R I AR LR L

n

AD, = ) d;®,, (5)
s, d, RACE A IR RO O, By
S (4). (5) ATLMEEL RSO r I, 2 i 4
" — @ AKD,

Ad, = 21 o, P (6)

54 = N5 25 O 025 D
PR EATRIE (PRI, B0 AK = Y, Aa K (~ 1 <

Aa; <0), P Ag B RREG K ES A
FATCNIEE L . A
n no d)rTK"dji
Ad, = Y {Aajz
j=1

r=1 /\r_)\i

A, S, N T EEEBRG RME R, S, =
- DK, P, - 'K, P,

{ A, — A l A, — A ¢

" DK, D,

% Y ‘p,}; 51':(“1, Ay,

BN ), A5 BT R U RO WA R

0,=8'S, (8)

Q LW T S50 25 B X ZE R P s 1) R . b

ok (RDRBERBGE) DA RMBSEE fif ok

T ARG T e R AL AR B S (), R R

PR BOR MBS X 45 i 40 1 B A% 1) R

2 JEMEN

qs,} =565, (7)
X

|:I:|
-

<~
Sl

a,)’ FoRi

(1) BEAE N7 (MAC W)

TESEA TR s A AT B B R B RTINS i
R 7S (8] e fA i i U S RAFAL S E B . PRI
B IRAILEIL H B EE FIR R MAC FEREXS TR
LM (EL, B AT 2 f JHC X R ABE 2 2K 8 1 25 () A A7
HAAN:

¢<i>T¢<j> 2

MAC, = (pu[ﬂ(pm (pmg(pm ’

Xh, @ @ HRIFIRE (VRS ) R AL, 2

A i Z (Al RE A TR B R, MAC [ Hp X 07 19 9E XoF

FAOCRMEIE T 1, RZBBEIE T 0, M#H AT LIH

HWIPMER T 0.9 Bf 2 MBS LAPEF G, TEME /N
T 0.25 i 2 MESHIHIEH
(2) Fe/NEgJ7 2 Em

FHA FROTE AL 73 B A% 2019 B B B2 AL AL ik

(9)

JE ARG e B b BE AR O AR (R AR 22, SR iR 22
AT 22, ARG H7 B TJ5 22 19 KNI AL A G
i IR, HARDY:

N o

Z ji=1

j=1
A, VOB BEG o WEEASIRZ IR o
SR MBS bR UE S s @) AR S i AR
BRI RS @) N5 j AR @ AR 2
HA BROGH AR E

3 ETREMIEEEIREHE

it n B RAEL R @, (1<i<n), H
THEON @5, ESC2 ADAHABBLS IR B 1)
B ARSI B, BRI

Al = | | @i |l 2~ ||(Di||2" Isisn-1;
(11)

PR Ry ml DU FIREBOR & SR M Z R R BE BT, T DA
Ny AR /NE—E R RIS 2 PRSI S B 25 RS2 A
AR, AR G IR B I — RS AR D 15 i T Ak
MZ5IRA, JPR kS 5 F — DS FET X L,
HEBRALER,

4 BETRYE-FRMILENEREAUAERE

ARG F B, 5 A B £ B B0 14 A
AR yo ATLAZRR AR
ya= (@ +AD)q + w, (12)
X, @ A BROCE IR L4 I i 40 0 RS 25
M5 AD S5 r R B A 4L, Al LA R 5
JERRGE W A R AR IR B S A, B A, =
88 w BT XEN o WHE B ABRA, BX
(10) Hh:

(10)

Orysp = n

ye= (P +688)q + w,
WHEEX: y,= (@ S) (¢ Bg) '+,
A, B=diag (6,, 8,, -, 8,), L A= (@ §),
p= (¢ Bg)", W (12) ATRIERK:
Ya=Ap + wo (14)
1 W A% SR A H AR BN OC T, AT LA
FHICZE WA 2R EA 31 1 2 8 H AR A 19 45 S0
o F4i Fisher {5 846/ Q,, X4 Q, ki), wILIMG
2 p /N Fefbiit, BR p AT HaT
B, I AR p AR 22 B P T 224 T
K (15) g5t

