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Fig.1-2 Projects of ultra-long span suspension bridge in the world
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Table 1-1(a) Highway bridges using FRP members

. Completion . . Member
Name of bridge years Location of bridge Type of structure and so on applicd FRP Ref.
Historic bridge in Nebraska 1960~ Nebraska, USA Honeycomb panel Deck 1.47
Second Severn Crossing 1960s Severn River, England and Wales, UK U-shaped FRP Drain channel 1.48
”"Moduled vehicular bridge” Uncertain Philadelphia, USA Uncertainty All members 1.49
Bonds Mill Lift Bridge Uncertain England, UK Uncertainty All members 1.50
Bow Meadow Bridge 1995 Lake Cresent, Washington,USA X-braced truss Support frame 1.51
INEEL 1995 Idaho Falls, daho, USA U-shaped FRP, rectanglar | 1y 4 og girder | 1.52
pipe and laminate
Winterthur Bridge 1996 Winterthur, Switzerland Cable stayed bridge Stay cable 1.53
. . . L Deck and 1.54 and
Laurel Lick Bridge 1997 Lewis Country, West Virginia,USA H-shaped FRP deck beam ber 1.55
”The West Virginia L Deck , girder and
FRP composite bridge” 1997 West Virginia, USA H-shaped FRP deck support pile 1.56
. . . " 1 span simple
Magazine Ditch Bridge 1997 Delaware, USA support bridge Deck 1.57
. . . 1 span simple . 1.58 and
Tom's Creek Bridge 1997 Blacksburg, Virginia, USA support bridge Girder 1.5
TECH21 1997 | Route 128, Butler country, Ohio, USA U-shaped FRP, rectanglar | 4 o0 g gicder | 1.60
pipe and laminate
S . . 1.55 and
Wickwire Run Bridge 1997 West Virginia, USA H-shaped FRP deck Deck 161
Russel County Bridge Uncertain Russe! County, Kanzas, USA Honeycomb panel All members 1.62
. . . . . . L . . Reinforcement in
The Mckinleyville Bridge Uncertain | ‘Mckinleyville, West Virginia, USA | 3-span continuous bridge the concrete deck 1.63
. . T 2-span continuous bridge Deck, girder
Kings Stormwater Channel Bridge 2000 Salton Sea, California, USA (Concrete-filled FRP shell) and pier 1.64
1-5/Gilman Advanced 2003 University of California, San Diego Cable stayed bridge Deck, girder, pilon 164
Technology Bridge campus, California, USA (Concrete-filled FRP shell) |  and stay cable ’
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P 2T, BURTIE, AR —7 MTERTS FRP L LTI CFRP RELHE L RSN D, 7238, AHET
IR AT o TR, FRP &y —7UCHEA LicRfe LT3R 1L75)0E &5, Zhul, KE, FrF ¥
—MoYar Y L BELEYT 7 | LR B IR LT BB DB X IR R ST, FEREEN o4m BLIT
RIS 32m O 3 BRRTEGEREEOSER/THY, IR —7 NV HEDTET GFRP DB REFEM BB L
B, ER 175TH, AESEOREHIEERT AV, ¥ & O A TRESRANT L IRIBRIZ AV o IRERHE, &
F USSR OEEBTRENRESNG D, Er—T VOV —R — SRR T ORIEIZ OV T AL bV TV VR
W TIUL ATOEHE GRRP & Licicl, EHICAETBEALY bichaa L 2ot 2L, SEBETHBID
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A LT BAEORRICET A®mE TRV, ‘

Table 1-1(b) Foot bridge and so on using FRP members

. Typeof | Completion . . Type of structure Member
Name of bridge bridge years Location of bridge and 0 on applied FRP Ref.
™
Longspan Prestek Footbridge |  1990s San FranciscoUSA | TR member (Chamnel 4y poryperg 165
(E. T. Techtonics Inc.) and hollow section)
| Pedestrian
Konaji Bridge | and vehicular| 1992 Iwafuns-fown, Cable stayed bridge Stay cable 1.66
. Tochigi pref., Japan
brdige
Aberfeldy Footbridge | Footbridge 1992 Aberferdy, Scotland, UK Cable stayed bridge All members 1.67
Longspan Prestek ™ . Olympic National Park, Prestressed truss (Channel All members
E T Techtonics In Footbridge 1994 Port Angeles, and hollow section) except deck 1.68
(E. T. Techtonics Inc.) Washington, USA
, - Pedestrian Huntigton Beach, . .
"Public pier pies 1994 California, USA Simple girder Deck 1.69
s - . Port Huenume, Simple girder
"US Navy test pier’ - Pier 1994 California, USA (Hollow section) Deck 1.70
"Foot bridge in . West Virginia University, | FRP member (Channel ) .
West Virginia Univ.” Footbridge 1990s USA and hollow section) Deck and girder 1.71
Longspan Prestek™ . Haleakala national park, | FRP member (Channel
(E. T, Techionics Inc.) Footbridge 1995 Maui, Hawaii, USA and hollow section) All members 1.72
. N Pedestrian Bar Harbor Yocht Club, . .
Pedestrian pier’ pier 1995 Main, USA 3-span continuous bridge Super structure 1.73
Pe"sin“a‘:“a:(’,fdge Footbridge | Uncertain |Sea life park, Hawaii,USA| I-shaped FRP Girder 1.74
. . . . Jenson County, Suspension bridge
Levisa Fork Bridge Footbridge | Uncertain Kentacky, USA (Pultruted FRP member) All members 1.75
Work platform for Work Uncertai > Po:lvr;ell:li\ln\:clea.r Pratt truss All members 176
nuclear power plant platform New Jersey, USA (Prutruted FRP)
"Cable stayed . Tsukuba city, Cable stayed bridge 1.77 and
foot bridge" Footbridge 1996 Ibaragi pref., Japan (Pultruted FRP) All members 1.78
. . . . Cable stayed bridge 1.79 and
Kolding Bridge Footbridge 1997 Kolding, Denmark (Pultruted FRP) All members 1.80
The Mooring
Construction Footbridge 1997 Harlingen, Netherlands Simple girder All members 1.81
at Harlingen
Pontresina Bridge | Footbridge 1997 Portresina, Switzerland Truss bridge All members 1.82
(Pultruted FRP menber) ’
Stay cable and post-
. . . . . tensioning tendon
H Footbrid, by
erning Footbridge Footbridge 1999 Herning, Denmark Cable stayed bridge and reinforcement 1.83
in deck
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Occurrence of failures !! pccurrence of failures ! q
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Cable tension o Cable tension

(a) Side view (b) Cross-section

Fig.1-4 Failures of CFRP cable at the vicinity ofa cableband
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Coating

(Polyester fibre+Epoxy resin)
Composite
(Carbon fibre filament +Epoxy resin)

Steel wires
Pl

CFRP Cable —
(constituted by using CFRP strands)——

TE——.

Steel wires
(a) Side view

(b) Cross section
Fig.1-5 Concept of Hybrid cable
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AERATME L 725 & 5 CEE LI b0, ERORE L Ir—7 VEOKIL, BIATKERE Er—7 g
464mm, FEE5.1mm) TOO011 LRBDIIHL, AHEE GEREORKE 5.0mm &§5) 110057 THY, r—
T ASEDTRRIT B LTS AR TR & faote. 728, &4 DSROEIBAYEIET STI5707® L ITR%
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LU, r—T IS SERARDT L A— iy VEE L L. AT — 7 MIGRIROFETE Table 2-1 (TR
F. E SV IUAL Y, MROHTE—7 MR BT L BHEDRR P TRV b RREE
BLT, EETAVLNAEHRD - MBI 2T, EE 1.96mm DR FE LEkRE AV

FF TR — 7 MG R T 5 OB ISR T 5700, ERITHKT LU TRROMERRE X
U= #HEERBR L, TS — 7 SR AR 2, EEORMS 4 BEDTED > MK L TE 6 090
DRBEAER LT, 7238, Fig23 (o & 518, BBMEO-TET- 00 %R P % 350mm LLE, 38 XURHERE
L% 200mm & L, &aBaike BB Lo THESND > X IRELZ. T, RBHEL, AMNUEEREHAH, HBS
b UAAEHERE - RS 223\ T, THBS G 3501-1979 A THR — 7V SR> R OF [FRIEZHERR S
AREAEL L CHESNS, IS Z 2241 [2BAEIS BERBAYS) (CHEIL U7z, ST 100kN #RvI VIR 75 i
FVTH, R OEEEIL, Photo2-1 (T & 518, SMTHBA OERLIHTH L BROREZMS, Thz—
SEY b L-EAOKRESEYEL, HEICHRERMELE L TRBEOT v v 7 [T 7o, SRR, B 5.0mm
SBEUT 15KN, E7R 32mm SREHE 6KN, AR 2.6mm ST KN, 35 XUV 2.0mm SEERIT 2KN OBGFRTEE CIIE
TOHTEEL, THUIRBRAORYTE T, BSOS 3~30N/mm’s THA Lz, SbIZ, HERRT
i TSR AT U, —E— I X W RROOTHELRE L. RBERO—FIL LT, EFRROKEHS5R2
FF L BMERECE Table 22 173 SBRER LY, EAR 5.0mm SR HBS G3501-1979 IHE SN D, 160 * niksiiy
OERAE (1570N/mme LE 1770Nmm? LA F) RT3 Z L0905, Fi, BERERE LT TOFEIAT 200000
N/mm? YA ERE Bz,

KBz, Ty F UL Y E LTRAWARE USSR 2B T 5720, 72F LESROMERER b K L
7=, SREREL LT, 2F LEEBROEREZBBN A VhD, FRARITED 0 PR Ciaiz<, nA/HE P 21 60mm
BRERTE B X 512810 H LT 8 % AV e, BBO5TE & LT, 100kN v/ VELE B 4 A Vo5 iRz TR A L,
Fig24 \ORt X 512, Bor— 8 BV0TRe, RBMOn— MoV DVEIFEZRIELL. 728, IR
DHERAL EEMEATERT BT DT LA My FU 72 52 Thbili e Tore. BERERO—FI & L TERI5 154
B & MRS % Table 2-2 1 2RF.

