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ABSTRACT

Keywords: Long-span bridge; Wind tunnel test; Section model

I. Research Topic

Data Base Analysis of Aerodynamic Stability of Long-span Bridges with Various
Cross-sections by Wind Tunnel Experiments

I1. Introduction

Although the suspended/suspension bridges possess better resistance
capability against earthquakes, they are relatively soft compared to normal
long-span bridges. Therefore, the corresponding aerodynamic instability due to
wind action becomes a major issue. As the bridge stability depends on their shape
and the dynamic properties, wind tunnel model experiments or analytical methods
are usually applied for the analysis.

Presently, there are no official codes regarding the wind-resistance design
for long-span bridges in Taiwan. On the other hand, the tendency of increasing
number of long-span bridges construction is obvious. Accordingly, the
achievements of the project, including the related experimental techniques and
theoretical methods, can be referred for future code composition.

I11. Research Goals

The present work includes promotion of wind tunnel sectional model
experiment techniques, construction of system identification theory and
establishment of the data base of wind tunnel results. The study extends its goal
from the previous ABRI project in 2012 to explore the aerodynamic stability of
cable-stayed bridges with four shapes of cross-sections so as to establish a more
comprehensive data base for ling-span bridge design. In addition, the wind tunnel
data have been verified by comparing with the available wind tunnel results.

IV. Important Finding

Xl
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The important achievements of the project include

— establishment of sectional-model wind-tunnel test procedure,

— investigation of instability of long-span bridges with 4 typical cross-sections,
and

— construction of a data base of wind tunnel results.
Results show that the hexagonal shape of bridge deck generally leads to the

best performance of aerodynamic stability among all the four selections. Among
the other three deck shapes, the aerodynamic stability of the rectangular shape is
considered the second choice. Between the selection of the trapezoidal and U
shapes, moreover, the former performs better as B/D is less than 8; when B/D is

greater than 10, the latter has better aerodynamic performance.

V. Major suggestions
The major suggestions are

— to promote the support and funding to wind engineering projects in the field of
computational fluid dynamics,
—to draw up a wind resistant design code for long-span bridges, and

— to arrange a workshop to demonstrate the application of the data base achieved
from the present study

Xl
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(Strouhal number) » & ¥ 'L FMHF 8o B Pk 2 7 @ T o

R TR %

S REEFIOF IR AR E L A EgES L oA
RAFu P EhmE SHEEHG R)FRY FTRFL L RE o 2
%%ﬁ@&%ﬁ—ﬁﬁ;ﬂ&@;’t“?4%¢w«gfm%ééuﬁﬁ%a
FRE-RT ARSI AR B EE EE S MR A2
Brrd g2 e o B0 B REEFEL VR4 dopt F Fiv* om §F
KRB ZEF % - b #EPF o FHATRE b @ P EAREE T i 4
B R 2T Bl e 2 R LD ATE o 2 B AU Y B i
B WAL g FARF 2o fRaEk s Bl p AR R R R &P 0 R
AN E AT

(\x

= o~ h® TR
b Brogid WL v EREF NERDE S ER
Bt h e g S BHMER 0 HAE > 2 PP
PP E e A RS B LR A RGBT E e R
AR BT hop F B 30T 3
Foo- MHFREG LI IR BFRBEF P FES
4

i 5 (cable) ~ f» % (hanger) &t #7 78 & & %
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EESEEER S

.
EX
Food MR A NIEY & AR

F e % & 5 35 = oK o (rivulet) & %
ko @A FBEG e A RER B EAL c BHIFINIRERP
B2 P EEE > Flh B p A 2 hdrtpby < 0 T ELE b ow

T 10 B b s ERELAF A ol F

B L R RPBFRRIE IR A A e EFLR K S U

[V ANLENE T s ek S A

i

S
I~ HRRE
VE4r - f8 4 8 4 I % (aero-elastic phenomenon) » & F| ¢ ik 48 &7

FH R 53 4l (interaction) (7 & - T F 5 *}#%ﬁ esB A BT HiT
M eniT S o R BHENLA R ERREY a 5RO £ &