(13)



86 NI

539 &

J=E[(p-p)(p-p)']-=

() mn [(3] - (5o

0Ya 0¥«
Hrh: H=——p-——p. HILRIAT{HF] Fisher {7 841
op- dp
MEQ,=AA", 5 5 MR 1 BE % 1 25 4 2 08 T W
RS AT WL, SR T 3 ) &R g 4 AT
[ B A 1 AT RO ST R R By =A [ATA]TAY, B
E,, NSRRI, TRAGEA RO AR E ), FHIEE
180,
TR AT LA B 5L T 2R 505 A R0 37 2k i A% A
M E PR, Bl 1 R,

A IR
HEAT RSB

B Wt 7%
i e s

SR AR R UL R B
T3 AR SR I Fisher {5 SR 1

FAIEAT RO ST A e
MANERHRIN R

BIIEIZ
T AT 2808 7 B 0 £ 2
TER BN E

T
s H B B

E1 RE-ARMENRULGERE
Fig.1 Flowchart of optimal arrangement of sensitivity and

effective independent method
5 BIZHMIZEHIESLH

SRR BE T SCHTAEME I AR R E 2 foR, b
SEFFIR IR 107. 4 em®, AT AR IR BN 84. 64 em’®,
T AN 119.4 em®, ETFZFF A S m, B
JEFFK 7 m, AKFEREFFK 9 m, fPERE 2. 06X
10 *kN/m”, FFEEERE N 7 850 kg/m”, iy 24 4N
SR 5S4 AR, Doz TR RS2, HeE AT
FEVR ML SA RO S M RS R AU, IR
AR
5.1 WS RIREIEE

SR PR T B 40 B A S 4R AL 1) i, SR
MATLAB A1 805 AR 25 i 2 6 o 1) A 2 s 30 B

B2 #HREHTRREE
Fig.2 Schematic diagram of nodes on truss beam bridge
ZERNIE 3 s . mil& 3 AT, BESIGITREAESS 8 I
W2 Ja 22T 0, P IEEGET 8 Bt b 4 8
DA B TR S R A 8 BARE 25 A 431 R M IR 7
el 4 s o

4,

X

P AR T

0 R e eSS .
0 5 10 15 20 25 30 35 40
BasHH

B3 #mEMEEgTE

Fig.3 Curves of modal closeness summary

(c) 3¥1(£=33.514 Hz) (d) 4B (£=48.223 Hz)

INK>
N AORFY</
N/ A

‘A\yr‘ -
l!l 4"“_‘ 12
(h) 8Ffr (~73.991 Hz)

(g) THr(/=64.095 Hz)

B4 uI8 MRSIRE IR

Fig. 4 First 8-order mode shapes and frequencies



54

Wb, . BT REUE A RO LI AR AL B A A BT 87

52 ERBMAUGBERTR
VEICHT 8 BRI g AR, RA S Sk
R FRBCEFNAMT TS 1 RBUE A R0 7k
AT R0 A A RS G S e B 0 25 R S A
1,
x1 BHEN=HEERBMENF
Tab.1 Priority of sensor arrangement at measuring

points by different methods

WA BIREUT  AROMSLE REERRGE AWEEE
1 v6Z U10Xx Ul1lx
2 U19Xx u21z U18Xx
3 U10X U22X U4x
4 UlszZ ul1sz uv2z
5 U217 U12Xx U10X
6 U18X U147z ul1z
7 U3x U23x u17z
8 U227 Ulsx U237z
9 u4x u3z Usx
10 U24X U18Xx u2x
11 Uu10Z UsXx ulsz
12 Ul1s5Xx u18z u21z
13 Usx ul1z u13z
14 U207 U202 u7z
15 ul1z usz U102
16 u14x U20X U22Xx
17 Usx u7x usz
18 u17z u10z u3sx
19 Ul2Xx u6z Ulx