PWS : ¢ 5.0mmX253

Filler wire : ¢ 2.0mmX12
¢2.6mm X 12
¢3.2mmX6

87.642mm

¢ 2.0mm
¢ 2.6mm
¢ 3.2mm
¢ 2.6mm
¢ 2.0mm

Photo 2-1 Grip equipment of the test piece

Fig.2-2 Cross-section of the specimen

. o= =0
lc L=200mm >]

PZ350mm
= Uniaxial gauge

Table 2-1 Dimensions of the specimen

TR A "y BT Fig.2-3 Gauge and grip length of the test piece (Galvanized steel wire)
Longitudinal olastic modulus (N/mm?)| 212301 = o
Outer diameter (mm) 87.642 RB=30mm g, - F2=30mm
Void ratio (%) 152 P=60mm
= Uniaxial gauge

Fig.2-4 Grip length and gluing position of the strain gauge (Wrapping wire)
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Table 2-2 Mechanical properties of wires

Diameter |- Total no. | Tensile strength | Elastic modulus
(mm) | ofthe wire (N/mm?) (N/mm®)
Galvanized 5.0 253 1741 212543
steel wire 2.0 12 1809 199799
in cable 2.6 12 1550 208035
specimen 32 6 1546 202723
Wrapping wire] 1.96 - 325 202176

2. 2. 2 EBRAELHEERB

KERTIL, F—INVENSIRC LB r—7ARIE L T v EL T VA Y ONFEBERET DI, 3 |EERE

BT UCER LIRS, RinTRRL e LT — 7V ONFEE L, 5w Nr—TNDr—T Vs R

\TBI AEEE R ORERIET BT, BITEREER L. i, IThHOWEDOBMIZILFig2-5 W
EBAEAGE. T0Yh, F—7ANEHOERIL —7 R E K TEEPICE TS TRE LT 2 B0 2000kN
EMED ¥ v % 2RO CHESE TR L, SRR —7 A E0DT L— AIZFRE L7z 600kN BMET 7 Fax—
ZEFINT, —7 MRS TE Y [T — T Ay RE U ORI CHA L. s =RICRT DR
DB, FEDr— T NEN % —7 MG LIoRIED D, Fig2-5 OFAE, FROEE3 B DI —T I
Sy REEEDITRIC, ETRER ST AHECTER L. B, r—7 N\ RO, F—7 N5
MNZIR o Ter—T NN FATDT —FOFHOBANITEHRE L 2D X O, Fig26 \TFT, /v KRN MALOHF
DBEE R —T Ny FAEICES LB — 6 ADOUTHORADHHEZERL TTo%. ETL, FBROB
BFIOZEERY R 720, BTHEIIEN - BTz 3 EgY L.

AEBICBITAREERIL BEERTIII—TINEHLT LI TALYOUTH, BLUBTER T —7
NS, ETISE, r—TABERMKE S —T NSy ROSEATER L, FROOTHTHS. Z0IH, F—7W
EHOREII % v ¥~y F L ERHTBA L 1000kN fo— ezl 7, =7 —T

sy KOS HTAER DBIREIIZSAEHE BV, 7 — 7 WV R R BT B ET D a‘ﬁﬁ;’ént, Fig2-5127~7,
% 1 BIE 2 F—T AERICFNENT &, B3 BEUB4 r—7 VM EN TR 12 K, REDOT—T VSV F

228, BEUPROS—T N30 FIC3 HBEL, —hbir—7NENIGUTREBBOTELTo/. &b
t:, FRBLUOT v 7UA %@U’é‘ﬁ&iﬁﬁﬂ/f—vwﬁb VCRIE U, BgOEy — ORMIAIEIY, Fig2-7
VSR, —T ANy NEEOWTE A, C, BXUD &4 —7AEMOWEIERRICALE S HUTE B BLTUE THY,
EETRCRVTIE, Fig28 IORT L9, F—IABAEORRC 12 BOEEMS — VR LI —5, Ty
70 A S DM — DORMSRIBI, Figd T I\ORT, r—7 A BEEOREF, HBXWL, 53 7r—7 /Vilk+
RONFE G, BIUME 3 »— 7 AEMOTR»LIEEIHT 3 84T WE I BIUK ThY, BEE T3~
DS — OB L. BB, Ty Mr—TAORNT, BEOERP, UTSHEIEEOT v ek
A7 VBTN 10~30mm %%Eé%br%ﬁrh/f— DEREF LT

{

West East

4500

Jack
(cap. 2000KN)

%/‘%‘
g R
=N
111

2032

..,,.1&
/|

PP YT 5 N L0 | 3rd cablemember | 2nd.cablemember/ |  1st cable member -
__Eﬂ— 4th. cable member l i \
2256
4400

2056 Li:cdmg
girder
Load cell

19%2& (cap. 1000KN)

Fig.2-5 Test setup
16




66:13
19

AL3T. .

215
215.

= Uniaxial gaugel (axial direction)
Fig.2-8 Measurement points of axial strain
on steel wires

Cross view

Side view.

Fig.2-6 Gluing points of strain gauges ona cableband

3rd. cable member

West . 4th. cable member
Fig.2-7 Gluing sections of strain gauges

2. 2. 3 F—T7NERIDORE

AEE L, BEEOER 29 L AITERHEO B 6 187 [T 2 BERERIT, — 7 SRR
BB —7 VORI L IHERE 25 & 5 I —TAENERE L. T NVERNOREC ST, gl
PR U CEI SN B b F & Tl R L CEH Sh B b v Dlk e L TRENB RIS 2,
B LUV — VS L SRS Sz — 7 A ORI & UTERT 2R TR OBBRE AV T
nBDSH, ERTICDRIL, ARERT Fig2-5 (OR BRSBTS (Middle support) BRI —T AR
ICHITEET 2R, BLUSTHR 24)8 25 CHRE SNARRREBIC — NG ERE LU CETEg 3 4R
LTI, Fig29 1R, PIEEN T RS SIoRIEND, 130 ORRICKRTHE P o #irsn 3 RS
DIZEFULLCER L. ¥72, BBV, FWERERge LT, Fig210 iITRTX IS FREHPLRD
I sy R 2 SO —T VR DNIEATETH B & B2 L TEMHLY TET/MEL, FERMPRIIAN T
—AEH e LORESNAER, 130 OFRICETHEP L UTERTALREL TR L. &bIT, ARHRT
RRSCE R TR S Ul r— 7 VSRR B AT 2 RIUCR LT, Fig2-10 IR & 21, ¥BRN T DAEAT &
RSREED D, 11D O ERTE P ST SN A BEMERIL D ITETVEL TR L. 725, ZhbDE
L TSORB RS, — 7 AENORER BiE LIAREOFHETH BT, F—HICFREEZRE L.

FF [ R —7NMEREEFEITY LRELEE_RE—AV N T B — I NGRS ST — T
NES, BIOE &7 —7 VEREOEIEES L LT, Fig2-9 O 3 REERIZ Y 2§ 2R THitEE

T
/) =11}—— 2.1
My =1, Bl 2.1)

THT &, Fig2-9 DAF DERTIOHIRNTREIND.
N

c S _ aC —*7" |
ol (i T @.2)

W 1 1
(‘"l’)z{?t_s_ 32(6+2 }

»»"-
— e ey

¢ coshul, -1
R : 2.3
4 sinhyl, f @23)
. 2
sinh %Iz—
=2 —- 4
h 2 sinhul, @4
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1 sinh? #y
gy = m 2 ' @.5)
4 ulsinhul, ;

_ (1 — coshsul, +sinhsul, tanhsul, (1 - coshz»:)ulz)(tanhs;tl2 - splz)

) eut, - sinhey,) +

s _ 2.6
¢ (tanhstulz —eul, )Sinhs.ulz (tanhsl‘lz - Sﬂlz)smhgﬂlz @0
BXIU
6= -2— | @7
THD.

—ﬁ,1%#—7»&%@%%%@0aﬁﬁbt%@:&%—fyb,béb@%ﬁi&—f»@%ﬁ%%m%&

RELEWE _KE—AVN T i — T NAEMRIC BT SN — T VRS, HDHV BB — T VDR

C EREERT B AN, BIWE B—7 G, I BUNIEEE S — T N OBHRE L LT, Fig2-10 OREERH
v iR AEA TR ’

[T
L =1 (2.8)
Pig =iy El

T#&% &, Fig2-10 DAF B AWEERE R RO —T NS FIZRT AERTIEDRIRATRIND.
v 192

i s +r7) @9
ZZiZ,
1 sinhz%
» =y L 2.10)
%o =;13—(?S:%%y—l;)- @.11)
BIUG
1 sinh%3
Vs =Ef S, (2.12)
Thsb.

hods, BEAETANELOEREIC Sl > TiE, BHEARE 200000N/mm” 2 A\, BEEr—7 BT A — T ViR
#, BB, Fig2-10 ic3siF 90 —7 VA Tid, KR TRENBHMERBICIY 2/KF) H 2 vz,
w,l,’

8f

TS, £V, b EEER, BIUw, EATMERETHD.

B DER 2PNt B, T — AR, ERUGROTEEET L BT DB E Tible 23, 6 X U
B0 G 6 48 202D EEsEst L Q. D)~ 13) & AV TEH LIRSt A% Table 24 1KY, Table 2-3 Xy,
BEDERICIT B & — 7 MR ARSI DT LT 04 BET025 ORRERE TS Z £2353025. FTc, Table
24 1V, FRERCHT S, EEEr—7 VTR bHIZ LT 026~059 ORREEZHT ST ERDB. T
<, AEBICRWT, P —7NVENEER L — 7 BRI LT b, “hb & ISFEREOERITIHH
PRt RERET S L 51, TS —TAEA L LT623, 980, 1225, BETM 470N ZRELT.

B DEE — 7 VRN R AR AV S 7 —7 MR R LI DEIRTTI-bAIOVWT, FRXAE
BB UIBA L BV 5 LB AT L TEIEN Table 25 (TR T Table2:5 £0, TN HOFERY —7ABRINHT
BIEERTTIOIT03~059 THY, v VPN LEEDERR L UEBOER T bHOFENICH S Z LD, hb
DU —7 VBN EET 5 2 & T, BHEOEROS — 7 MERIECEBE —T Ve I HFEREE ORMEN LS
narEZLNS. T, r—7NHEREOREZ LD S, W — T NAEINT & AR ARNEDBRE RS 728, K
QB IVQERWTERENS, AR DETENTRRELL 2L, 55N #) LIERFEI-DHDBRIZONT,

AR RE LIRS LR A LA L TEN TN Fig2-11 \UFY. 2%, Fig2-11 12, BRELETr—7 v
EHICST A ERTE DA, BIUEEOER - EEBIBTomEOEKETny PLI.

