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Estimation of Cable Tensions of Cable-stayed Bridge using Vibration Method and PSO

Kazuhiro TANIWAKI™! and Wei TAN™
*I Department of Architecture and Civil Engineering
*?Master Course Student in Department of Social Systems Engineering (Civil Engineering Course)

In the maintenance and management of the cable-stayed bridges, it is important to measure the cable tension and to
maintain the cable tensions within permissible errors for the designed cable tensions. In this study, a reliable method to
estimate the cable tensions of cable-stayed bridge is proposed by using the natural frequency and PSO. The natural
frequency is measured by the vibration method. The cable tensions are identified by using the least-square method and
PSO. The effectiveness and usefulness are illustrated by applying the method to the Bandai bridge (PC pedestrian cable-
stayed bridge) in Echizen city.

Key Words : Maintenance and management of cable-stayed bridges, vibration method, PSO, cable tension

1. #

RERBOMEFFE RISV, F—7 VORI OFHE ERIRNZIT, 3REH 7 — 7 VR EFTE OFFRZENT
BHLTW ZENEETHLD, FEEOMBBOMRFEIICHBTIE, —BONTHE & RO SR 72 S Tn
HZOHTHY, r—7NEHOHA: EITEATh TV, F—T RN 2 G HNHEET 5 1L LT,
RENAIC X VHEET 2 HIEN RO LN TWD. BTE VEOFETIE, 7—7 VoliiFiiEEz & 50 C
FEBREFIEIC L VERIIL, FH LB A IEEEGS L OV — 7 v o PRI 2 IRE TR LT, 3R E
ERAWCTT—7VIENEREL TS, TOKILEDS 2L, RIS O TRORBMN K E < 725126060
SARFEEN BN Y, IREECTERERXOMIITEEEN BT 5 Z LICER L, WE L-EAIREERE 20
T RRES—8T 5 L 212 —7 ) L i REZ /b —EE O TSRO 5 HEEREZEL TS, 20k
T, =7V olFEIEE B 5 COFERINTRD 2 BER e ERNZRTETHS. FE5HL, 20Kk
Z W TEIFTICER SN TWDHRAEDO 7 — 7 VIR OREEZIT, TORDMEEHEZRE L TWD 9. LiL,
ZOFETIZr—7 N0 S EBEEOLREEINC L - T, BEECHIEEND L Z EnfE ST
Y, FABORBETHLERLY KEWEBONIENINEH SN GANRA LT,

T TR T, N THRIEC K D —T VRN ORIEIZBW T, £T— RO —7 VO ivE 2 2% &
B v, IREECHF R OESHIRSRMEZ B E L O iR (kiE (PSO) W TIRIEZAT 9 HFIEEREL T
W5, EIFEBERTTIC 1991 FEICEERR SN TW D IE (PC NERBERE) D7 — 7 W3RN OHEEI AR T %1 H
L, WEROFEE D EIT ST RICOWTHRETH LD THS.

2. F—JNBRADHEESZ

WA BMERT 57— 7 VOB BT 2 EB ALY 7 OB A BT 5 LikslTRs D V.

L OW 0w W
ox*  oxz PP o2

=0 1)

FRESAT 2020 4F5 H 29 H

UL AT

TR RV AT AFEE PRI Ea - 24
E-mail: taniwaki@fukui-ut.ac.jp



PRE)EDS L O PSO & V7RG D o — 7 ViR OHEEIT DWW T

T2, x I —T Ol R OR S, Wity — 7 AV OEELAL, BL XA — 7 VO diFIE, T 1Z9ES,
p IXEE, A IWmEE £,
Z Oy FRERO—RITRA TR EIND.

W(x) = C; cos(ax) + C; sin(ax) + C3 cosh(fx) + C4sinh(Bx) (2)

ZZiZ
B ( T )2 +pAw2 T 3
«= | 1\2E1) *TE Tam 3)

4

B = (T)Z pAw? T

2EI EI ' 2EI

REFHL=— L ABIIHNON D 7 —T VT, WmOERRITEEE L BN TS, =T
At L &35 &, WmEEERS IR TERESND.

W=0 dW—O t x=0 5
=0, =0 a x= ©)

W=0 aw =0 =1L 6
=0, E = at x = ( )
FERFMA(GS), ©)Db EIQ)ZES &, ROWEESTEANGOLND.