&
%*%%ﬁ@ﬁ%Wéi%“°ﬁ@4%“%%ﬁ@~ﬁ\ FE'Y
%ﬁ’Qw?ﬁ§%§4?&?$§4mﬁiﬁ@’”ﬁ%2%4*

FHENMEL(MEBERLE G ER2ZHE) F2HR S HFY
¢oing B4 JREe i Edp i F (airfoil) eh¥EdR 0 A ’ér_)}?; %% H R iR R
b B - A MR A D g IR 0 R ETAUR S Y R B 0§ i
F-hRERGEER < TR DR @v%}%frv(self-excned
oscillation) » @ ¢t kb i@ T 3 3% % ’f]a‘-_ ¥R & §= N b i# (critical flutter
speed) o ¥ AT i B2 BB AL 0§ AL T R RAE S LA
BH AL - deEE o RSB hE R 2 LR ;)é“(decay)i&r‘?\
F fr(diverge) » & R AR FI R Aral g D ki@ Hoay B TR AR b B
[ 2RI S ol IO i I T i

- BB R B ORERET A 5 A BN
(-) H p d R ¥ & (single-degree-of-freedom flutter)

MRS R SRR DR A R D g
(separated flow) » €7 % 2 ko N7 EXLR G - RS F L0
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EAURR SR A B RAT AL AT R

WAUFRL R TG F S e A PR T R
5% ¥ §f #= (damping-driven flutter) o
(=) = & ¥¢ 4k (classical flutter)

U SRR PRk - NN ke SN AV SR S X

LE Bl sl P EIIRS > TP LE B LS B

A

748 & ¥ 4= (coupled flutter) o i = p* AR % ch i FIE Fl g 4 R % 2z
BOomEA BApd RAREF o REFRZFIRMEFHp I REDBE &
FoF Y o BB e L e 2 XL P REe AL v
AR AFRERRAT AL  RmT LR VL P
R 5% % ¥¢ ¥= (stiffness-driven flutter) o

Bo A E LT g AR TR b odf R e S A

G ARG DRR I WRABEHER § @Y Re B &
BF B AR R ERLF IR TR E -
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x4

% - &

j\/};:r;t‘“:‘

BREES B ekl BE

?\a‘g
Wd

Jig 72
Sl 2 WO L E

- ~ ¥7 = ¥ #(flutter derivatives)

LR R G SRS I T TR B e s
P2 A 47

s
i
S
=
g

LS &

E =
ﬁ#ﬁ%i%ﬁ

EEAHF LR R FUIRR G 2 PR L § R
BOAAR IR BIREMETI RGP AN AT v B p R
% % p d &% K 0 Scanlan 22 Tomko[12]3% &) 7 4ris egp M 34 ¢
i

U2 * ' * * ]
L= plkm s kw B ek H (2-1)
2 U, U, B
g
U’ , . . . h]
Mo=PU gl A A B e an g ear (2-2)
2 'U, . B
Bd oL Mee» BIAFHFIT 4l7c kA2 b d v 2w 2 p g
(seft-excited force) ; U = ki h & ; K=2nfB/U: f, 2 S L2 » 4

F3h~h~h&oa~aZar 9y i

B H 2 A (i=1~4)5 ¥4r $ 8k -

B3k
g
2 . .
U | C,(cos¢, —isind,) i A
f B 2(2n)*h/B b
2 . .
U CL(cosd)V—lsmd)v):iH*_'_H*
f B 2(2m) o 2
2 . .
U CM(COS¢T_151H¢T):iA*+A*
f B 2(2n)’h/B oo
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LRRE G BOA B R RFARE A 1 ]

2
U | Cy(cosdy—isindr) . .+ )
(ﬂBJ omta et (2-6)

Bd i@ s pind CEC,AH A4 Bh
Al THRvELLLBpRENELEREZ 2w oo
TR AR AP 0 - TR EERSL AR G
() RBHEHMFHoLEER > CRFHIFLE v FH o
(2) RP-H & HPF 7 4 G ffal - BB 3 B A R DEH -
(3) RP-A/& AL S B RABML T BRI RDEFEH .
(4) RBA B AFHLLE v Eh > TRFY TR
S FBRELEFRSR
FARBHFLFES AR AL LH 2 RS EHBF R
oo ¥ # % § % 4 j2 R (aerodynamic damping) £ F # 4 B A&
(aerodynamic stiffness)e LB k& 7 4 47 o 3472 5 B ¥ I 41k
A IR ST U LA I SRR ) SR G o A
oo R4 ¥ AR B 4 ¢b 4 (motion-induced force) o dR 4t 0 H - B