T=H= 2.13)
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ey

T AY B C D 7
3 i 7 —
L & L 12 \| 1,2 J IR
~ T~ LY L P
Fig.2-9 Model for calculation of the bending experi
Wq
H H
47"_}_H_H.}__l_i__{_i__{_#_H.}._H__H.J:J.H_}__LH_} 20
s
T 4
T L2 A 2 -
F T
T AY F D
le 152 J. 132 N
Fig.2-10 Model for calculation of actual bridge cables and the bending experiment
Table 2-3 Non-dimensional deflection at existing experiments” 25
. Moment of Ratio of Non-
Initial .cable inertia of area L:ngth of Length of tension and dimensional
Exp. Case t;nsnon of specimen SII ¢ znpma)n m:;un (SPZn bending stiffness | deflection
. m
&N) I Gy 1 p ul o N
Case-1 417 6.4 0.40
: 1605924 2.178 5.644
Case-2 834 9.1 0.25
Table 2-4 Non-dimensional deflection at actual bridge cables
Span length Sag | Pitchof Uniform Horizontal | . Mo'ment of Ratio of teqsnon ] Nor}-
. . span | suspender inertia of area and bending dimensional
Bridge of main span . dead load force . . .
1, (m) ratio ropes wa GNmbey | T o of main cable stiffness deflection
" fllw | 2 (m) ¢ ' I @Y ul vE ¥
Akashi-Raikyo 1991 0.10 14.2 417.48 520 0.050 6.5 0.49
Bridge
Ohnaruto 876 0.09 10.6 372.05 216 0.016 5.6 0.56
Bridge
Shimotsui-Seto 940 010 131 413.46 243 0.024 5.9 0.54
Bridge
Kita Bisan-Seto 990 009 | 131 414.83 282 0.031 56 0.57
Bridge
| Minami Bisan-Seto 1100 009 | 131 440.02 333 0.040 53 0.59
Bridge
O:;.’“‘“ 560 0.10 12.0 16433 58 0.001 10.7 0.26
. Bridge

19




Table 2-5 Non-~dimensional deflection at present experiment

. Non-dimensional deflection
Tension EAN
I kN)
Non-supported Supported
1470 038 0.30
1225 0.42 0.34
980 0.47 039
623 0.59 0.50
10 7 Supported Non-supported
i \ O 1470kN (Supported) & 1225kN (Supported)
08 F A 980kN (Supported) O 623kN (Supported)
T B 1470kN (Non-supported) @ 1225kN (Non-supported)
L A 980KN (Non-supported) ® 623KkN (Non-supported)
- 06 [ T o O exp. (Case-1) o Old exp. (Case-2)
2 L A A Akashi-katkyo Bridge © Ohnaruto Bridge
Ca ' | | ® Shimotsui-seto Bridge ¢ Kita Bisan-seto Bridge
04 — I Minami Bisan-seto Bridge _® Ohshima Bridge
i .
02 | -
0.0 —F
0.1 1.0 10.0 ' 100.0 1000.0

Ratio of tension and bending stiffness (ul2 or uls)
Fig.2-11 Relationships between non-dimensional deflection and ratio of tension and bending stiffness

2. 2. 4 FyCUIEHOREET—T NV FORG

KEBTIL, TAYT v BV AL BT HOHENRT v 7 W —T NOIHEB RIETREE BT
=, Ty EVIRTEOT Y SRR S T3 BDT7 v T Wr—7 AR EEWE LT, Ty L
B0Sy L rEAE, AIEEEORE 6 B P P0RERELITV, ARERTEITHRAT —TNVES

(1470KN) DEEFREBICIEVTS, K7 VIHRICE DT v EVIRADRIWELT, RRET—T Ve R
DEEDHTEIVEDIS X S ICRE L. fEs, Ty BV IHINOT yErTRIET Y v’y JEHDIER
1D 5y L UL FICE U U A% Table 26 (9. 7235, Table26 D U B8 IY, FATLTT v Nr—7
JUEERIE A b UCHERBIZ, Sy T "Nr—TNEeT o7 Nr—TNDIFERE BT B, VAV T oY
VTR BRWTGEI L.

5 o NMr—T VABAROBYEL, SR T — MR BERSRTT v BV TS YEBEMDFET
A TSy RO —T R T A &, RROUTHERIET B RHERR e TORMIZTA
YISy EL I ERLE. £k, EREr—TUNVERRC, Ty IUA PRI — T NVEIF I —EHRT 2~3
KDF o Cr T IAFICTAI y NEED U TER Lie. 74 YT v BV VHTRIE Photo22 1R Y

—F, AERTIE, BEOr—I WAy FIZRMTT, F—7 W Fensy AL A —T NEEERIEREL,
BT ES AR — TRy R LT —I MR RE S /. Ee, =T Fig, AR
M ERERABAT, AMUEEEEr —7 S FEREER () P, r—T sy Rz BT
A OREFBE T, Y RV N OBRETED 15%DFEDHT TN Lo T —T sy RT3 7—7I508
bRy FORMRISHET L 725 £ S ICEE Lz, 728, F—7 WAy i, ER23DICBVT, F—T sy

BhFe LTEEREL SN 3 JIS G 5102 (ABHEEFEHR) [THET S SCW480 IZRX T, — ek P SR SS400
OEEIINTIZ & DEWEL, /S0 FAV ML, JIS B 1186 I[ZFE$ 5 F10T OESREMEE 2B T DRIV M2 &
B, e, r—T Ay RNER, B0 —7 A8y FRE SR CREERT 5729, Z)H P EhEE R A,
SRESSIRLEINE - FEEE (D) PR T, Ya v MY TR Moo THEEA LRI, NEZERL, iz DA
Py F L Mo 1 BERAT L. AEBRCEAT 37— 7y FORER SERE ST Fig2-12 (77
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Table 2-6 Specimens and wrapping tensions

Specimen | Wrapping tension (kN) | Wrapping strain (4 )
A 0.40 659
U 0 (Unwrapped cable) -
B 0.29 482
C 0.57 932
Photo 2-2 Wrapping construction
41373037,

27. 23ml 25 ;25 I23 :

6613 .

1.4137% ..

215
.1$I5
215

N Bolthale (#22%4) 4

Cross-section

Side view
Fig.2-12 Cross-section and side view of a cable band

2. 2. 5 EBR/—X

AKERICBIT S, BIEERY, F—INVENEER BT S Z LI LD TR — TN DIFERI RN R %
RS = L ARBERENITZ®, 7 —T7 VRN DRBGREE L MERRRERIC OV TEIEZATY, Fig2-13 IORT &1, B
EERRE BT AR — 7 VIR 1470KN OFEFENT, WA R — T VRN Z BRSBTS 4 7
—2 L, THUCBIEE N T—ROr—7 VRS 1470kN E TR LERTT 5 4 F—AERE L. 7o, 5I5RERE
BOHEHD, SHEMIICAENARERIRD b o7, ARTIEL AR OVWTRERZRL, B8
175, BIIEERy—R4, BIUEHR LR/ —7 Nk % Table 2-7 \TRT.

—%, HTERIT, SUEMEICIILT, F—T AN, MITIREICHIGT BEHIENL, BIUFRROFEEZ /N
S A—F L BEROr—AERE L. Z05h, FFRTL F—7VESBIUHEITREDOKE SIZX 5280
HERR T B, 7 — 7 NVAES 1470 3D T 623KN BRI CRASEHIZENL 40mm ZEA L7z — AT OWTRER
BRL, EBEPTY. L, ULSRIERTL, STRAREOELEZR\TT — 7RI X 58N FRD HLIRNTD,
r—7 NAES] 623kN Z i L= r—ADHEStE L U, tiTfERyr—24, HERUEREE, 7y 7l
DI v LIRS, FREREOEE TSROV —7 AR, BRFRE, BIUFig2-14 ([ORTRAGR
HIZATE ARFOLTFHIBNR L VRN TEET ST AE 6, % Table 2-8 |Z7” 7.

o b
6, = tan (T) (2.14)
TN, O BASREIEAIRE, BIUL  AGEEENBEELZXFRETHS.
728, HEREAITFig2-15 ICERT HRERERD.
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A
1 et -
g | )L A —— T SR PA SRR AL B S A G
g 980 -~ I S e e B Ee e Y A W A
a
2 686 f---Fr-—f--Y---f--\~-f—" e e S D ey Sinint] ettt
2
0 >
TAL | | TA2 TA3 | TA4 TAS TA6 | TA7 TA8
Experimental case
(Cycle)
Fig.2-13 Steps in the tensile experiment
Table 2-7 Cases of the tensile experiment
Experimental Specimen Wrapping tension | Wrapping strain Step no. | cable tension
case &N) @)
(kN)
TAl 1 686
TA2 2 980
TA3 3 1225
TAd A 0.402 659 4 1470
TAS 5 1470
TA6 6 1470
TA7 7 1470
TAS 8 1470
Cable tension p Prnax Cable tension Cable tension 4, P Cable tension

(a) Non-supported case

Fig.2-14 Definition ofbending angle 7
Table 2-8 Cases of the bending experiment

. Wrapping . Initial | Maximum
Expe::sx;ental Specimen |  tension ;\ﬁ ldd.}; tension | bending load | 8, (rad.)
(&N) i @) | P (GN) 623 :
A623N Non-supported 16.4 0.008 Supported or not
A6238 A s |_Supported 411 0.019 S:
AL470N (Wrapped 1 cepported 293 0.008 Tnitial cable tension
cable) 1470 : 623 orl470kN
A14708 Supported 67.5 0.019 W " ]
mppmgtenmon
B623N 029 Non-supported 623 16.7 0.008 A : 0.40kN (Specimen-A)
B623S ’ Supported 374 0.019 B : 0.57kN (Specimen-B)
B1470N B | (Wrepped |2 rted 29.5 0.008 C : 0.29KN (Specimen-C)
cable) | TORTIPPOEC 479 : ' U : OkN (Specimen-U)
B1470S Supported 66.6 o019 | s i
C623N Nonsupported | . 162 0.008 ig2- ]l))eeﬁln dm‘mmz: of the name of
C623S o (W‘if o | Supported 52.8 0.019 g expermental cas:
C1470N . cabI;:) Non-supported 1470 31.1 0.008
C14708 Supported 76.6 0.019
U623N 0 Non-supported 12.2 0.008
U (Unwrapped 623
U623S cable) Supported 282 0.019
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2. 3 EBRRRELTOER

2. 3. 1 »F—7AEHETyEUTOTHOBER

AL, r—INEHOERMILY Ty VT UA XIETROTAE T v LV IOTHRERTHZ LIZTS.
B, r—TAENES Y ELSOTHOBKIL, 2. 3. 2IETHRNSN, RHRT—ATAS IR CRESR A D
Niholeizh, ZITHE, ERy—ATAS DRERRETD.

Fig 2-16 |oR 3 WiE GOBRIERITIT 5, =7 NVilRNE T > v S OTHOBRE Fig2-171 R 7. £77, Fig2-17
i, TERROBEONEEL b ORT. 28, HEEOEHIL, F—7WiEEHRLEEL, RRLT v
yﬁv%?%m@%&%ﬁbrﬁﬁéht0%7%%m£@n15?yeyﬁﬁﬁ%@%ﬁiﬁéﬁﬁﬁw%%%
LTELNDZKRAE AV,

__YALD. @.15)
D,E A,

T, A, TV ITUOTHOET, AT : r—7NRAOHS, D.: r—TINAHEEDOANE, d,: Ty eV
POAYDER, D,: Ty T U4 kI RIMEEUAD), A 7~ 7 RGO PMTER, E: 77
ABESRRDBMES, BI T 1 F—TNAORT Y U H(E03V T THS.