2aB{1 — cos(aL) cosh(BL)} + {2 — a?}sin(aL) sinh(BL) = 0 (7)

RS 1, NIZBWTBLOERKRE WA, RO LIl bT 252 LRk Z LITEB L,

BL
cosh(BL) = sinh(BL) = eT ®)

AN IRADIRBE T AL EA L T 5.

(a?+ B?)sin(al +¢p) =0 9
=77 L
2ap 2w
tan(]) = —m = —?dpAEI (10)

L 2 AT, EEIEGREXO)OHIIFEEEZE L, ROXLIIZEKITX S,

aL+¢ =im i=0,12--+,n (11)

BEIZRAD~KQR)ERAL, fi=w/2nzEETDHE, T— NI E2OBEGERBHK f; L OMICROBR
X E NS,

2 4 2
,  TWEL _i L-Z _g
P T aparst (1 m') T oA (1 ni) (12)
ZIT, B RRENRKREL DI » ¢/mit E2bND720, RA)FKRDO L HIEREND.
2E] T
20 T2 s 2 i=0,1,2+n (13)

C gt T apar!
EEEOFM L7 REE & X)) BT 5 L 518, S/ REEZHONTRY)ORREEZ /N ETHEOBREL & T
ROHZLICEY, wHEZFHIT 22N TE 5.



PRE)EDS L O PSO & V7RG D o — 7 ViR OHEEIT DWW T

P(x) = Z(fi2 — 72)? - min (14)

, filIEHA ORI MR A KT
Nﬂ? TlL, R(1H)FLLFD 3 5Dk (a), (b), () 12 & 0 B/MEEFTV, FOFEFRIZ ST Elihat 217 - 72
(a) WNLFFERUT X DRk 29
RK(14) % BB LT CR5Y LIk DS AR 210k ELE T 2R 5 LA TE D,

7'[21:4 —2
ol } - o

2\’ 2\ _,
Z {<4pAL4) <4pAL2> El+ <4pAL2) T (W)fl } =0 (16)

i=

n

Z 2t \? Bl 4 m2i* i r
£ |\pars 4pAL* ) \2pAL2

L

(b) FodfbEEIC L 0 AW EI B LT 2R 5 ik
HEOBIE L LTR(14), #H5tEe LTR(DE2EBE L CROEE(ERIEZ < Z 212XV, EL T 2Rd7-.

n

FindELT  which  minimize P(EL, T) = Z (F2@ELm - 732)2 (17)
i=1

subject to

gi(EL,T) = 2a;B;{1 — cos(a;L) cosh(B;L)} + {Biz - aiz} sin(q;L) sinh(B;L) =0 (i=1,..,n) (18)

0 <EI<EI*, 0<T<T"

Z 21T, EI¥% TYIZEL BEXY ToOEREZRT. o BEOB; X, ThEhLQ)BLORM@TH 2 6N%.

(o) FEfbFHEICE WV BEE—FOEIBI T 2k 5 ik

@B LOO)DFETIE, AR B 285 E LTHDER, £T— RO —7 L \lIEERZR 5 2 & AwsESh
TWH Y., 22T, %F— FOMWEEL 2258 & L, BRI L LTX14) %, dilfEttE LT EBE L TR
OfcEEE AR Z 212X, EL BXOT 2Rk 7.

n

FindEL,T  which  minimize P(EL,T) = Z (f2E1,T - ff)z (19)
subject to
9:(ELT) = 2a;B;{1 — cos(a;L) cosh(B;L)} + {B;* — @;?} sin(a;L) sinh(B;L) =0 (i = 1,...,n) (20)

0 <EL; <EI*(i=1,--n), O0<T<T"

ZZIZ, EIY, TYIXEL BEO ToEREE R
(b)B L) DfifTE L L CIRICIR A DR 7R  biE(PS0)) & V=,

PSO Ci, Kif(=—Y =¥ MO N 72 OWREEHRY MBEX = (x4, . SXNEROE S . FEHD
T2y MEPEOIELEE x; = (Xig, o Xip) ZETHHD LTS, m@ft u\f X3 i FEOT—T
= hD s RIOHREDOHF ThHRED BHHBEMEZ 52 2EEHANT MV, xp 13 s BIOKROT X TORFEFEOH
TiEOHBEEEE 52 DIRELEAST bvET 5L, s+ DEBICBTS2—Y =2 hOBEEE T, Kk
THZALND.