20 U133z u4x u4z
21 U8z ul14x uex
22 Ul7X u3x uox
23 Ulx UlX u9z
24 ua4z u4z u12z

Ve WGAEE WG S 68, Bl CU6Z” 155 6
AN Z 7T T L

P ik 3 A 5 8 pR RE 8 I3 0 45 SR AT
M, ABIFgE 4R Y R AR A A0 STk e 22 b W
MATETE T A, 53 RG50S PR 60 H
R . AL B 10 A, R4S B A
MEWE S s
5.3 HRIFM

X bk 3 AL ks AL A B AR R 2 b
PEUTUHEN] (MAC Flfe /N4 7 22 E ) X AR AL 25 2%
AT o

(1) BESPHERERN (MAC)

A THE T LIS 2] MAC ¥ME . Hrh AR 5k

(b) ZJ5 I R I AT L
BS5 fERFAER
Fig. 5 Layout of sensors
TR MAC $9{E 0.072 13, AR5 0. 083 55,
RIEYERRE N 0. 173 59, S5RANE 6 iR,

0.18 0.173 59
0.16
0.14
0.12
0.10

0.083 55
0.08 + 0.072 13

MACH#J{E

ARG REBUZREGE A7k

6 MAC HfELE
Fig. 6 Comparison of MAC mean values

o1 FARER uT A, SR A O 4 th A A 15 21
() MAC {ECRH L T HAR M RR 7 2 5/, BEIASBIESY
7k e BT ML DR B Bl I A5 A RS 15 R o

(2) /N7 ZEHEN

Xb 3 R A A B A E R R EAT 3 R AR,
RIGHARITR RS IRBIIEAT X 1, A2
AT 280 3 FHEAEY I e pod dr 22 0L 7, B3y
i HEILIE 8 Z o, ABEFEde i Bk
P RS PR T o OB RS IR T (Y 3 T 22, AT
FUICA 2 FREEE O R B (970 o
5.4 REHEERTETFN

FRTLES ) 28 Ge 40 1 15 I A BB TSI, KA
LI VEHAT 5 Bri S IR AT IO AT B T 5
GURLIEAT LR, AWTTEHR ) SR AU A RO 57 i



88 A S N = 53 %396

R2 ARREHMBAHERRIFMEIRF

Tab.2 Priority of sensor arrangement by different

0.035 =
0.030 modal orders
0.025 A5 A AR TEHL 5L
a 0.020 952 5 8 10
=
= 0015 1 U7z U11X U11X
0.010 2 U18X U18X U18X
0.005 3 U2X U4x U4x
0.000.< 4 U7X U2z U3z
=R R A 5 U237 U10X U10X
- f B ¢ Ay
"ﬁ/fﬁgj? R 6 U217 U117 u11z
7 U3Z U172 u17z
E7 REFELE 8 U15X U232z U23z
Fig.7 Comparison of modal mean square errors 9 U14X UsX UsX
10 U147 U2X U2X
0.20 -
11 U6Z U157 U247
0.162 21 12 U152 212 U217
0.15 1 13 U227 U132 U132
1 14 U187 U7Z U7z
7 010 15 U23X u10Z u10Z
g 0.070 06 16 UsX U22X U22X
17 USZ USZ U8z
0.05 -
0.033 12 18 U12X U3X U3X
0.00 19 U192z U1X U1X
BRI REUEREE AU 20 Ulx U4z U4z
21 U137 U6X U6X
8 Eij 3
& RS 22 U22X U9X U9X
Fig. 8 Comparison of total mean square errors
23 U10X U9z U9z
SrRERCS By 8 By 10 By 20 PR AR B AT AL 24 Usz U127 U127
A B, FoR A MAC Ff /N4 7 26 1 ) 356 A )
RS A VAT REMT 00871007452 07213 0.071 99 0.071 64
0.07 -
YIRS [ B 45 0 MU T R A A, e
SPEERILFE 2, T 20 B4R S AT 10 Brgh R — i 0,05 ]
" o x
5, HHRFIH 20 PrBSE R B A . K 2 Q 0.044
Sy, SRATHG S PSSR0 8 B S AT o i A = 003
N o s e o s 0.02 -
R 2RI, MR 8 B Bias 52k T 10 B oor
BUSHETTH R BT, G5 RIEAII . 3 LI IE T o
LA i B e OBL S B H I T R AN S RRBLN SH 8 10BF 200
G, JFHREB DR EDHESHEHE B S5EZHK B9 MAC HEkR
ECH FRE 45 5 Fig.9 Comparison of MAC mean values
[IFE 9 B 10 SR AT A, BRSO 5.5 (EMBREBMAH
T, MAC Y{E I T RER ., (FR 0 A SRWFFEAL 13 A B X AR 7 VoK FE R RE )