Fig2-17 £V, r—7NENE S v e FOTHOBROBEESITMERT LICRRD L BWodB. Eihe, F—7
NEN BB & T v BV FOTHOBAEIVINS R BIME R D Z L0335, Sbis, HEELRE
R BT 5 &, BRE OSERNC L 5T v BV 7 UL YOMTERARbRE W LBEShS, EE32mm D7 1
S04 Y LEHEIE L 1T B L, BSEHEIVIZ 30, 90, BLUNIS0° DOXAREIAIEL, ks OREMIEE
éhéﬂ@%ﬂMm@%ﬁtﬁﬁhﬁﬁﬁkmﬁﬁﬁéwﬁﬁﬂké:&ﬁ%ﬂé.Ltﬁof,#~7»%%ﬂk
L TREED K& eABERIN, 7 — 7 VEBAIRAIET 2RROUDROBELRIS, Ty v /U4 Yl
TS U P OPRICIESL R R ETHEEX NS, LBLEND, F—7/WMBITE U TRBEDO o/ hawn
EBEr—T A TR OEEIRYERTE, RQICEAFHEELZE-HTDLELLNS.

o

4th, cable 2nd. cable
member estern cable band  3rd. cable member  Central cable band m
A A A A A A f}m
We“ﬂ o 10, ¢ o4 6397 3"8 310 16 7 East
Lot ST T T
el e > —= ! Unit:mm

Wrapped interval & Unwrapped interval
(a) Gluing sections of strain gauges (Ex. Cable tension=623kN)

(b) Gluing points of section G
Fig.2-16 Gluing sections and points of strain gauges on wrapping wire

1600

1400 |
1200 |

g
i
0
-
&

Tension (kN)
g 8

&

)
8

(=)
T

-400 300  -200  -100 0 100
Wrapping strain (« )
Fig.2-17(a) Relationships between tension and wrapping strain (WSG1 and WSGS)
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1600 | . 1600
o T o o
-2~ WSGS
1200 —¢ Calculated 1200 F o WSG4
z z
Z 1000 \3%\ Z 1000 : -~ Calculated
£ 800 “& £ 800
8 600 S 600 F
400 400 |
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Fig.2-19 Relationships between bending load and displacement
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Fig.2-22 Distributions of the secondary stress in a wrapped cable
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Fig.2-25 Notations for calculation of the secondary stress in an unwrapped cable
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Fig.2-26 The secondary stress distributions
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Fig.3-1 Analytical cases and constitutions of the cross-section of main cable
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Fig.3-2 Side view of a ultra-long span suspension bridge (ex. analytical case Type-s)

Table3-1 Dimensions of ultra—long span suspension bridges and properties of members

Analytical case Types .| Type-sc | Type-H1 | TypeH2 | Type-H3
Constitution of the span (m) 600-+3000+600
Sag span ratio 1/10
Pitch of suspender ropes A (m) 20
Elastic modulus E (kN/mz) 2.000E+08 § 1.500E+08 | 1.750E+08 | 1.667E~+08{ 1.625E+08
Unit volume weight y ¢ (kN/m”) 76.9 15.7 46.3 36.1 31.0
Surcharge coefficient of the weight 5. 1.1 11 1.1 1.1 1.1
Main cable Coefficient of thermal expansion a  (1/deg.) 1.10E-05 | 6.00E-07 | 6.54E-06 | 4.76E-06 | 3.80E-06
Effective cross-section of area 4 . (m®) 1.9236 1.6513 1.8146 1.7554 1.7320
Cross-sectional area of the CFRP A 5 (m?) 1.6513 0.9073 1.1703 1.2990
Cross-sectional area of the steel 4 ¢ (m®) 1.9236 0.9073 0.5851 0.4330
Elastic modulus £, (KN/m?) 2.000E+08
Unit volume weight y s (kN/m”) 76.9
Suspender rope Surcharge coefficient of the weight £, 1.1
CoefTicient of thermal expansion a, (1/deg.) 1.10E-05
Effective cross-section of area.4 , (m”) 00133 | 00123 | 00133 | 00123 | 00123
Elastic modulus E ; (kN/m?) 2.000E+08
Effective width B ¢ (m) 40
Height H ¢ (m) 8
Equivalent thickness of the plate T g (m) 00385 | 00325 | 00365 | 0.035 | 0.0345
Unit volume weight y ¢ &N/m’) 76.9
Stiffonin girder Surcharge coefficient of the weight 5 14 | 14 | 14 | 14 | 14
CoefTicient of thermal expansion a g (1/deg.) 1.20E-05
Weight of the additive w 54 (kN/m/Br.) 84.084
Cross-section of area 4 (mz) 3.86 3.31 3.68 3.54 3.5
Moment of inertia of area (in-plane) /, (m®*) 48.98 41.91 46.66 4491 4433 .
Moment of inertia of area (out of plane) I, mh) 609.54 521.53 580.82 559.28 552.1
Coefficient of torsion.J (m*) 143.22 120.63 135.76 130.17 128.3
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Fig.3-3 Side view of main cable located near tower saddle

Table 3-2 Non~dimensional parameter L,/D in an

actual, ultralong span suspension
bridge, and specimen by author

Bridge L.D
| Type-s 0.0164
Type-sc 0.0177
Type-H1 0.0169

Type-H2 0.0172 Anchor socket
Type-H3 0.0173
Akashi-Kaikyo Bridge ] 0.0189
Ohnaruto Bridge 0.0260

Shimotsui-Seto Bridge | 0.0233

Kita Bisan-Seto Bridge | 0.0211
Minami Bisan-Seto Bridge § 0.0196 Fi e . . . .

ig 3-4 Definition of rotation angle in the bending experiment

Ohshima Bridge 0.0439 g gl

Specimen by author 0.3276
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Table 3-3 Bending experimental cases, initial wrapping
tension, cable tension and limit bending angle

Experimental § Initial wrappi Cable tension] Limit bendi
| | | gl B623S40

B1480S40 254 1460.0 0.005

B1225540 294 1224.2 0.006 / ; T \

B980S40 294 9773 0.005

B623540 204 6224 0.005 Wrapping tension [Middle supported or n

A1480540 402 14699 0.005 jA: 0.40kN S: Supported

A1225540 402 12252 0.005 : 0.29kN : Non-supported

A980540 402 979.2 0.006 e i -
AG23540 202 623.6 0.007 tension [Maxinmum compulsory d‘sf"“emﬂ
C1480540 568 1484.9 0.007 23KN, 1225KN, or 1470kN

C1225840 568 1227.9 0.008 Fig.3-5 Definition of the name ofbendmg expenmemal casc
C980540 568 981.7 0.009

C623540 568 6224 | 0011
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Table 3-5 Effective wrapping tension of experimental
cases on sliding between the wires

) ) I Experi Initial Reducton of Calfle Effective
Table 3-4 Dimensions of cable specimen ; case wrapping | wrapping strain| fension | Wrapping
and wrapping wire straingm (1) |  dsw (1) | 4Tc (KN)| tension Tve (N)
- , - B1480S40 482 -388.3 1469.0 574
Elastic modulus of cable specimen ', (Nmm ) _ 212301 B1225540 482 3236 | 12242 96.8
Total cross st?cuona.l area of cable.specunenA . (mm") } 5117 5980540 o 2583 9773 1366
Outer diameter of cable specimen D, (mm) 87.642 B623540 482 164.5 622.4 193.7
Elastic modulus of wrapping wire £, (N/mm’) _ | 202176 'A1480540 659 3885 | 1469.9 1652
Diameter of wraping wire d,, (mm) 1.96 A1225540 659 3238 | 12252 204.6
Cross sectional area of wrapping wire 4, (mm®) 3.017 A980S40 659 258.8 9792 2443
A623540 659 -164.8 623.6 3015
C1480540 932 392.5 1484.9 3288
C1225540 932 3246 | 12279 3702
980540 932 259.5 981.7 409.9
C623540 932 164.5 622.4 467.7
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<, AWETER U ERERICESE, AT v EV IENMENE, BEITTOREEE LTRATAR
P52 ARER PRSI, B O — T ABRMNIRT ARA T AERET S 2 L MERE L /2B, £ T, Table
33 B3 10 Table 3-5 IR L7, [RREITAE L IRRSTAEICERE U aOERT v EL FRAIOBRIK L TH
WENRSHTAEA LT, HERERL U, ERERNLBLN-INbOBR, I URL LIHEER% Fig3-7ic
e, 728, Fig37 w7y NORTESIC, EHT v EL /IR 200N UTORE T, RAFAEINAT—E
T30, Tz, 200N SLEOEFETIE, AT v EL BRI > TN BRI T BEIERT 5 Z LAy

39



#5.%:?,Kaﬂﬂﬁfiﬁm,ﬁ%?yEVﬁ%ﬁﬂ%N%ﬁﬁb?éﬁ%ﬁ%ﬁf%%ﬁﬁtLt.
{oL =0.005 (7, <200) G52

8, =(2.0x10° )T, +0.5x10™ (T, 2200) ’

Tz, 4y BREITAE (ad), BIXUL. 7y v /HEN N) THS.

UicdsoT, BEKFEDr—7 3y FEICRIT BRET Y 2HET 5810, PABRESMSRO BRI Z
iﬁbfk7‘7ﬂﬁﬁkﬁ—7WAyFﬁDWﬁ%&@%ﬁtﬁﬁﬁwﬁﬁiﬁﬁfwﬁ%?yEVﬁﬁﬁ%ﬁBﬁ
~Q®%ﬁ“fﬁb,ik,ﬁﬁﬁmib:@ﬁ@?yEVﬁEﬁﬁﬁﬁTéﬁﬁTKBﬁé@ﬁﬂﬁ%g%ﬁbf
Pb, FBREEASNRRBTAEUT THIPEIEHET 5.