Uit = wol + o (x] — x) + ooy (xf — x5), (i=1,..,N) (21)



IRENE B £ OV PSO & H\ W 72FHRE D 7 — 7 ViR O 12D w T

72721, witlE MR (inertia weight), 1, 1 lZXM [0,1] O£ TH D. ¢, I3 HODOHKEMEL LRI L
— T DR BALEA~DERZRICK T HEMNT 2 EEH L TWD AR TIE wik0.6, ¢, %20 ZRELTWA5.
(s+1) FHIZBIT ==Y =y FoBIZRAUC I VIThS.

it =xi+vitt ((=1,..,N) @2

AIFTETIE, LR (b), (o) TR~ Faii{bEE i < ke LT 77 ¥ 2 Bk R Mbd 2 iz FivC
59 (b), (o) TG LRI 27 77 vV 2 BIIL T O L 5127 %.

L(EL,T,A) = P(ELT) + Z/lj g;(ELT) (23)
j=1

Z 2T, ATEE AR ’Féé?“é?ﬁ?yyaﬁ%éiﬁf&;é.

AR T 1%, 40N, g;(ELT) S EOEAITIE L0 £721% 100.0 Z AV, ADBAIZIE-1.0 £7213-100.0 %
AW, £, =—Y = v MEN I, (b)@ﬁﬁp/f@iﬂ/\ X158, (o) DREDSEIT z.t 30 M & Lz, Hasfkat
BICHWNTIE, BRI LA 2000 EICERE L, 2000 [H0 ik Bk O BAFEAHT7- 72081 mz, T
2000 [E DR AFTH Z &% 3KV IR LT, Bf&i7efidid, ZockEiffEs 100 £y MEVIEL, 100 £ o
WBRROF TR BEOfRZ VTN 5.

3. AREDT—TIVRADHE

3.1 FHAEDFHR

TR F51E% Figd 38 X OV Fig2 (SR @ HFIREBRTTHICEGR ST 2 5 fUE  (PC NERERG 1991 4Rk
%) I L, (a),(b),(c) DFEIZL W RDT= 7 —T VRS OEHRE 217> 7. TREIE M, Tilo 2 m
HOERXTHY, ZOREBD 20 KOTRCOr —7/ViENERENEC LV EHAIL, &EHES GEffE+7 L A
kU247 U —7 « BRI & el U7-. AN Fig.3 1SR 3 ElnEE £ oY —M-A351AU10(EPSON)? % 43} 3
&Dr—7 WVIZERY 117 (Figd ), FT 60~90 FRIFRHIHRE) 4 I 2 (Fig.5 ), £ D% 230~260 BHIDEF!
320 FOREIFRLRE Fig.6 |25 CHOL(& — 7 /Ll 5 1a), CHO2(TEE 7)), CHO3(KES D 3 [y Ot a11->7-. 3

SNEEE Y o —13Y- 07U U ZIREY 100Hz, 71 3 2 ME#HK S0Hz 23E3HEIATRE 2~ h LG RNHIPH T
5.

—JR Takefu Station 1500 National Route 8 —
-
I e
3
2
O
Ol
O]
[Ty]
o o
O] ™
8
0|
6 " ® 7 ® O\ D ® ]
2
O]
8450_|_10000_|_10000_]_ 10000 _]|_ 10000 14000 14000 ,|_10000,|,10000,]_ 10000, 10000,]_ 8450
2500

Fig.1 Side view of Bandai cable-stayed bridge constructed in 1991
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Fig.3 3-axis acceleration sensor module Fig.4 Attachment of sensor on the cable

CHo1

] . o ‘ Fig.6 Directional codes CHO1, CH02 and CHO3
Fig. 5 Experimental situation
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Table 1 Natural frequencies from the first-order mode to the fifth-order mode for cables at upstream side

Power spectral desity (cm2/s?)

