9521 5 4 1 o L5 HE E R Vol.21 No.4

2023 4E 4 H JOURNAL OF DYNAMICS AND CONTROL Apr. 2023

LB Y5 :1672-6553-2023-21(4)-091-012 DOI1:106052/1672-6553-2023-048

ﬁﬂ%ﬂ IT Y F 22 i T B9 R AR 4 1
=01 D e

CE R 2 T O R
(LK TRYE AT E%R. K 410114
PG Tk K2 At zs = Be . W% 710072)

E WWFIT IT R 3= G207 16 A 168 91 R e % 50000 L o 7, D S K 5 TR T B LRI S 7 5, 2 KU A i 3t

T AR B 5 AR iy ER B IR GE A Al RS N T E 2030 S8 IR R BT R R X

T R R IE AR RS b R R AR AT — 20 B TR AR RS RO L T S BRI O AR A T B S o R O AR

RS T AN [R] BELJG b T 3 52 00 e 41 ed B b i X ) g 8000 AF 5 45 SR R A, AW TR DAY o R AR OR [ R P Y

B [ S S A IR [ & R R, W R4y 5 X [A] s 22 F Scanlan FCAAIE S, T R & HY M
DA RSN T O TR T R SE o IR 19 T8 I 4R I R I8 i X 1R) 2 R AT 6 L L SR T IR RO AR

T FC AR S 3h S EO R I M TR I S OR [ BHLJE LR Y KU 0 25 SR X L B E T 0 i R B
P 3E PR TF Y S50 T S LT A S R UK TR 14 308 IR ML B 5 008 38 AR A T AR I S

X DA ER, SSHEEN, SR, WHESBAL, R F

R ES2S:0322; TH113 M AR SRS A

Study on Vortex-Induced Vibration Characteristics of a Typical

Steel-Concrete II Girder and Its Response Prediction”

Han Yan'" Peng Zhengquan' Li Kai'? Hu Peng!
( 1.School of Civil Engineering, Changsha University of Technology, Changsha 410114,China )
(2.School of Aeronautics, Northwest University of Technology, Xi’an 710072,China)

Abstract In order to study the vortex-induced vibration characteristics of the II-shaped girder section
and predict its response, taking a long-span steel-concrete II-shaped girder cable-stayed bridge as the
background, the vortex-induced vibration characteristics of the girder with different mass and damping
ratios were tested in the wind tunnel. The dynamic parameters of the girder were identified by free vibra-
tion test, and the amplitude-varying damping ratio and amplitude-varying frequency of the girder under
different wind speeds were extracted. Furthermore, the vortex-induced force model of the main beam is
established based on the amplitude-varying aerodynamic derivative. At the same time, the vortex-induced
force model is used to predict the vortex-induced vibration amplitude and vortex-induced vibration inter-
val of the main beam under different damping ratios. The results show that the vertical modal parameters
of the steel-concrete II-shaped girder show different development rules in different wind speed ranges.
which can be divided into five wind speed ranges. Based on the Scanlan self-excited force model, a vortex-

induced force model containing only two aerodynamic derivatives of H,; and H, is established. By com-
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paring with the results of vortex-induced vibration amplitude and vortex-induced vibration interval of
wind tunnel test, the correctness of the vortex-induced force model and its vortex-induced aerodynamic
derivative method is verified. At the same time, compared with the wind tunnel test results under differ-
ent damping ratios, it is verified that the vortex-induced force model is universal. The research conclu-

sions can provide reference for the establishment of vortex vibration mechanism and vortex excitation

force model of II-shaped main girder section.

Key words II girder, modal damping ratio,

force model, response prediction

51

il

Wit 5 e ] 22 5 ) e e R RIS AT G Y B A
BTG AR A5 R B SN A A AR R B R
I PR SR B R A AR TR XUEICHR Sl 1) H g
B EAIREAE LB M ER S B S, — EH LR

5L S A T A7 S 5 4 7 A R R R L 15 [] 1Y)
TR 2 s B K B85 T A7 S92 5 4 1 90 55 5497 » A TG 5% i
F % 1) 1E 18 .