H-FR rumy  BE&S 7 i3
my(t) +cy(t) +ky(t) = (1) +[A, F() + A, y(O) + Ay y(H) +..] (2-7)

HY smrc kAL FE ELAETRE, yryEys b e B
BRBEEH RFERN S BRRRE L B MO R
PO R AR HRF LR MONPHERF R RS A
ﬁ%ﬁiﬁiﬁéwmﬂrﬁm$%4?ﬂ4o

DRI RALFREAFTERAP I AR AR R
TAFR AR T - 26 BAFMER 8 L SFRT 8

RAZHESI o S o B R g At ER RS
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*ﬁ
I
s

i
e
E)
=%
bl

2t R 42 HA e & (material damping) g‘fiﬁﬁﬁ}%’& T @ 504
P FEd LR TS EER S ,,,‘Lﬁ“ijﬁ,‘ljéi[@aéio%
dof B LR R T A IAFE AR T HRE S RS
ﬁiﬁ#°&ﬁﬁ%@ﬁ%@ﬁ%ﬂ’ﬁﬁmﬂw§4ﬁmﬁwﬁg
B RRFFLG GBI DRE
FEA (xR g HES IR@R%,:?@*r&)ﬂ%égi),ﬁljggﬁggﬂ,}%@

EHHIREE F RS A TEET B R E T R R

3#?:

gﬁ%r—g_ﬁ*l"‘é’ﬁﬁé}'fro% i fF

A EWF ARG § B4 R o

PfﬁﬁﬁJEﬁﬁ%ﬁﬂﬁﬁ@iﬁﬁﬁwm%ﬁ*ﬁ&ﬁ

TEFC-E) AT A ERF o § BIEL

2 EE R A %W Bk RT S A2 A BT s
B 2R IITA LI HEE 2 R FHEL A
FoRerE Rt PG BRI R g Lt 2 £ o

# Md(7f’tﬂim$%4ﬂﬂ R R
R Hhe o R EARS A E Rl o F L 0 f i B4 IR g 5K
b A F ek o
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¥z % ¥ Rw AR

IR L FRF R AR b 4 AR R A

i %2 - o p 1940 # Tacoma Narrows Bridge stk 2 {8 » 4 % 1 A2 f7
LRHI g B AR AFHIERT L LT S LBF BN R st
HAAMOF BEFHFFEF L > WFE» T R{FFES DL R
AL MEAS I E USRI Ul I A R R
ik ?‘Cﬁﬁ;/i—ﬁsﬁk%)}ﬁ_ﬁi%ﬁ@q:! AR F AR o

_ﬁl‘?){ﬁﬁ%ﬂlﬂj;\to

En

<

7/ —_— T~

AFETARMHREFERIRZEFEFRTIEDS A HEBR
HFRESARGESEFHR AN IS W W SR
iéf?%)f%ff'ﬁrfé o

- @7 o ;}@v&“ﬁv A @A Ed WE@PLIF A Koo Sabzerari
& Scanlan[13,14]% % B - 2 ¥R 2 #%H %
Tomko[12] 1345 % 5 hF H s  E P X 3L m s 4 14 B ¥
BEEv R WRFEDE TN LY T EHT FHRG &
FRm > Fxip i HRere OB PRk LR TR FEDE LR T
B+ o) 2P TR b i# - Scanlan 7 1978

IT 2

“"\?

it § # 4 o Scanlan &

4?