Cable First-order natural | Second-order natural | Third-order natural | Forth-order natural | Fifth-order natural
number frequency(Hz) frequency(Hz) frequency(Hz) frequency(Hz) frequency(Hz)
©) 1.81 3.56 5.37 7.18 8.94
©) 2.25 4.49 6.74 9.03 11.28
® 2.98 5.91 8.84 11.82 14.79
@ 4.10 8.20 12.35 16.50 20.70
® 7.32 14.70 2227 29.83
® 7.42 14.94 2251 30.27
@ 4.15 8.30 12.45 16.65 20.75
2.98 6.01 8.98 12.01 14.99
©) 2.25 4.54 6.79 9.03 11.33
1.81 3.61 5.42 7.23 9.03
10000 t
100 l\'
] v N 4
0.01 = — )=
0.0001 ™
0.000001 ‘
0 5 10 15 20 25 30
Frequency(Hz)
ch0l =—— ch02 — ch03
Fig.7 Power spectral densities for the directions of CHO1, CH02 and CHO3 for cable (D at upstream side
Table 2 Estimation of cable tensions by the approach (a) (Upstream side)
Cabl Measured | Designed
. L(m) A(d) p(t/m?) El cable cable | Error(%)*
fumber tension(kN) | tension(kN)
@ 62.356 0.0013239 17.501 1119.6 1165.4 1279.9 0.91
® 51.161 0.0013239 17.501 281.5 1226.9 1295.5 0.95
® 39.983 0.0013239 17.501 204 1286.5 1273.4 1.01
@ 28.852 0.0013239 17.501 271.7 1296.7 1188.1 1.09
® 17.771 0.0013239 17.501 290.3 1582.2 1493 1.06
® 17.75 0.0013239 17.501 387.3 1610.3 1493 1.08
@ 28.797 0.0013239 17.501 -80.8 1332.2 1188.1 1.12
39.923 0.0013239 17.501 -37.2 1330 1273.4 1.04
©] 51.086 0.0013239 17.501 346.1 1230.6 1295.5 0.95
62.267 0.0013239 17.501 -114.2 1174.5 1279.9 0.92

*Relative errors of measured cable tensions to the designed cable tensions

47 —
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Table 3 Estimation of cable tensions by the approach (b) (Upstream side)

Measured | Designed
Cable L(m) Awd) | pwmd) Bl cable cable | Error(%)*
number tension(kN) | tension(kN)

D 62.356 0.0013239 17.501 600.6 1081.6 1279.9 0.85

@) 51.161 0.0013239 17.501 136.2 1187.9 1295.5 0.92

©) 39.983 0.0013239 17.501 795.7 1171.7 1273.4 0.92

@ 28852 | 0.0013239 | 17.501 398.8 1206.0 | 1188.1 1.02

® 17.771 0.0013239 17.501 238.1 1512.8 1493.0 1.01

17.75 0.0013239 17.501 255.8 1546.8 1493.0 1.04

@) 28.797 0.0013239 17.501 306.2 1232.4 1188.1 1.04

39.923 0.0013239 17.501 728.4 1214.6 1273.4 0.95

© 51.086 0.0013239 17.501 185.6 1184.7 1295.5 0.91

) 62.267 0.0013239 17.501 119.0 1144.4 1279.9 0.89

*Relative errors of measured cable tensions to the designed cable tensions
Table 4 Estimation of cable tensions by the approach (c¢) (Upstream side)
Measured | Designed
Cable number EIl EI2 EI3 El4 EIS cable cable Error(%)*
tension(kN) | tension(kN)

) 910.3 194.4 292.0 311.7 186.0 1108.9 1279.9 0.87
® 532.9 409.9 338.9 366.6 277.3 1160.1 1295.5 0.90
® 349.6 163.7 101.7 115.1 100.3 1242.8 1273.4 0.98
@ 487.5 399.8 330.3 270.3 222.5 1175.5 1188.1 0.99
® 258.5 236.7 216.3 179.7 1409.6 1493.0 0.94
® 219.0 2253 183.1 170.2 1460.6 1493.0 0.98
@) 1015.6 772.2 534.6 423.6 296.8 1140.6 1188.1 0.96
154.4 286.7 172.6 179.3 129.7 1263.7 1273.4 0.99
© 142.7 336.7 212.8 146.7 161.7 1189.6 1295.5 0.92
306.2 208.9 194.9 181.6 136.6 1136.1 1279.9 0.89

Relative errors of measured cable tensions to the designed cable tension
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