XoF T i e 4 1 4 BIF 9 K 2 kR 3h  Til k Bl
A W S BN« DT S0 i % 1) 000 161 20 X bR
AED R LAY SRR LT PR L R IR B B B
FEREIEAT T 85 2 6 R A T H A 0L
(R4 Bl B4 A e, XU 6 1 3 S Rk B AR 4
{8 305 1 0 A A FH. T S A 5D X AR 45 A R 1Y i iR
PERE BB A sh RS e T T I 5T, & B 1B
AT AR AT A 5 32 R e 4 i 32 2 e, i
WS T 35 T AT SUAS RE A% AR B b 410 3 30 41 {HL 4 26
KT SR R A5 AR A 1 A1 o) 30 45 AR T . b 34 3 T KL
T 32056 % 30 i S 0 A0 ) (FLAS R A ) 169 iR R R
T HLERIEA T AR G5 0 48 7R 0 T IR AR 5 0 IR 4 1
BLHE 52235 i 43 CFD 3 A4 5044 %o 8 R 1 AL 2 i
AP EAIHT 4 Kubo 45 3 F IR Y J7 i % 7K
SR AR AT R IR R AT T ML BRI A A B 8 1 X
TR 5 CFD J i X v ke FF 48 4 52 014 iR 41z 22 410 il
FEMEVEAT THLBEBF ST & BAG1E 4 ol 2 5 IR IR
(10 2 LR AL L vk R BB NS 5 A B O Ml 43 AT iR
P o (F 5 HE BT OE DAL 36 4 X 25 4 7 A B 52 D e
T iR B AR L MR R A A UL L 38 T B AT I
W AR HRE S 23 . 40, Ehsan F1 Scanlan™ 3%
F A iR 0 A T v B SRR K 3 3
P A B i 1l £ JF B T — RPN 4 50 R

aerodynamic characteristic parameter,

vortex-induced

5 A SRR S B0 Jr ik Larsen 42 T — Fp 5t
TR R B B R T O A,

R SRR T AR 2 19 05 I8 A R (R X
A 0 S TR S B R E T R 1 Y T X
N [5) B) 2 7 TH , HG 2 0 T L R
A FESHOR IEAT 58 3 B 1 TR R 22 AN, ATE Y
B BB 5T, X 08 4R 3N BELE B R BIF Y 8K
S MR 0 PR ATL B A R

B X b A ) 8, A S DL — g LR AN TR IT A g
HYRHALAT oy T AR T 5 R KGR 7 i 058 7 A
[ BHJE b 5 K [\ ot 2 %F I0 780 32 52 3 9% e P 1 52
W) 5 3fE— 25, 8¢ 7O A XU T 32 52 A i A8 BHLE L
55 MR A AR R T R S B S RO S T A i
TR, TR A 3 A 309 T AR S B T [ B E R
2 I8 R A i S A DX ] 9 T BF 5 498 W] Ol 1T
32 R PR AL HL 5 e O AL R ST R IR S

X

1 ITREHREXERKE

1.1 IE#HER

AR SCRL BRI B RE R R S TR 5% %4
AR A AL (155m 4+ 450m + 155m) , 3%
FHA BRI R AR o R T T A A 1 TR ) IT
JEWTT , Horp 295 23.75m. 5 2.08m. 55 & kR
11,4, 3 GE W 06 B A B 1 4 2 R R A S A N
PERLS 17T

1.2 KEARERE

T 0 7 BB Y KU 3 59 7 K VD B TR A X
AR KA 56 B 5T O 20 52 XU e 3 i
Berpft Ay il 2 Fros 2R 4 RS 12 50, 4K
MK L=1.54m, % B=0.475m, % H =0.06m, K
B oA 324, Dy PR IR 35 52 8 I RO SO B9 JT R



%54 Sl A < OB AR T Y S R IR TR ) i A 1 % FC e iz 5T F 93

P BOBIR P s B T AL B R R B BHERGLE.

2375
175,75, 75, 125 , 375 K 375 . 375 . 375 , 300 L 75,75, 75,
I |l 1 Ll 1 Ll T T 1 |l 1 T 1
1
uii ‘ = 7 ip 5 T 5
I\
= 2% 2%
»
nd
5
2%
£
' 700 4 825 4 700 14

Pl 1 B

Fig.1 Cross section of main beam

FEXI SIS, % 32 R s T AT 3O N
B IR PRI AR IR 56 X 50 T n & 1 iR, B PR Al
AN TR BHLJE L B AN 8] ot £ T 6 o 40 XU 5 3 5% 1 )
PRI G R WL 3 514 4.