R A YT A kAR oy AR L > Scanlan £ Scanlan & Jones
[17,18]% mF %A chp d rd ke 75 B4 247 & LR EEL
BT NAF R R4 B R Fa REAFE LR FE R
R AN > P VARMERLFHE IR B DR R
#EFRE R
WA MR k&AL G o Sarkar ¥ [19]4% 44 F 2 ¥R

R I T Y R I T R R N s
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LRRE G BOA B R RFARE A 1 ]

BciE % - Bienkiewicz[20]4 ¥ B & 48 A %r o

Ti\4

& A R )
2R E G 2 AFWETR FR R BEFRFFEG FRTOR
Bydd R giz 2 BN FRIRESF B2 IF] 7RG T
»c o Bienkiewicz ¥ [21]#5d b iF @B &4p I B F B ML FIRTEA B
@7 - LA 2 B F R R ST A (attack angle) © T R 5T b i g AR E
STn AP hIR S R F ORE > AR b STk hFIR s /R

R

TH F RN AP M L4ES o lwamoto & Fujino[22]# * p d k#e
2R EDNFEHOS BIREE DR R e Q¥ e Af

BB o AL ¢ BT o B Ao ¥TH BA R B E Bt gy
BRhET 2R E ST RE MR o Larsen[23]4F 3 &% 1 FF E i
S TER AT A ARG/ A ERLLEIRT SR AL R 2]
Boacthe FRARMT > o FTEACPBUBLLELE -2 b
Seh 2 A ERTTARELZE N A A L IR R § R TR
Boaged 5T e Jain R[] EELEF AN FIREME AT
AR EHREARE > TR PRt b B iR oo % KT

N

=

Lor bk eIl h @ d kT E-SFRINP G F B4 fE LT
RN UG - A S UL & Rk i B S
VAR TRA b X AR S F e o] o Matsumoto ¥ [25]4" # 4F

G HERAG B2 A EEA RN R L FME TR FE%R o BE N
TAEAETR AP L ARG B E pd REIR o A AR g
B2 FERA AR D RO E IR GU F[26]1 L E B R
ez pddREGE . BT BT RIER D e A FR Fic
2B Y VR RO A EEET e B
% & Theodorsen ™% B4 5 7 & o Xu F[27]¢ %~ £ % e 2 R f
#i(Tsing Ma bridge) > & * 3 "~ Z BT 4FH 2 #4&F & - Ge &
Tanaka[28],Tf;;f§_wa hACEA B E A AR BRKEF L
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7 2 0 (full-mode) ¥ 4% A 47 > & @ v g > HE & & % H0 4 (multi-mode)
BEL A 7% % 2. £ B oFoti & Monaco[29]4 ¥ w& § (white noise) i 5 %
2 FRdnG vt E pd R (1-DOF)A AL 4 w2 8 B F b
Phongkumsing % [30]% 3 i« FE ¥l E B RBFFIRZF 2 - &
PN TR Bk R P Y AR g BB R
Mo REFHREEG A AE oL R TERE N 2D
FRUAEAR L EA o R E P RIREL & G P R E > & H R
SR BN BB AR R PP B i sk o Noda £ [31]02 b F F %k IF
HARREREAHT FRFEVHEFHRFEOETF SR FRE
HHREEFHS REFREEH,ZA, > L 63 FWRALETEY
10% o g- ¢k » i%ﬁz‘i#ﬁ;%}é%&ﬁ: R A B EE e dRE b R f%“;ﬁﬂ/;}%
R F o m A Se i e AW L F A § B il
BN 2 e 6o AR B 2 R ] e P &ML] S 1 % [2]45 47
4

ot
It

F_%

Al
% H

+ 2§ %iﬁ%ﬁﬂ%wﬂﬁméﬁaﬁgi&ﬁ%Tzﬁ
FEPEREE %[33,34]iem Ft A FF £ 1= £ F (tuned mass
damper) &' i< & ?&#ﬁﬁ’ﬁ%—%’i’a‘ﬂ%ﬁﬁ ez s ® o gt 3 X [B]4

HEA PR AR B AR RS 0 2 B TR
(BID)&? b &% hocd kb 7% T2 7384 75 > 2a=EdHk
2§ B4R

TG MEY REWR S AATERABEF B R

il A g A e s

g

Santo ®[35]& #H AR G e FU R FFHEF A FREA
Moo i g a4t BERT Y g kv otk hfFiRT > T35
A4 g h ek SR A R h RIRT T4 el f
T iope 4 dic s &) o Larsen ¥ [36,37]% * iz if i# (discrete vortex

method; DVM)FE R 7 I %76 Ak i 3 in g & 4 3R % o 5 % 3 e 2R3
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LRRE G BOA B R RFARE A 1 ]