;' 1.5E-02
= L
g R
o Occurrence of"slidingbetwemtl'newim
o [
£ 1.0E-02 | —
o ?((
9 L g
8 50B-03 [—=—= ——‘
E I Sticking between the wires
=~ 0.0E+00 PRIV BN IS EFSEURV WA

0 100 200 300 400 500 600
Effective tension of wrapping wire (N)
Fig.3-7 Relationship between limit bending angle and effective tension of wrapping wire
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O, =A0; —AG, e (3.6)
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! DecllSon stiffening girder
(a) Hirado bridge

Table 3-6 Relative rotation angle between 1st. Live load (10 14tf-trucks)
cable member and 1st. cable band errrrdorr
Name of the bridge | 485 (rad.) | 465 (rad) | 05 (rad) 10m 100m i o
Higashi-Oi bridge | 6.00x10° | 5.46x10° | -0.54x10° . Dwkmﬁmmg g
Hirado bridge § 6.00x107 | 6.80x10° | 0.80x10” (b) Higashi-Oi bridge

Fig.3-9 Live load of each suspension bridge
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Fig.3-10 Analytical model with cable band of a ultra-long span suspension bridge and load condition

3. 5. 2 BEKRBOFY—INALYREr—7 VEHEOMHE EEGEAE
EWEOSZI LT, BERRBOr —T7 N0 REr—7 VRN AT HEEERAERY, Fig3-11 (Or7
£317, FRERODIERERCEDL T TOr — 7Ny NSRS B S A P ERORERAE & 7 —7 VEH O[E]

42



GREDEL LTRGBOEBVTEHTE S, i, MNEEAEIIRGIEY ZELEETD.
Table 3-1 (R LBRKFABOSARNTr— AW, Fig-10 ICTRIBTET NV L IERIHTN L TEELICA
BRASATAETIC X 0 8 - ERHERRREE gx D — 7 NN A~ T3 % Fig3-12 1 RT. Fig3-12 &Y, Wi
DA — RN T SR EERA T 0.00lnd A —¥ — %2 TE-TEY, FEFINEWZ BN, Fio, HEHLAH
EOETHEYEE U AORETHE, ENEEAECASMAENIEL, XEERAEIETHEDKRTRII2
WeEZbhs. ‘

® Nodal point
=—FEuler beam element with very large bending stiffness
~-~-Truss element

T o o 774
oL v Vv LA ] -, \ A X V¥
E 1.0E-03 E 1.0E-03 .
ry ry i
g SOE-04 2 5.0E-04
g ‘P N— =] N
§ 0.0E+00 § 0.0E+00 —
=] = L
§ -5.0E-04 5 -5.0E-04
k| £ .
2 -1.0E-03 = < -1.0E-03 —

0 750 1500 - 2250 3000 0 750 1500 2250 3000

X (m) X (m)
(a) Type-s (b) Type-sc

T oo o el ol
. Y - vy vy
B 1.0E-03 E 10E-03
2 ry ’
g’ 5.0E-04 g 5.0E-04
= l'\ — e SN
§ 0.0E+00 ‘ — é 0.0E+00 —
=)
@ -5.0E-04 2 50804
£ . £
2 -1.0E-03 ———— 2 -1.0E-03

0 750 1500 2250 3000 0 750 1500 2250 3000
X (m) X (m)
(c) Type-H1 (e) Type-H2

i -7
o (K7 v ¥
8 L.OE-03
°
2 S0E-04
a N———
% 0.0E+00 | E———
g .
9 -5.0E-04
k|
2 -1.0E-03

0 750 1500 2250 3000
X (m)
(d) Type-H3
Fig.3-12 Distributions of relative rotation angle along the axial direction of main cable
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BCRRE L. %7, SISO EERAREICH LT, BB UHENAEA L THERETRY OREZR
L. AETELNW-REZUTIZENTS.

() EEEFICROT, BEKRBESr —TNAOr—7 NSy NI COEGMT Y ORELHETHEREL LT,
ERERO T —T NVRNHOENER LR OO T hOBILEEH T vy 7R E LTAKIIL, Th
IR T —F Sy FCHRERT D 2 R8E T2 RAMTAEL2 52 SWMAENRHEELIRR L. 7,
ZOREEE EJ/ORRFERE AV TRIEL .

Q) FEEINEERTBIIR LT, BREAREMITI LD Fr—T Ny R e —T VM ORI EEs A E %
EL, EXEEAEOHEHEDRAEL 0.00lnd A —F —%TEISZ L 2B bhre Uiz, ¥, #BRUHENX
ERCTT =730 FERIZRI AFRRHETRY OREZHEL, ZhOBRKRIEDT—7 /S FERIHRER
BT _ROBRELRNI LERLEE. LEER-T, FFRTERT S, Er—7 MTERAARERZER L
=T NSy Wi RS LT ORI TIE, FHRETNY ORBITER TE 5.
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FAE JAVSYEVTEShEETRI—TILDONREETI EBRERBTE

4. 1 #5

BEREABDIES—7 VIZ Hybrid cable 2845 Z £12 & 5, CFRP IZ/ERT 2 AW DIEREhR ZHEET D
FDICIY, ERERICIWT, F—T W B — 7 WEMICAE T 2N 1 2R T A NERD S, Er—7
JETERNOIS L, RBEERETRSE U IRERAITREAENOEE AV oD T ABREOEERERT
I3, Er—TNE—RKOEMERM LI LB I-DIEBTERV. Lo T, F—7AWEmNIZEIT 5 3 IRGTHIRIGS
SR EHRT D Z LR TRERENT FEE AV ALERDHS.

r—FnReu—7r ¥ OFRBE TR TER SN DEEHNIT VT, BMENOHFEERZ IR L LITRIBZEs
LT, XERAD~4OBESN TS, 2D L, UA YT v oy SNHTR —7 \MERO I FEE a5
& UT-fmagmize s LT, T A Wyatt®) B UK, FED 2 LN lEIh5. ZhbiEn T ZRIGH
BT R BIIEBRINERTH I, TR —7 WWIENIZAET S 3 RTG53 DRI IS
AT A0IRBETHD. bR FEIIR LT, EEOHETEREOSELRBRIZL Y, BEAIBITF
EEFAVERZE E LTSER 43460 RESN5. A D. Catlson*i3, #ERO & Ve —7OFRBHZANE LIREL
T, {RGLEREERER THRILL, RARRERET = — FEAWCERRRICET 28 23R LI0ER 2
HELTNER, BHAF—F—DRBEET DRBEE—TMIIXIL T, SRR ERERICEER L L iz
T ADIIRETHSD. T, KB 1L, CVEBERT—TI AV FEEAICETISHOEREZBRIE LT, £
b —T NI T A NA T A — D0 S TCERLN-ITRERE BV TEHME L T IRTEREREBT 2L,
TNy FIZETDISSIDIN TR LT IRE—ET 2 2 L2 HE LTV AN, ITRER TR T 57 DITiL,
WMEBLTAEF—TNDTRARRIA =D THRYEL D, ST, FiED Y BLUYEK, EFL 913, BT
EELT, r—7Aen—7 0N 2ERT 5 RRE OB 2 B CREL CE SHEBRAHEZ AV TWS. &
Db, FEEIEEERAHEEEEDY) 77 1 v 7 E—b0BRIC &L 5HTHR — 7 /WWEOWANO TRIZ B L L
T, TREERESR L U BRI & 2 U &, BAUSERRIC L AR |HE L5, —F, #FEIL
BRITEEIE D 7 5 L FRERTIC T ARBEIND A 5 = X LSRRI RETT 720, BRLERERICEEEYL
U7-RRfBEs L A MY 2 EH LR REME LTS, LrLAns, ZhbiyihbEr—7au—7
WP D 2 IRTEE2 BB ORI ITEATE 5 b D0, 3 RIS HSHA DIEBIZILER TE A2,

YD b, AR I, IERTERRCRT B — T sy RIEEDE 7 — 7 VOIS i e BB AT Rk e LT,
EENETICER DN - — TN FONREER L L-BREONEREE 8GR E R L, 3 WRoaolizEr
— TN R BRI TRESR O L LA RERART 2 AT 5. £/ — 7V OBBUCERT RBERL LT, £
=7 NOMRRRPREBERSRET 5700, BRRCENZ 2 KB CRIM TE 5 2 ROT A V737 A M)
v 7 B ARERE AT 5.

& AT, PIBIIFREDRE w7y —7 VTN, £ —T IR &R —T VBN L 2 8TRMENET 5.
-, EXORBTIL EENAARELARY, Tr—T O RITTIRE OB EERHR L 25T
0, BIREMREREL L TOBRYBOBNREL 25, —F, —RE7REEOEr—7 VAR 52 LTz Hybrid cable
DOPRIL, ZBOFREOERMPFEL, FHRBHTRRONEr—T NV 2t ONELZERETOARMEE A
2 UCEIRERIZBEILT 254, AW SEOMT 2 ZTZROBENS BHRINA Z LiIZRd. Lo T,
=T N EAE TRESR TR Ui A TRESR AT 2 BT A7 0I2iE, Er—T N0l FER s CTh A ER
EAIBE L, BENREEThHAEr—TNVRDZEROMREL SO X 5 IZFHET 505 & 42 5.

FHRFETIE, ZHBDORED S b, Er—7NVOFBREMEREIZNT A ERELEDFER{L L LT Updated Lagrangian
formulation IZES< BEEMBETZEA Uiz, £z, =4 —TA0H)0T ORFEEENIZEET 28Iz L ARED
& & REWTEIVERT IO ETHIT 5 FE & LT, SRAPRRICRAET 52 5 v 70oRS FEDBEDER L,
BB X 0 b LB R ORI & B A 1R OMN BB 2 Z L ASFTRE R BEFICER L, =—T
WIZEET B ZERRIC X AAMEDIR T & REWEI/ERT 2150 2FHET 2 FEE2BE L.

RETIE, £7, EREFERERZAVWEREMERREI W TR~ &I, BEHFOBELRL, 77—
- INDRMNT ORTETERICOT T DR EET DI DICER U ROV TS, &bz, 28R
iz, UAY Ty U TSN TRy —TNOMTERE NG L LT, BRUIERERMTREZ AV-ERE
PfEMT R L, TR PR BTS2 L T, BRUBNTFEOZ YL~
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4. 2 ABREMEEOABERBATFR

AECH, 7, ARERECRT 3IEREEZSRL, B B&Z’iﬁﬁ%@ﬁﬁﬁﬁkﬁﬁ’{ a7k, B
RE TSR AV BB s, BA% LB IR 2 — FO 7 r—F v — bRy, SbIS A
FREN FREIZA 5, ﬁlﬁiﬁ@ﬁﬂ—' Rk AETER L EAE VT, MR LT o—F @%é’r&%@;ﬁ‘é