HI 3 WL 7E 5 FOASEIBHJE LT S B2k
A% e 7™ R O S A A R A IR AR A2

&2 FE 3 B A
Fig.2 Experiment of Main Beam Segment Model

®1 FRESHEHEREKBEIR

Cosel | ' ‘ ' Table 1 Mass and damping ratio test conditions
12 Casel Case m/kg &/ % fin/Hz
—a— (Case3
P e 1 22.6400 0.37% 5.143
E ¢ —eo— (Case5
Eg 2 22.6400 0.43%
= 6L ;
g NemfiLve vl 3 22,6400 0.48%
Fas
4 22.6400 0.54%
2 -
5 22.6400 0.73%
0 Ay ? L Y
0 1 2 3 4 5 6 7 6 15.055 0.569% 6.066
U/(b*f)
. - o . 7 16.9910 0.461% 5.837
& 3 OR[E RHJE BT U 1) 95 4R 3R IR 5 TC A 40 XU OC R !
Fig.3 The relationship between vertical vortex vibration 8 18.9520 0.406 % 5.579
amplitude and dimensionless wind speed under .
different damping ratios 9 20.8880 0.379%% 5.346
10 22.6400 0.37% 5.100
14 T T T T T
—o— Gaseo , 11 26.5700 0.355% 4.734

12 || —%— Case7
—&— Case8
10 || —<&— Case9

S sl cear SR WA 0.73 % I 1] 8 9% S K 4R A
£
gt 8.501 mm. B 75 BHLJ2 L 00/ 5 61 4 B K 4

B2 AL S R 0.37 YR, U ) iR AR R R IR
Mk %] 12.78mm. 4 BB KL T 1.603~2.343

Yo T s s e SR LR e R 1 R R
U/b*)

~ . e T R [ A — Il

Fig.4 The relationship between vertical vortex vibration B:IEIEE 3 ﬁ‘l‘%n ,Xj‘ﬂ:jtmﬁyl%yﬁ@’jﬁggrﬁj ’Bﬁ%

amplitude and dimensionless wind speed

under different mass BHJE Lt E/‘Jvﬁlj\ . A yﬁ%ﬁﬁg X I‘ETJ Eg ﬁi [% 4%‘53 Jﬁ Tj“ jt ’



94 g h % 5 o OH ¥ M 2023 4E5 21 &
Xk /0N IR 5 i 41 21X Ja] L DX J] 71 R A4 28 4k 5 A B TR A

! IR 1] IR HR HE T L SR Bk 22 1 N -

2R G BE TE Eb X6 1035 1) 30 % i iR LA R T Bk 4 5E X [ q(z‘):H[q(t)]:%ji‘ ;J(_Tz_dr (5)

43 LB AT R

oh 75 %% 2 G TR X 6 ) 36 AR AR 1 1Y 5 i, 3
17 6 LM PRGNS, iy (&1 4 R R0 Bl 25 150 8 ot o Y
BT % 1 e IR R R S 0N I RE Y 08 xR K
AR BIE X TE] o o 5 2R 5 A 38 T R B X
(] Y6 AT BT 7 O[] B R R 5 /) 36 iR DG
SE X [8] 7 [ A9 52 00 A7 AR fBL R A

2 RSB SR

2.1 RESHIAINFTE

N T R B R A R R P R R S B R B
T EAE R KA BE T 5T B AR 2 R 32 R
TR 1) 25 K i S 0
FE XGRS, B R G iz shis il T e .
Mq + ¢y (q:q)q+ k., (qg.q)q =
Fao )+ Fgaric (1) + o0 () @D)
LM R U idks g g g 0RT XK.
SRRE R . P T AR S0 3R AT X g R R R
I S R BB R 1 E B B TN RS A S B
SRR m ;. Sk, FHLIRELE 2505 NI E &
B fo0@ HAERE NS H15 fooian (0 T
WAF s £ () RS RECR 8 77
F T 285 A8 4 2 B TR T B A R RUIA B
AT E ARSI Rt (DA R .
M[q +28,.,(¢ @ w,.,(qg.q)q +
w? ., (qsq)q] =0 (2)