PEERFRHRTG - KL L ARRR AR ERRE S
- 3 »1 & - Kuroda[38]i# * '3+ h 2 ¥ 3 8 § #% ¥ (Reynolds
number)™ » & A ETG hF F 4 B BERHNEKEKNRESET R
78 Bl endE 4 R 5 ¢ & o Selvam & Govindaswamy[39]i * < jf HiC
#% (large eddy simulation; LES) g Rl A Mypieh & 0 S5 F RS FHFER
AR RIEATIR R % L A A dE o SRR 2 [ 4 Tk #i(drag coefficient)
BEvE MR R EHRES O RATERERLE DR T EESR KR R
45 - oo m[6]04 ¥ R &g on (weakly-compressible-flow method) £z <
el - S RN N = I S S A SR LR i I ST S S

N R EFIRSEDE RS RS GEOPF B P ETG AR E

B

=

prebs T 4 GEEREF S P AW < o8 B o8 T4 G (lift
coefficient) ™ g ¥ kiirc & 2 LW @ 23 > ® fscd 2 23 &) 2
Bha s Gls e D Gl K[T] R AE LTRSS BER
P E A d B BAN A F R N F R B r 28 R RE
BRI FE SIS ERE o m LY F R YR T F e K
BoSNE TR N RN S - MR SR F R BB R L2
¥ o Jeong & Kwon[40] # * B & a3 "L~ Z2 > ZHEHEe A7 F
A AEE  BEFREEERETHRES TR A LR
BIERIBEIR L i PFE G B ek R o Fang #[41,42] A w4 2
* kA ET G 2 i}%?“"lh/}?pé% f‘fi}%i,’&,i?ﬁs R rtr ¥ EicE
R FHME B2 FRl- AP R BT RS E SIS A
TE4T > Tbe o B Y BCHR
mEESHEI G BT S RS B F R RE
BeE LR ol B % B ApE BT o

k'l
3
H
pl

4.%_

s
Jd

L
=
«

=3
3
!
4
i

Bheb o e r ot B AR K Sk u e 2 4F 5 Shinozuka % [43]% 31 4

FRCEIR T R A TR

Y
e
I

B -] L 2 % (least square
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approach; LS) ~ 1 £ % # % (instrumental variable; 1V) ~ & < g 2% & ;=
(maximum likelihood; ML) 5 13t 4 & + & & 5 & (limit information

maximum likelihood; LIML) » M s pFr B B 5] > 2 2 & § & = 4
AR(auto-regressive) fic ;% - Imai % [44] f gl Ay v it 3 2 vh s MEyE I A W
+ ;% i Ju & (extended Kalman filter) » & %2 & * & fi T L
% k&R % %4 - Pappa & lbrahim[45]% B & - R i * >t p d Jré
g pF B2 o b lbrahim pF R 8k 3LoEk w) 2 (Ibrahim time domain
identification technique; ITD)? & d5 % v p & FR2Z IR F B LPF R
BAEE R IR P RRFIESF LR odR i 0 AF BORCRE P
A k2 pd R 4RBFE RS o Mickleborough & Pi[46]51 * % g

BHOARMA -2 ITD W A5 R B2 RAE 2 F & o HRE[8]R

'

o3

SE R R R T SRR 2 R 2 @R g o Huang ¥ [47]7 i
PR ERpd F BRSSP RFEREES B £ {1 ITD
TRERP - R ORBFLIEEFE o ME[B]I S F N2
(subspace identification method) w32 % *] % e & & » & @ Fu 5
W kst ® g o ¥oob > AT IR 2T > Sarkar ¥ [48]7% 44 P

& Tsurumi Bridge & 7 1 §a 4= FE feehisw o
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S ¥ hOF RS