4. 2. 1 FBHREOHELEREMMEDERERENL
EEA ST, BRI B[] OT AL EMOBRES 2] S0 EVRAE 3] oI OTHOBER, [4]
i‘%@‘ﬁw{z&ﬁ DEMB, BL [5] BRDEREHRD D, 54, UTH, BIUBM AR S § 5B
FRERA TR U CHEEOM Sk bV, TRBOBMR G AN T Th 55 aI IR LR T
EfR RREL 2B DT L, TRLORDVTNI— o THIE ThHIUS, FERHE R T B
7%, BAEICIE, BIOBERAIEEY Th A E AR LRI, ¥, REGEHEETHILT,
[LOBHRANIEETE & 72 A TR R IS THHBERRE L bIHENS. DI, BIPEHERN I Th D%
AR CH D ), LLAND, BHEDEEEHICEL THASFOMTTE, b DR ERZ#E<
ZEIEEREITPRT, Thb @ﬁ#&ﬁﬁ%ﬁ@ﬁfﬂﬁ%& LCHEBERENZ BV 2003 —KHTHS.
" K -J. Bathe i A TRESRANTIZ I B T b DIESIFRIES Table 4-1 3B X UM Figd-1 D X D IHERL, TRENISH
FAEREEOER(AEEL VD, Z05b, AL TERT 5 HRERMFT CRyEL IR HERENRERRY, £V
—FVDERIIRE VD, Er—TARORRIETAOTHINTHD Z LD, BIREN - - BUNOTT AR
(Large displacement, Iarge rotation, but small strain) (ZFH243%. AIRENL - WO T HRED(RBMEUIEAMIR L
IR FERCH DD, (HMER SR L TERIL SN BB ERE AV TE Y BV RIBOMRFE
Kb BB, BYRREINTRENERT, ThiBrER TRKNRHTERECEES SNSRI
AEN5. Figd I3, EOETOEELTLTEY, Theh, 127 ) A0 0 BYERIRE WIHECE), 17
U Ay b il AR EIET AR A AVIREE (BRERE), BV I YA 2R X H &3 AR
DEID AVVREE GRETERE) 2. BRI BEEEEE EROBRILL, A7 Y AV b i OREBEER
% Lagrange 307 BIdHiz>T, A7V A O BBBTED, A7 VAV il ZBRTHNICE-TERY
49 Az L AERALIT Total Lagrangian formulation (TLE), %12 & 2ERYid Updated Lagranginan formulation
(ULF) &FHEn3 404D, Aoz it A RRERIRT T1F, VW FhOERIKIC L > TR bR 2%
AT L bFEETHBY, AFETIE, THIEM< ) v 7 APFRETH LD, Fal5 I T EOEHEXD
772\ > Updated Lagrangian formulation (= & ¥ ERAL SN R BB, 7B, LAT T, AIRENRTFEC
BEE LB AR BIChto T, REFER G UM ORE AT B0 ERZ IR 57
B, _7 MY, = R Y v ZARTFUIMIRLT, EOBRETHA LT Y AL NEERMS, BRI A7 DA
L NEETRLE ERCEEOOMRVERTHEY, REYA /VEAERRS, BIU Cady SHDIIIZZD
BREPEL LI VAL FEBBTRAL I AL ME—BT BHEE, ETRAFEERL TURTIEICTS.

Table 4-1 Classification of nonlinear analyses*”

Type of Analysis Description Typical Formulation Used Stress and Strain Measures
Material Infinitesimal displacements and strains, Material nonlinearity only| Engineering stress and strain
-nonlinearity-only stress-strain relation is nonlinear (MN.O))
¢ displacement, [Displacements and rotations of fibres arel Total Lagrangian (T.L.) |Second Piola-Kirchhoff stress,)
large rotation, but | large, but fibre extensions and angle Green-Lagrange strain
small strain changes between fibers are small ; the | Updated Lagrangian |Cauchy stress, Almansi strain
stress-strain relation may be linear or UL)
nonlinear
ge displacement,| Fiber extensions and angle changes Updated Jaumann stress rate, velocity
large rotation, but between fibres are large, fibre Lagrangian-Jaumann , strain
large strain displacements and rotations may also be ULJ)

large ; the stress-strain relation may be | Total Lagrangian (T.L.) {Second Piola-Kirchhoff stress,
linear or nonlinear Green-Lagrange strain
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(b) Large displacement and large rotation but small strain. Linear or nonlinear material behavior
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(c) Large displacement, large rotation and large strain. Linear or nonlinear materi al behavior
Fig.4-1 Classification of nonlinear problems in finite element analysis*®

on, i-lxz, ixz P (ixb ixZ, ix3 LT )
. . ;
. . N 4 7
P(t-l xl,x-l X2, 1-1x3 ' // / ;
L /
---------- { \
P(0 0. 0 ) i1 I - \\ \\\
xl> xz, x3 “‘.‘::::: ------ !x \\ ,14 \\\
R ’ . \\\ iV \‘
x Y
"y -t
Configuration at increment i
% / 7 Configuration at increment i-1 (Unknown configuration)
0}4; (Reference in U.L.F)
Configuration at increment 0
(Reference in TL.F.)

\ 4

0. i-1 i
X1, X1, X1
0. i-1 i
X3, X3, X3

Fig.4-2 Motion of body in stationary Cartesian coordinate system
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Fig.4-3 Outline of Newton-Raphson iterations in incremental analysis

4. 2. 2 EEHEEWEAERLTOHEX

mman@ummnmmwmmlmﬁﬁ,ﬁﬁ%ﬁ%&%ﬁﬁ%ﬁﬁﬂxﬁﬁﬁmLTﬁ?WBéhéﬁ%%Wﬁﬁ%ﬂi
Fm+3t%?iﬁm,%ﬂ@ﬁf%é%y79%>444#6,&@%ﬁ&@*ﬁﬁﬁf&é%y7ufybi%ﬁm

N@mnm@mm&tiéﬁ@%ﬁfﬁbéé%tE@r#4ﬁwﬁmﬁﬁﬁm&7bnduﬁ&%ﬂ&&bwtbrﬁ
HTREND O,

i-liK (r-l)AU(r) =iF_iQ(r—l) (4 1)

mriz LK BRI R v 2 R, F @RANNS ML, BEWVET  £3RAR7 P THS.
A8, BWONORESEIIBNT, 107 ) AV M iETIENEMIRNTERIND.

@) i) L AU® 42).
it,%ﬁ%%%f54yﬁvfy}iﬁ,%Dévﬁ%uhémﬁﬁ?bétb,uT@@%ﬁ&ﬁfé.

AKO=LK

4.3)
i Q(o)=i-1Q (44)
Oy 4.5)

ﬁunﬁ,ﬁm%%oﬁﬁ%%bfﬁﬁféﬁ,uTﬁu,iﬁ—fw&%ﬁkféwmﬁwé,zw@74yﬂ
iﬂbUyﬁEﬁWﬁmgﬁm%LT,%ﬁmﬁvbuy?x%mﬁ&7bwmﬁﬁﬁéﬁf.

(1) EHRARE~ RY v 7 X

Eﬁ%ﬁﬁ%ﬁ@%ﬁ@&%M,HIUE%@%%%n,m&@?ﬁ#&,ﬂ%&?éﬁﬁ%%ﬁﬁ?éﬁﬁ®ﬁ
S TRER je (TR HERANE F ) v 7 R LESVRRRTRbEND

i (o 1 d i palr-] -1 r=! iyplr- 1 el o i = r-] T r-1
i—lKi£ )= LLL(HBﬁo I)Ti-lic( 1)i-liB£0 l))detHJ ¢ l)d’idrzd"s +LL L(i-lBﬁvzl)TiT ¢ l)i—:B§\E4))deti—liJ ¢ l)drxdrzd"s @.6

ﬁ&QKBWT,h&fWﬂ%%Uf&—Eﬁ%@vFvy7x,Ldm@%&w7FUv92,Lﬂﬂihm&mv

R w2 R, By OISO T R N Y v R, BROVTCR Cauchy 577 B v 7 AERL, WD
ERAVTENTRRATRENS.

% 1

aixl(r—l)

ON™
oN"
i &= d ('-l) . .
H'Bfo( R N o &y (n=1,2,...,Ns, N, : Total number of nodal points in an element) @7
T T |
oN" ON"
Bixg"‘) 6’x§"1)

ON™ ON”

L o x}(r—l) o xl(r—l) |

49



e I ol I o oc R ol R ol - R
SOy ey ek ek k) LG
A Do e e e/ o - S R o G “8)
i-1 iv(r-] r-] iv(r-] i(r- = iv(r- *
i-1C1(21:) i-licl(zz;) i—lcl(ZS;) i-1C1(lez) i-liCl(ZZ;) i-—lCL(ZS!l)
LChY ek ok ek okl o
e R e R e ]
M P xl(r—l) ai xl(r—l) & xl(y-l)'\
o om  on
iJ(r-l) _ b4 xgr—l) & xgr—l) alxgr-l) (49)
° T
aixs(r—l) & x}(r—l) aixs(r-l)
| On or ory |
i]'i(xr—l)l i];(z’_l)l i];({_l)l
iT(r—l) = iTl(zr—l)I th(;—l)I th(;—l)I (410)
iTS(lr—l) I iTz(sl—l) I iTs(gr-l) I
[ an” 1
aixl(r-l) -0 Y
oN"
0 O aixl(r—l)
oN"
aixgr-l) 0 0
. i ON" ' R .
H’B;'u( R | — 0 (n=12,....N; N;: Total number of nodal points in an element) 4.11
alx(r 1) po
2
ON"
Y
ON"
aixgr—li 0 0
ON"
0 aixgr—l) 0
ON"
0 0 aixs(r—l)

23, R@.10)FVVT, 3 BEOBIAT< B U v 7 2% I BI O Canchy W57 v Y ABSY T CR U £z, A7),
GRBLVENBIT B, D, VBRI %L, SAEER TR LI HRMiE Y MAEsERLTEY, =
NHOARZ PARTE XOTHRTE, EANOREFHERRIIBWTKRATERSND.

ix0)=ix D) 4 Ayl 4.12)

T ZiC, 4ut  EEOBROEYENAT FVTHD.

Fi, BSEPEBETAA L7 VAV il L, S0 AVRIBICHBIGRATH D), HiRfIE~7 UL T
TORMRIRILT B.

ix(0)=i—lx (4. 13)

KBiz, REAGHBERMNICIET RO | ERICHT A8~ 1Y v 7 20HENTH Y, BEREHO
B R v 2 AT TRLEEDTRENS. BT, BERTERTAREREE M L T2 L, RO
M N w7 R LK1 TREINS.

LK) =S K : 4.14)

ie=1

(2) HBEMREIC R 2ERADRRR
FEHEROPRBRIER RIDIENS2 &7, AREMRTCIL, AHEHOBHICUE 2N IiE~ Y
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97 AR, FORBTETBENEAVTHESNA ), BYEMALEIVTH, B IUEHOT D IR
ZRAWTHENSGHEERT2BEFIERIIRD.

LI 2T, Tbled1IiTRT & 510, HERAEIDRT AOIERTZOTHLHORER, 18 INISRT DR BRI
RERECY, TEEOTH & TS H ST 2 REDHRIZZI RIS L, HIREAL « O SRR,
EIRES - ATROFLRIE L, ERORFTEOREX IR, FEtEET 5 (REEEWEMRAESND 412)
OFBEFEHDREZER LRTIR LRV DD, Zn5 b, BIRE - 5%/ O HREIECER SN O THIG
FHOREE LTI, EEMOHZNERENDZ £H5, Green-Lagrange 0L 5 2PiolaKirchhoff /&7 DS B
Rz iV B, Total Lagrangian formulation 1= & 0 S5 AERE =L L ISR SIITE D208k, BLT
Updated Lagrangian formulation 2 & ¥ SblEEA 2L LI B S iama O BIRAS AV a9 —3 &
RESAL - HROTARECERSNARE L LT, FEMEREREND DA HF, BROTHENIFERTIR
Bir Lo Tel BlensTL B, MRATONE LT AMEHC Lo TERT 2 REDERER Y e Ens. —flLL
T, &R & OB BRI COMBRA A B L O TAOBIR TR LI ESIL, R Ly T IT
VL& Canchy 57750 Kirchhoff J5/7125%4 3% Jaumann 3EE<° Green-Naghdi B DRBAG R, = KRB
¥ DEBEMEATE D 5 LAKIC Mooney-Livin £ 7 L& EA LI HAII25 Greenlagrange O % & 2575
SPiola-Kirchhoff F& /DML A ED RN BV N BB B0 e i3 5T, BIRENL - PvINOT 2 RRED S
#FE% Updated Lagrangian formulation TRESAL Lz, ABIRIZISIT HH IRERART T, OFHREIGHOREL L
<, FNEN, #35) Green-Lagrange U9/ & H5)%E 2Piola-Kirchhoff /i I DREAH B 182 AV VOB E RS, B
FTOL, BEROH Y AESHAT, BB LINLOMAOTHERS, SbITi, L5y IBRINE DR
|24 E 7 Cauchy S DEHICE B BETAVWIHERZTRY.