X w,.,(q.q) HEWBEFRBE; &,,(q.q) A
S5 R A BHLE L. T 2 25 4 T A AR S 25
FA BHE Hh & A 5008 A0 B 24 1 bR
B 6202 AT A AT LA F]

Mg + 28, (ADw, ., (A)Dq+

ws ., (A)Dg]l=0 (3)

2 (3) v 25 1 R P 2 50728 Ay o B e 8 A 1 2 48 3K
(3) 1) 30 ff H9

q(t)=A, ) cos[w,., ()t + ¢, ] 4
K A, ) HBENIRIE: w,., (1) N BEE S5 1) B
W 5 o A0 B ML T Ik s B0 451 56 5 1% i B R 114
U T X 1 eh R 3h 07 B s R AT A R AR AR e

Wit g () H5q() RRERGFH .
de (1) :d(arctan(g(t)/q(t)))

w, (1) == 5 (6)
A, () =+q¢* () +q* (1) (D

36D 5 3T Sy ik B[54 450 4% 5 I Ak 4 W 85 Il
FHJE HE A K

E([):ln[A(erAz)/A(t)] (8)
w (1) * At

AR B A5 T LUl I 0, (1) 5 A, () #1778
N AT LA SRS IR AR BH JE L AT LA B £(o)
5 A, () 47 E/D ZRIERL ARG,

22 HHSHIRLERY

Xt IR 3 T B U L BELUE /N i 3 B
FRAEF B B K i 32 3 LA o 0 1 3 g 4 R Ut
AT R HI/INBEL @ Fb 1) 455 30 % 25 0 e v S B S
SRS B T IR B 5 g &5 A P 2 R B R R
PR R i B 0] 0, 5 A BELJE b B B 2 R
LPEM G AERIE 1.2~ 28mm 3t [l P, 25 F BB L
PRFFAE 0.08% ~0.48% YL Bl N ; 7E PR IR 1.2~16.5
mm B, 5544 B JE L BE 5% 8 00 38 i 35 i , >4 P s
AL 16.5mm B, 25 44 BHL 2 e Bl =2 08 /0. B 11 R
Ut 25 K6 B LG A AR B /DN L T A2 i iR A< = B0
H/INBELJE LU I 2 A 25 R 0 3 5 45 AL BEL R 1L 2 B A
F K R, ARG TE 5.1Hz 2 4.

2.3 FEMERIRSHFE

XTI IR 3 B R 1 S AR AE B X
R AT T 4R 51 78 WAl B w6 O, T 32 R A
KA AL FE B IR 3 12 50 3R BCRL AL i iy

Kl 6 8 U=5.15m/s B TG W] 4R #4h K w0 46 3%
Jih 19 eH i Bl 32 50 TR 0 A 5r B8 e 1. 7E TG W 4R Dl
TLIEIEMN Omm & B 8.69mm; FEX IR T,
PRUE H 43.56mm Ik E 8.69mm. K L B F B 37
Bl UM A S S5 A0 RE A% ] B S IR MR AL BT 7
S 57 B 4 4 B 4 R 5 BELJE L.

F P 7 AT R, FR G0 8 ) AR A AT 5 B 41 W ) 1 A
ST B T R G ) B BELE H D) i R R
B3N S b T 0 R S el RN A R TR Y 8 1



54 B 55 . TR TR XL 7Y o 2 T IR A 30 R R B R el o 5 F 5 95
RS S 405 oW T TR Y 15 ) AR 2 2 BOTE A 4 ) R A IR R /MR 52 2
5 [ 514 : : . . :
o Excitation
il s b Polynomial fitted i
g 3t @ s10 b E
o 5
£
§ 2r E 508 | ]
LT 506 F e -
[e] Excitation o
g Polynomial fitted
0 . n n n 04 . ) . : :
0 10 15 20 25 30 0 5 10 15 20 25 30
Amplitude/mm Amplitude/mm
() BHLE L Ok
(a)Damping ratio (a)Frequency
5 25K RS 5
Fig.5 Structural characteristic parameters
Wi
~~ o o (
E > E 5 | |
£ E ’
N’ N’
= S0
I
= =
£ E 0
< _5 L <
40|
o 10 15 2 4 6 8 10 12 14
Time(s) Time(s)
Ca) FEHI U6 il (b) VI B
(a) No initial excitation (b) Initial excitation
6 X 5.15m/s T PP A IR sl i 56 05 ) 4o % il 28
Fig.6  Vertical displacement curves of two free vibration tests under wind speed of 5.15 m/s
.20 T T T T T T 0.010 : . r ———— r
—=— No excitation UV i i
—=4— Great excitation Vel
Fitted trend line 5603 |
5.15
o
N g
= g
5
g g 0 )
& g
1 a
= 510
~0.005 —&— No excitation |-
—#— Great excitation
Fitted trend line
305 -0.010 : : : : : :
0 5 10 15 20 25 30
Amplitude/mm Amplitude/mm