Yr i RbOFE%

At}

e bk oFR&E o e BEG KRR ) s A A

ml]}) ~ T fﬁﬁ‘fﬂ?‘bb (B/D =5,8,10,12.5 g 15) 4%*@1' i 7 B P

EHARM AL AT R E T BEE BT E (0%, £2°, KR T R E
H

Fz BRI FAER A F B R

F- 8 FRRAAMRE

-~ hOF kA

BoFRFEFE RPN FIMEAFT TR FFTHRTET b F AR -
LE R PR AA(FLE 41D ERERL 779 m X H AR
F9012m  BAABFAZISOImy 2L % - 8% -3 BRFEREG
AB L Amx2.6mE 6mx2.6m)e b F Y 2 F o hd B ARG H T
DR B(E 4TS mBRE S Ak x5 4 5 500kWo A F #5390 rpm)
PRE 0 T W ERREFF S 2m/s 2 35m/s 0 BB b i 5 39 m/s e &
o ARk YR - BREE ?ﬁ?ﬂﬂi%{ﬁﬁi?é@ﬁ(%i@ 4-2) B b R
MOE R & (0.17%3 2%)E 35 3 (uniform)z T 7 it (smooth flow) ° 4f

=5
o

e A kT HEwZ ERP100cm &R (D)F 25 4ecm(4 2
B 1-1) 2 5% F (B/D=35,8,10, 12.5 22 15)7 # rmﬁgggiﬁm T

B (B)A B % 20~ 3240~ 50 £ 60 cmoé’g#ﬁ’iﬁ*’ﬁ—"“léﬁ o
W) 3 % 2 12 % v (blockage ratio) ] 3t 4% o & F &k n 2. oo i

A :E %2 % #B(Re=UD/v; U 5 kinh #)% 2 5x10° 3 8x10* 2 fF o
SRR R T K
SR AL WIFL RN FRESCBRZ LR ALY ZHHE
A2 e BEELFEFEPE L UE T ERA o MRS RE R T
(4o LBl 4-3) 0 FE R R 2 B R 2 4 % 2 R B AIHR R E TR K
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wroRhEY  FEEFPRALGFER N ETHMEELE v 2 A
AEF 2N e 2 A AES o REF 2R e B R

AR o gttt KA TR - N B BE o LRGN R AR

B ORI AT b 2 e R

2 — . . Removable Corner
; . Main test section . ____
%;ﬁ_\_\_ . |
, ATt | 1 = HA
= R = = | !
sA'— I T 1
- = s | AR i B
' SESSEMlz==cyRnn=s -
: % g L [ m=mllincns
S g2 e : i
L] f
Fan Secondary test section
NN - 0 ~TTEREEH
i I R R = R iy
= Top view of main test section IR
1 i OO DOoDOoOOoaGO |H

FHKR AELER

FRLR: 4@ Em

Top view of secondary test section



SR b FIFE%

W 4-3. & A HI W

Deck

W44 RBpARBYEHT W
FHRKR: AETER

~hoiE 2R

Jir

RoFsES& Y RIER @ Y LA R (B 4-5)f & E R

'S

PR 4-6):2FE R od A g BRIk BEL > 5d BRI EHE
TR ST TR G E A A/ (A/D)IE AT U
SEEE S R AT R R A FREAE S RS L

BE(Ap)S » T E MNP HE AR E(pair s TF RR)
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LSRR I F B AT R RS 41 ]

U= |—= (4-1)

B 4-5. i#"?&ﬁ‘%"’
AP FR

=l
ST
=
S

FHR KR AETER

w o~ R bR A R R

Wk MRS R ()R LR HARE L BT
A REFTER T EEHID T EBR 4-7)E F 4 F (B 4-8)
BB E A o ST SRR S KD AR L 5

FEPFLFPFRFIINRE L HEL - ERFFEREFPNRLIRE
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e i RboFE%

L - :';\-i S 7“ /,/;J‘
B W 2l ¥ NEHEEF R F WEBEFIERZ FER G T R(EF TR
RN LR o ~ 15

S = " B 7 ) i
5 1 volt=1 cm) > & it - ¥ K F A A 47« 5 ¢ F S RIIEZ $ 1

2 = 9 :‘&:i )
#E 5 500 Hz > 3R 5 152 §)(F = B4k 76000 & 7 #)