FF L7V AY bl BBRDA V7 U AL b RTBE90 AV REBE REFBIC L > TRODES, Ky
Y4 27 /LB DHESY GreenLagrange OF°HT > YV WEODRRANE, HRENLY MV 4w BV TRATREND.

® ) O} )%
E(,) _ BAul ; 1 6Aul 6Au2 BAus
e T ) +— i 1) = 1) = r-1)
ox, 2\ Ox ox o'x
2
g0 0w” 1|(a8u0Y (oan? A
122 6ix2(r-l) 2 aixz(r—l) aixz(r-l) a.ixz(H)

oan® 1((onu®Y (2au0Y (02 '
'—1E3(r3) == u(3 ) += ( ; u(‘—l)] = u(z—l)j +[ i u(s-l)]
', 2 (| O, o'x, O'x, 4.15),

1 om®  oau”) 1 omw? oAu®  omu" oAu,")  Au,") oAuY
YY) vy ) Ry ) = ) A1, ()
2\ x" Ox, o'x," O'x, ox" Ox,
ot 2MnY 1(0m0" 0an?  aAw" 0Mu”  oAu) onu”
T VRPN ) B = B =) BSeR = e =)
2\ 0x, " Ox, Ox, ' Ox Ox, " 0x,
o 1{08w®  2au®)  1(08w? 0Mw® oA 8Aw”  omu opu
.E()z—,3+l+'— ! St ot i
1131 2 a,xl(r-l) aiXS(r-l) 2 aixz(r-l) aixl(r—l) axx3(r—1) 6xxl(r—l) aIXS(r-l) a;xl(r-l)

Fe, LJEOLHERAN N v 7 R LCVERNS T LIZE D, #8555 2PiolaKirchhoff 51T Y Y v o SCDRRGTIIE
@16 TRENS. 12EL, RUITRNT, A3k, 4TI LCEINAERT Ve 6 BOIES~< N v
p 23R E Uifes, 185y GreenLagrange ¥4 L Y MWid, SIFRERFIR L CEORAMEOZ 2E L, THE
IMFOTE LT MUEERL WA, £, RE@IEDDT MU, B55% 2Piola-Kirchhoff (5177 > V)V 1 8?
DORFMEERIA LT, FORDEIERTRT MERT.

RO B e ol e S ol e B ol v S o e o e | VO
SS9 |acky ek k) gy ek ek | GBS
JaSE| G G HOED ) LCh e || LB |

SSO[ | ey ek ety k) k) ek ||2.EY
B I el I ol oo B o/ R o o e = o | 9 24
S}(;) iC(r—l) C(r—l) C(r-l) ic(r—l) ic(r—l) iC(r—l) 2 E(r)
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F7e, TNT Canchy JEHT > YNVOKFRERFIA LT, ZORAEI~NT MVERLTEY, R@2)TRSN
5.

igT = {lTu iTzz iTss ile iTzs iTsl} . (424)

RUA2DITTTEHNNRY MU, BERVERTHERED 1 BRI AHER LR LTRY, BEReE0E
SRS MUIZ L RFEDTRENS. b, BEREERTIREREE M LT5L, RERDEHNI I
M IQOERE.25) TREND.

10 = i 1) (4.25)

L RHESA SR )OESSIEINE S ERICAA LT, Full Newton-Raphson ¥ & SRR 6 A LIcATRENARNT 2
EHad 5 7 DICE% Lz, BREMEN =— FO7u—F ¥ — M Fig44 I

Read in geometry, properties of materials, boundary conditions and so on.

| P72

=0

Loading of incremental external force vector i
pdating total external force vector F=" F+,

Loading of unbalanced force R
|

)
[Calculation of tangential stiffness matrix 7. K" by using from egs.(4.6) to (4.1;4)]

* .
[Calculation of incremental displacement vector 4Ty solving tangential stiffness equation)
v
Calculation of incremental Green-Lagrange strain tensor ;. E by using eq. (4.15)
Calculation of incremental 2nd. Piola-Kirchhoff stress tensor 487 byusing eq.(4.16)
Calculation of Cauchy stress tensor ‘7 by using from egs.(4.17) to (4.20)

v
Updating total dlsplaoement vector W =u""+ Au"”
Updating conﬁguratlon X D=r D1 4 u(’)

Repetitive cycle
Loop for increment

|Calculaﬁon of internal force vector 'Q” by using from egs. (4.21) to (4.25)|

v
[Calculation of unbalanced force vector R"='F-¢")

Converged ? No

Yes
| [Print computational result{ |

No

Required increment ?

Fig.4-4 Flowchart of finite displacement analysis
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4. 2. 3 AREMENTFEORSEDREE

4. 2. 2IEGRLE, BRESFHAINTAEEORIEZ B E LT, BEWMIEPHELZZIT M)
X0 OBTRENENT, LUV BHER k5 A0 Snap-through FET 2 £ L, FLAATRESRMNT 2 — FIZ L 58T
BERIUERN LB Ui, T Zh b O OBEE L TR RICOVWTRT.

(1) B30 I3 OBEREAART

3 RTTRY A TR B o3 B A REE T B 7%, Figd-5 \ORT, BEBCEPRENMERT H8DITY
DETRENET 2B L, TER% K -J. Bathe b “723ElE U7-ILAATREFRANT = — N ADINA |2 X DRTRER
LHER LT, 723, EPHEID O TNOMNT & bITERECEAT L, TOERAMIIEROERII LT & Lz,
i, HAVIIV Y, AT NIX 20 8UET A VAT A Y v ERAER, BLUADINA IZ L AT 16 i
ETAVRT AN vV EAER TR L TRY, ERSEIDT AT MNUIFER U ThD. & a—F®D
HEEE % Table 4-2 127”7

RANTRERD—FI L LT, ERTLUIRIE T A—F LERTHL Lz BEROER A 2B 2B DR E
Figd-6 12, BATEIFOHEA A 2B 2B O Table4-3 17RT. Figd-6 3L UM Table 4-3 LY, AAET
22— K38 X UNADINA |2 L AFTRER & BITF—H L TRY, AT & ADINA |2 X DFMZIWT, BV XD OB
G BWEEROMELZETIE, FETo— FIC X 2TRERIIZY Ll sh s,

(2) 1 BEESR b T XD Snap-through fEHT
B L AL 5 BRI T ARG T 5729, 1 HEHERD b7 AOEREMAETZER L, (4.26)
Ik ASEER L B LT, 1 BHESR N AOITETFV LR Figd 7 IORT. 728, T AOBBEBOWEIL
J-L. Batoz 5 ¥ L UE B “OOBEAHIEEE AL LT EAIRIEEC & 8 L.
bS5 ZOMURNER £4 L, | BEESR 7 RA0E BRI AHEP & B0 ADBKRISE TR END 2.

. EA[_A;_H_ZA)M (4.26)
2 L* L
IS, L RIS EITD T ROEME, BLUH: YHREBICBITS NS RADTA ATHS.
SRR O LT, A= — N R@26)2AVTERLNE, ZEBHAZEL TS, N7 RAOHRROREL
ERIOBHRE Figd-8 (Y. Figd8 LV, AMBHT=— FER@.26)C L HHE L BN OBKRIIT BT D Z &0y
5. UEORIEL Y, AN =— FOBFREMBEICTT 2 EATRETHD LHRTTE 5.

AID.OF. are R=2540mm
constrained on this plane

Modulus of elasticity E=8950N/mm?2
Poisson's ratio 0.0
Moment of mertia of area I=34686mm4

Fig.4-5 Analytical model of a 45-degree curved beam
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= = =.U/R (This code) j
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—— W/R (This code)
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A W/R (ADINA)
5 06 W/R (Linear solut'ion)
S s
Soa L l
Sos l
g
g 0. ‘.- . A
£o
5

3 4

5 6

Load parameter k=PR YEI
Fig.4-6 Relationships between non-dimensional tip deflection and load parameter

Table 4-3 Accuracies of displacements at point-A

Table 4-2 Outline of analytical codes
. Total no. Order of Component of
Analytical Used . .
c()dyt;c fotmls:ation Apphed finite clement of the Gauss dlsplacement at This code | AD. INA Accuracy
increment | integlation }' point-A under (T) @ | @mes
maximum load
This 20 node isoparametric 70 3x3%3 .
code Updated solid element U (mm) -345.0 -330.2 95.7
Lagrangian | 14 10de iso ; ¥ (mm) -589.5 | -584.2 99.1
parametric
. 60 2x2x2
ADINA solid element @ W (mm) 13330 | 13284 | 996
400 ¢ }
| 7 - b |
Compulsory displacement 350
—Eq.(4.26) )b
| O This code ll)
.O.F. to X and Z dir. are =Y.
constrained on this line 50 L o f
X D.O.F. to Y dir.is constrained at this node 0%
H=10.1mm i ) o :
D.O.F. to X dir. are constrained on this line -50 ﬁ J
Flastic modulus 196000N/mm2 -100 /- =
Poisson's ratio 0.3 0 5 10 15 20 25 30
Displacement (mm)

Fig.4-7 Analytical model of truss in one degree of freedom
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Fig 4-8 Relationships between load and displacement
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(a) Initial undamaged state (b) Current damaged state © Fictitious undamaged state
Fig.4-11 Damage of; abar under uniaxial tension
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Fig.4-12 Analytical model of a rectangular parallel wire strand
Table 4-4 Dimensions of a rectangular parallel wire strand and its analytical model

Diameter of steel wire d,, (mm) 5.0
Total number. of the steel wire to lateral direction # 100
Total number. of the layer to the vertical direction m 201
Width of a rectanglar strand ¥ (mm) 500.0
Height of a rectanglar srand 5 (mm) 871.0254
Effective cross-sectional area 4 , (mm®) 392699:1
Apparent cross-sectional area 4 4 (nm?) 435512.7
~ Void ratio V', (%) 9.8
Length of a rectangular strand L (mm) 43551.3
Elastic modulus E (N/mm®) 200000
Poisson's ratio v 0.3
Moment of inertia of area of a rectangular section [ y (m") 0.0275
Moment of inertia of area of a rectangular strand / v (@" 0.0248
Moment of inertia of area of a wire I, (mm®) 30.6796
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Fig.4-14 Distributions of bending stress in the cross-section of a rectangular parallel wire strand (Anisotoropic damage analysis)
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Fig.4-15 Distributions of bending stress in the cross-section of a rectangular parallel wire strand (Isotoropic damage analysis)
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Fig.4-16(c) Side view of the specimen for experimental case 623N (under loading of initial tension)