() U U=5.15m /s i 22 5% 18 1 A58 25050 2 15 91 i 1) 96 2R i £k

(b) Relation curve between vertical modal damping ratio and amplitude of main girder under wind speed U=5.15m/s

[ 7

G U=5.15 m/s Iy 32 5 e 1 450 25 2 K05 ik i 190 5C 38 i 2

Fig.7 Relation curve between vertical modal parameters and amplitude of main girder under wind speed U=5.15 m/s

(b) R U=15.15m/s I 32 52 B [l 5 25 BB LE 5 40 i 19 56 28 i 2k

(a)Relation curve between vertical modal frequency and amplitude of main girder under wind speed U=5.15m/s



96 g o o 5 E M o M

2023 AR5 21 &

24 SEFERELH

&l 8 Sy 3= 9% s ) A S BHLJE L 45 48 [ BH e
Ho BIBEJE b =38 4.l B 8 R R AG A [ A BH e
He R 2 e BLJE e B BRJE U FE SR IR 0~ 10.4mm
0 L T BE R L FE PR IR 10,4~ 28mm 18 [l 4 K
IEBHJE e, B3N LS B B i R A 38 K 4 KK
I BE B 7Y JEUH AT A, RS BELJE Lo BB JE LI, &R
SR WU 3 v i e B DT 3 2 A AR AN
B8O 1 B0 5 T 45 44 1E BHLJE HE I 2 FEHE R e iy BE i
AT 9 ) = % Y 4R 2. 7E /DN AR R P L BB R
Je HaE e K F 45 E B JE b o 3R 40 % ) S B BH 2
B« B G2 T W RE e, 35 5 RS ) R R
H /NI R 22 3

B T % s [ iR M ) 5 O, s BELJE bE B AR
) 3 K32 W 1) T E B L. 2 3 92 108 ) R 1 58 B
8.7mm B, TBFHJE Lh -l —0.282 % . Z5H B JE L ok
0.282% » 4L i 37 v W W1 B = 5 9 AR 19 g
KBV, 32 T 5 A R IR A Y T 5 e e e
R I 8.7mm B, 2544 1E BHJE Ltk K T 8 fi B e
o, RGN I AN BHJE b Oy TEAE, I R 48 DL fE
FERICN 3 4R 0RFF 080/ B 81 3] 8. 7mm 1% 55 iR 4% 30
AR BIRME/NT 8. 7mm B, 3242 2 4 5% 1) A5 25 B
Je b AT R G LR ae i £, F R
I) B M 4 R 2 8. 7mm AR E PR SR AL

%107

|'| —8— Structural damping ratio
—A— Aerodynamic damping ratio

T T T
~———— Total damping ratio ‘

Damping raito

0 5 10 15 20 25
Amplitude(mm)

Bl 8 i U=5.15m/s T3 & mBRHLE L ASIE LT
S BH S L X L
Fig.8 Comparison of vertical modal damping ratio, aerodynamic
damping ratio and structural damping ratio of
girder at wind speed of 5.15 m/s

2.5 MREFEBE RIEEME

HT T2 L2 AN [R] XU TR0 1 1t ) 8 2500 R

55 0 [ B2 BHL i L i e A7 7 22 S DR RS SO TR
F189 15 1) AR S 2 AR A T XL X ] B R 53 G 9 i s

12 Interval 2 Interval 4 A

Interval 1 Injterval B Interval 5 ]

| /”w

L
1 2 3 4 5 6 7 8
Ulm/s)

B9 U X i & 43

Fig.9 Wind speed interval division

Amplitude(mm)