L

R DO T B % (R B 4-9)= Bg /#c = (A/D)#& 3 {5 > HpE R
B P Vo5 TFf A

Y e R TRS AS -i;fr °
B 330 7 P 0 X IFTi - b sk
FFREREFT N T IFE-
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W 4-9. FRHFER L0
TR kR AEY KR
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%‘Q’-.ﬁ- &./}Fpé‘%

GRS 1 TR S

Piﬂﬁﬁﬁ%Wﬁiﬁ%{i@&ﬁ%%1$%%iﬁﬂ—
BA b ® o kdpd pd R DB R RS L& ¥ & # (Fourier
transform)$ » =4 F AR H b w8 BT B S T L BHEL P B
& o

S JE R

MR A e R (2 AR AEHEY P RR MR E R
(logarithmic decrement) =77 /2 o 4c @ 4-10 #777 > A & (FF & Ikt
% R ¥ (rate of decay)fé » H N T BRF IR LE B oy, W E oy, it

W AEE o B E R

(4-2)

ik

N\u\-
5
=
o
=

L 4R B %

X

)
#

=

4-10
%?ﬁi%f}ﬁ:j\lﬂi pLc

B E P e R R FEAL N KRG
g FIB S IR RANERP BB AP E L nF A P s B
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§SHE S O 8 BT RES T

FER Mo AL 5 BRI kBT fE R gl EAEE > 7
FI*BFRLEE LR AR RERP > AR %D
e -

Y FRIER @RS BREL N RGN F R R
T
= @R

dONHEA LD R H Rt A s
o AP T2 ERR R I % 2RI R B SR

Fiten= 2 RE[9] H B AR 4o fd

k
o = 1 4-3
YOI+ ()
1 I 1
Y — = 4-4
2 = (4-4)

e o I RERFR 2 BB R LA e P b

R =me’)n 0 omi AN A AL o, b e
BHRFETS A RS ks FRLHFEREDR
(-4 7 @ 1+ 5 dofs 2 At

Y=aX+b (4-5)

S A ST N S S S SR ACOLE D
Yo g FAgEe e o b ff £ 0 SAp 2 X B o W ik g
T > A (least-square) i F » ¥ R 7 (4-5)5% 2. e Fa % - oo
iz e R (k)T 5 pF st Y BEE BE(l/b) 0 @ AR kA

FRz e 2R REEAF 2 E(ba)-

32



r

34l ML BHERE

>

P ROk

=P

vms CIBD | ET | HY 2| 0
5 3.676 | 3.464 | 4.243 | 3.485
E M 8 3.734 | 3.508 | 3.832 | 3.645
10 | 4.287 | 4.056 | 4.328 | 3.949
M (kg/m) 12.5 | 4.493 | 4.244 | 4.753 | 3.994
15 | 4377 | 4.180 | 5.044 | 4.306
5 0.038 | 0.037 | 0.041 | 0.037
EEEE 8 0.046 | 0.038 | 0.054 | 0.041
10 | 0.061 | 0.047 | 0.072 | 0.058
(kg-m*/m) 12.5 | 0.076 | 0.060 | 0.096 | 0.066
15 | 0.099 | 0.078 | 0.140 | 0.094
5 5.005 | 4.944 | 4974 | 5.157
£E e f, |8 4.608 | 4.761 | 4.456 | 4.669
10 | 5.096 | 5.005 | 4.993 | 4.974
(Hz) 12.5 | 4.974 | 5.096 | 4.944 | 5.066
15 | 5.066 | 5.188 | 4.974 | 5.005
5 9.064 | 8.881 | 9.003 | 9.247
pag s f, |8 8.545 | 8.331 | 8.026 | 8.484
10 | 9.247 | 9.033 | 9.012 | 9.003
(Hz) 12.5 | 8911 | 9.033 | 8.881 | 9.247
15 | 9.460 | 9.399 | 8.392 | 8.942
5 1.811 | 1.796 | 1.810 | 1.793
8 1.854 | 1.750 | 1.801 | 1.817
AT A, 10 | 1.814 | 1.805 | 1.805 | 1.810
125 | 1.791 | 1.772 | 1.796 | 1.825
15 | 1.867 | 1.812 | 1.687 | 1.787
5 0.50 0.50 0.50 0.50
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(%) 12.5 | 0.58 0.50 0.58 0.55
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