s A8 B LICA RIS 2/ NTRT S BrE T LRk i, R AR IEREECE 6, 8,
2%, TR 10 BrAIET 20 B2y 224000 100 8 Bradds 10, 12, 14, 16, 18, 20 R4&HilfH, #E17f& @Ak

7 MR GHEARIEAN O, RIS R AR .. i o T AR EER A H T 9 MAC AR H 1 fk
P AT LA A BT 48 B 2 TRES I v MR oo RE, St ERE 11,
PO RO H (1907 15 BE S B M PR AP RS (E B, Sk NI SRR D = VG i o N CTE G S RIDR i o

TR LA MAC HEFERY R AE AN R, SRR B B 14 s KL



a4

Wb, . BT REUE A RO LI AR AL B A A BT 89

0.10 4 0.095 67

0.04 0.033 12 0.03143

0.028 19

5K i 108 200
B 10 =¥ FER

Fig. 10 Comparison of total mean square errors

0.30 (N

~———o—*

MACH S K AEX 76

0.25

0.20

6 8 10 12 14 16 18 20
IR H
E 11 MAC 5B RXIEX AT £k

Fig. 11 Curve of maximum non-diagonal element of
MAC matrix

H3Z, SmOREAW TR, RimpEeRa A2,
B RMEBA RKRE, e H A 10 5 12
A BER/ME. NETHIEMERE, BRAMEL
2 rte &, LR EZMER, Hairts
MRo BARBIREZEE UL L, M E 10 MERES

6 EERHIHTIEXHA]

SORBERIIA R B AN 12 Fro . AR
PRASERIINEE5 A, RAF R R 28 4R
HRK244. 4 m, BEEATER (151.1491.1) m, HF
PFH 0.6, LS MIR-UHPC )2 A S 2, 0
PO TRBE LA . AREE LS, 7204 105. 12 m,
AER 120,12 m, FRESERJE 90. 12 m EAIRIRE, &
SR, TR SR SORIEIE R o R
Betii BANR, AR B T e AL R
6.1 REHHRIREIEE

S TRETN] | B BRIEHTIENE, #RBUH ROCHR
TUFT 40 B AR AR ] 8, 13045 B A Uk 2R R o
ARSI L, SR 13 Fr/R o AN T B AR 5
10 RZJaZEEHE T 0, BEHAT 10 k254 o f gk
AT BTSRRI BT 10 By
PR AYRIL AN 13 iR

B 12 ZERRER
Fig. 12 Model of a low-pylon cable-stayed bridge

(i) 78+ (f=24.370 77 Hz)
E 13 #y 10 FragasiR B SR 2
Fig. 13 First 10-order mode shapes and frequencies
6.2 ERFAUBEFTR
PEICHT 10 BriR AR D U AR B 2, b BRIt

(h) 108 (£=27.060 8 Hz)

248 MEAT B AL, RS YRR [ B HE
Flo BEARBOMALIE . RBE R BOE AR TR H Y
FRAGUE A RO SL LIS B0 A AL G SE I
PR AR B AE SR 30 T B UIIE, i T I
SEAH P TR ) RS AT 17 AL S B B 5 1), PR
AETRIACR FH AR 1 A3 B B T7 4 s
AT AL AN G AT BT R L 14 Frs o



>

90 NI

539 &

R3 TREENHEAR

Tab.3 Arrangement schemes by different algorithms
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