P10 % RE & 9 Ay X TE] 1. AL 10 AT AR ik
B Kk U=1.47~2.8m/s 78 Bl N . 45 JXU 3 fi 158 i) A5
SR EBE B H PR KE U=1.47~
2.11m/s 0 [ P, ¢ ] S S BHL e T 4G 2 IE B E
Fb o R0 A R 0 8 T 0. K 56 K s B U =
2.46m/s BF o 78 /NR W 0 ] P 168 o A 245 BEL G LE U
R, REAb T AR R, R
ARSI AR /iR 3G K 3] 2.6mm (1945
FETEDIR NN 1 AR5 g (1 N e = R OB
FROERRE R K U=2.64m/s B[] 52
BB 556 Xk U =2.46m/s 1) 5 [ #5545 BH
Je t B BEAE L H S K GE U=2.64m/s i FFHLJE
F R /N5 3 BB B 36 KL U = 2.46m/s K. 4K
B U=2.8m/s B, /N R i) ¢ ] A5 25 B e 1
I T 0 M AR AR AR B K U=1.47~2.8m/s {li
FEL P9 31 JC B 08 A8 Ak, I 5 25 4 [ A AR B Bz

11 XF R 9 g X ] 2, fh ] 11 ml A, e 3K
ISR U=2.89~3.7m/s Ju Rl , B m A2 FHJE b
Yo TEAA L1 i) RS BELJE L i 2 i X 96 IR 11 348
I BT e, 5 R 10 B RS B R L ik
RAFTER K 2 5, BB 32 B2 oK e AR W B 400 6 )
KK,

12 Rz [l 9 r A X D] 3. pR 1] 12 AT AL, FE
R U=4.11~4.24m/s T, /INR g 70 [ P 18 )
PSP S L AR # T 18 11 S BT A8 Ak, 78 3R I 4
NS TR PN 6 ) RS B JE L 23 F 038 Rl W R 1A 12
A% 2 AT FE /N IR R DX R 00 R A L 45 T A
WA AE 22 5 10/ NIR i X 358 F JC 00 16 b F



%54 Sl A < OB AR T Y S R IR TR ) i A 1 % FC e iz 5T F 97

I 31255 PR 0% 9 BB B I TE 0 46 s T A I I ke X 12 i e Xk 4.11m/s (19 T80 BE 4740 3%
FERYFEAT 5 38 PR 2, T 51 & 1 SR 4. w0 46 AT AN 13 Ji g . H b A0 b R A AR P A S
T AR Bl A 5 2 A [ A R 5.1 Hz [ F A, 5 G540 [ M558 422 08 5 4.975Hz
-3
6 L0 ; - : : 5.16 ;
—o—U=1.47Tm/s
4t J 514 —A—U=1.82m/s [
° =* U=1.92m/s
= E 9.12 —%— U=2.11m/s |]
:D 2r —o—U=1.47Tm/s | 1 z} —6—U=2.46m/s
£ st 5 51 —>— U=2.64ms |
g0} U=1.92m/s | | = —<¢— U=2.8m/s
g —k— U=2.11m/s £508f <
51 —o— U=2.46ms | | =
B —b— U=2.64m/s 506
—<¢— U=2.8m/s
4 _— 5.04 : :
0 5 10 15 20 25 30 0 10 20 30
Amplitude(mm) Amplitude(mm)
() G2 BHJE L (b) R 78 431 %
(a) Amplitude-varying damping ratio (b) Amplitude variable frequency
B 10 KB KGE U=1.47~2.8m/s B H 50 5 0] 25 240
Fig.10 Identification of vertical modal parameters at test wind speeds of 1.47~2.8 m/s
0.025 T v 5.18 g
—6— U=2.89m/s —— U=2.89m/s
0.02} —4&— U=3.16m/s | - 5.16 —4&—U=3.16m/s | |
L —v— U=3.36m/s S —¥— U=3.36m/s | |
B 0.015 —o— U=3.5m/s Al —o— U=3.5m/s
T —*—U=3.7m/s Q
S 5 5.12
(=% =
£ 001r N g
Jod = 94
o 7 XXX =
0.005 'M 4 508
0 . . 5.06 * *
0 10 20 30 0 10 20 30
Amplitude(mm) Amplitude(mm)
(a) IF7AEBHJE L (b 1 75 45 %
(a) Amplitude-varying damping ratio (b) Amplitude variable frequency
11 R RGE U=2.89~3.7m/s B} U510 ¢ i 575 2 4
Fig.11 Identification of vertical modal parameters at test wind speeds of 2.89~3.7 m/s
0.025 52 -
——U=3.91m/s —o—U=3.91m/s
—A— U=4.11m/s | | 5.15¢1 —A— U=4.11m’s | |
—6— U=4.24m/s E 5.1 —60— U=4.24m/s ]
»;: g A
o
SEoE = o= = S ST 55051
e =
j=n
g 57
=
49514
-0.005 * * 49 ) *
0 10 20 30 0 10 20 30
Amplitude(mm) Amplitude(mm)
() A2 BHJE L (b 1 75 45 %
(a) Amplitude-varying damping ratio (b) Amplitude variable {requency

B 12 R X U=23.91~4.24m/s I 5] & ] 45 245 2 8%

Fig.12 Identification of vertical modal parameters at test wind speeds of 3.91~4.24 m/s



98

g % 5

ECI

e 2023 4R 21 &

9 T 01 24 5 2 A [ A0 AR AT A 22 5 5 T 55 I T A
L IR R AZ I O T RS B IR X 0 4 0 o Y
R 5 IR R o 8 20 A7 AUBOT IR A 14 an &1 14 P

Amplitude(mm)

100 F

107

Amplitude(mm)

Fig.14

Data spectrum diagram

4 6 8 10
Frequency(Hz)
ORI R IR T A th Ak 3 F 8 1A

(a) Spectrum diagram of free vibration under initial excitation increasing step by step

N R

L4 rp i a3 1515 13 (b)) /Y 431 % (8] 1T

FLASE AT R A T2 AR A O 2230 L AR 5 A5 A [ A
R ZEEK.

.
(=)
o

Amplitude(mm)

=
S

Data spectrum diagram

N

0 2 4 6 8 10 12
Frequency(Hz)
(o) FEHR IR 5 4% i 19 ol 4k 3 1 3% 1R

(b) Spectrum of free vibration without initial displacement excitation
P13 KK U=4.11m/s i H R 3056 45 3%

Fig.13 The spectrum diagram of free vibration test at wind speeds of 4.11 m / s

Data spectrum  diagram
T T T T

4.975Hz

Frequency(Hz)

14 IR SE 4% 3h Bt 1 4t P

Intercept spectrum of stable vibration segment

&l 15 b nz 9 g X TE] 4. R ] 15 )AL, 7R
IR U=4.42~5.92m/s T~ , /NI 1R 78 [ P 1) 18
MBS JE o L, I R T AR E RS Ik
W F /NI R T iy 3 947 18 KL B 2 ik 6 XU ) 488
GUBHJE L A i M 3 AN DT 38 K 3 R R A 3 2 1 1
I i i X0 PR T ) 0 T 3 0, 119 AT L5 IE
% P M AR A R 2 R AR A 5 TR A R
FET , B 32 QR A e A T iR B o K g XL )
T s 32 2% 0 008 AT 2% 55 5 g [ A AR AR — B

P& 16 %F W & 9 Hr Y X JE] 5. & 16 Hh s ) AR 2
FHJE Lt R 1 BHJE L, B 3 240 R A8 /)N 3 3k XU

0.01 f

=}
on
=]
1
a

-0.01

. —0.02

52

515 F

N
T
>
3

5 5.1
o
I
=9

5.05

s

& 15

——O—— U=4.42m/s
e U=4.79m/s
¢ U=4.98m/s
| 4 —#%— U=5.15m/s
g ——p—— U=532m/s
—d— U=554m/s
g U=5.92m/s
0 5 10 15 20 25 30
(a) WS PILJE bE
(a) Amplitude-varying damping ratio
o \- —— U=4.42m/s
Z \ ——A—— U=4.79m/s
1Y U=4.98m/s
—— U=5.15m/s
——p—— U=5.32m/s
——g— U=554m/s
e U=5.92m/s
0 5 10 15 20 25 30
(o) WA
(b) Amplitude variable frequency
RIS KE U=4.42~5.92m/s B 50 % ) 45 2400

Fig.15  Identification of vertical modal parameters at

test wind speeds of 4.42~5.92 m/s
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