'Table 4-5 Dimensions of experimental case C623N

Elastic modulus of cable specimen E . (N/mm®) 212301
Poisson's ratio of cable specimen v 0.3
Outer diameter of cable specimen D , (mm) 87.642
Effective cross-sectional area of cable specimen 4 . (mm?) 51173
Apparent cross-sectional area of cable specimen 4 , (mm?) 6032.7
Void ratio of cable specimen V', (%) 15.2
Moment of inertia of area as a solid beam /, (m") 2.30342E-06
Moment of inertia of area as a built-up beam I (m") 7.82917E-09
Wrapping tension under wrapping construction T',, (kN) 0.57
Initial cable tension T; (kN) 623
Initial tensile stress as apparent stress ¢; (N/mmz) 103.3
Maximum bending load P, (KN) 16.2
Maximum compulsory displacement §, (mm) 40

Tnitial stress (as apparent stress) 103.3N/mm2

Fig.4-17 Analytical model for experimental case C623N
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Table 5-1 Cable and suspender tensions and nodal coordinate of global analysis under dead and tive load

Analytical case Types | Type-sc | TypeHl [ TypeH2 | Type-H3 | Types | Typese | Type-Hl | TypeH2 | Typed3
Portion Inclined Central
Cabie tension under Momber.ab | §20256.5 | 501535.0 | 670118.5 | 6077865 | 582271.0 | 782321.0 | 4723150 631075.0 | 573395.0 | 5493215
dead load (kKN) Momberbe | 827824.5 | 500656.5 | 668944.0 | 606738.0 | 5812665 | 7823210 | 4723150 631075.0 | 573395.0 | 5493215
Cable tension under Memberab | 8788385 | 544983.0 | 716383.5 | 6529540 | 626954.0 } 8291400 | 5120385 674058.5 | 615219.5 | 5905845
live load (kN) Memberbe | 8772965 | 543985.5 | 715093.5 | 651790.0 | 625833.5 | 8291400 | 512038.5 674058.5 | 6152195 | 590584.5
Suspender tension under dead load (KN) ] 2563.646 | 2264.898 | 2468730 | 2386.711 2365.060 | 2499.555 | 2203.431 | 2402:730 | 2327.106 | 2305.704
Suspender tension under live load (kN) 2884.904 | 2570.741 | 2787.820 | 2704.159 | 2681.761 | 2827.070 | 2518.405 | 2724.21 5 | 2646.435 | 2624.005
Nodal coordinate at point-a X 180001 | 159.995 | 160.000 | 180.000 | 180.000 | 1480.000 | 1480.000 | 1480.000 | 1480.000 1480.000
under dead load (m) z 256173 | 263306 | 263305 | 256.186 | 256183 | 24546 | 24551 | 24548 | 24549 | 24530
Nodal coardinate at point-b X 200,001 | 180,000 | 180.000 | 200.000 | 200.000 § 1500.000 | 1500.000 | 1500.000 } 1500.000 1500.000
under dead load (m) z 220141 | 256163 | 256.162 | 249155 | 249.152 ] 24.493 | 24.499 | 24495 ] 24496 24497
Nodal coordinate at point-¢ 'S 270,001 | 200000 | 200000 | 220000 | 220.000 | 1520.000 | 1520.000 | 1520.000 | 1520.000 1520.000
under dead load (m) z 242221 | 229131 | 249.129 | 242236 | 242.233 | 24546 | 24551 | 24548 | 24549 24.550
Nodal coordinate at point-d | - X 200,000 | 180,000 | 180.000 | 200.000 | 200.000 | 1500000 | 1500.000 | 1500.000 | 1500.000 1500.000
under dead load (m) z 5.609 5088 5.086 5.610 5611 22493 | 22499 | 22495 | 22496 | 22497
Nodal coordinate at point-a X 20060 | 160187 | 160.116 | 180.123 | 180.132 | 1480.002 | 1479.994 | 1479.999 | 1479.997 | 1479.996
under live load (m) z 556,030 | 262465 | 262.868 | 255574 | 255500 | 24432 | 20759 | 22.898 22255 | 21918
Nodal coordinate at point-b X 700059 | 180.165 | 180.106 | 200110 | 200.117 ] 1500000 | 1500.000 | 1500.000 | 1500.000 } 1500000
under live load (m) z 249.000 | 255.240 | 255.691 | 248496 | 248.415 | 24379 | 20704 | 22844 | 22201 21.863
Nodal coordinate at point-¢ X 720058 | 200.145 | 200097 | 220098 | 220.104 | 1519998 | 1520.006 | 1520.001 | 1520.003 | 1520004
under live load (m) z 242083 | 248129 | 248627 | 241532 | 241.443 | 24432 | 20759 | 22898 | 22255 21.918
Nodal coordinate at point-d X 200455 | 180415 | 180.445 | 200429 | 200.424 | 1500.000 { 1500.000 | 1500.000 | 1500.000 | 1500000
under live Icad (m) z 5.476 4170 4624 4956 2877 | 22379 | 18704 | 20845 | 20201 | 19.864
Z Inclined portion
e £
I 7( - 4
_600m |, 3000m=20m@150 _ 600m

(a) Side view of gross ultra-long span suspension bridge

a Noticedband ¢

Stiffening girder
Stiffening girder (c) Central portion
(b) Inclined portion

Fig.5-5 Definition of points-a, b, ¢ and dinlocal analytical model
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Table 5-2 Dimensions of local analytical model by using frame elements

Analytical case Typess | Typesc | TypeH1 | TypeH2 | Type-H3 | Types | Typesc | TypeH1 | TypeH2 | Type-H3
Portion Inclined Central
Coardinate of point-2 X. 0.000 | 0000 | 0000 | o000 | 0000 | 0000 | 0000 [ 0000 | 0.000 | 0.000
under dead load (m) Za 0.000 | 0.000 | 0000 | 0.000 | 0000 | 0000 | 0000 | 0000 | 0.000 | 0.000
Coordinate of point-5 X, | 20000 | 20.000 | 20,000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000
under dead load (m) 7z, 1 7031 | 7143 | -7.144 | 7030 | -7.031 | -0053 | -0.053 | 0053 | -0.053 | -0.053
Coordinate of point-c X. 1 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000
under dead load (m) Z, | 13952 | -14.175 | -14.176 | -13.950 | -13.950 | 0.000 | 0.000 | 0000 | 0.000 | 0.000
Coordinate of point-d X, | 19999 | 20000 | 20.000 | 20.000 | 20.000 § 20.000 | 20.000 | 20.000 | 20.000 | 20.000
under dead load (m) zo | 25056 | 25822 | 25822 | 25058 | 25057 205 | 205 | 205 | 205 | 205
Axial force in cable member-ab

der dead load T 5, (KN) 829257 | 501535 | 670119 | 607787 | 582271 | 782321 | 472315 | 631075 | 573395 | 549322

Axial force in cable member-be

under dead load T's (kKN) 827825 | 500657 | 668944 | 606738 | 581267 | 782321 | 472315 | 631075 } 573395 | 549322

Agxial force in suspender rope
jer dead 10ad T, (KN) 2563.65 | 2264.90 | 2468.73 | 2386.71 | 2365.06 | 2499.55 | 2203.43 | 2402.73 | 2327.11 | 2305.70
Void ratio V', (%) 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Substantial ratio j (%) 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0
Ratio of cross-sectional area ., 1.0 2.0 3.0 1.0 20 3.0
Elastic modulus of 1.5E+08 | 1.5E+08 | 1.5E+08 | 1.5E+08 1.5E+08 | 1.5E+08 | 1.5E+08 | 1.5E+08
CFRP wire £, (kN/m”) ) - ’ : ’ ’ : ’
Elastic modulus of
2.0E+08 2.0E+08 { 2.0E+08 } 2.0E+08 | 2.0E+08 2.0E+08 § 2.0E+08 | 2.0E+08

steel wire £ ; (KN/m”)

Cross-sectional area

of main cable 4. (ml) 0.9618 | 0.8256 | 0.7939 | 0.7314 | 0.7036 | 0.9618 | 0.8256 | 0.7939 | 0.7314 | 0.703

Equivalent moment of inertia
. 4 0.09202 | 0.06781 | 0.07677 | 0.06811 | 0.06411 § 0.09202 | 0.06781 | 0.07677 | 0.06811 | 0.06411
of area of main cable /. (m’) )
Coefficient of thermal expansion |\ 10 o | ¢ op 07 | 6.58-06 | 4.55-06 | 3.88-06 | 1.1E-05 | 6.0E-07 | 6.56-06 | 4.85-06 | 3.8E-06
of main cable ., (1/deg) 1. . . . . . X . . ‘ .
Unit volume weight of
. 3, 76.93 15.68 46.31 36.10 30.99 76.93 15.68 46.31 36.10 30.99
main cable y o, (KN/m’)
Surcharge coefficient of the )
weight of main cable 8 1.1 11 1.1 1.1 11 1.1 1.1 1.1 1.1 1.1»
Cross-sectional area of
: 2, 0.006637] 0.006136} 0.006637 | 0.006136] 0.006136] 0.006637} 0.006136| 0.006637 } 0.006136] 0.006136
suspender rope 4 5 (m")
Elastic modulus of :
2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08 | 2.0E+08
suspender rope E ;, (kN/m”)
Coefficient of thermal expansion

of suspender rope ., (1/deg.) 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05 | 1.1E-05

Unit volume weight of

76.93 76.93 76.93 76.93 76.93 76.93 76.93 76.93 6.93 76.
suspender rope y 5, (kN/mz) 7 3

Relative displacement at Cx -0.0018 | <0.0425 | -0.0189 | -0.0249 | -0.0284 § -0.0040 | 0.0120 | 0.0020 | 0.0060 | 0.0080
peint-c for point-z (m) Ce 0.0041 | -0.1607 | -0.0651 | -0.0923 | -0.1072 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Relative displacement at Cu 0.3999 | 02283 | 03294 | 03065 | 0.2925 } -0.0020 | 0.0060 | 0.0010 | 0.0030 | 0.0040
point-d for point-a (m) Ca 0.0099 | -0.0772 | -0.0248 | -0.0428 | -0.0502 | -0.0008 | -0.0019 | -0.0012 | -0.0015 | -0.0016
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4 fh ;)- . AT,
.., | [Co DmeJ
T ) :
¢ AT
Dead loady o )
T, : Initial axial force in the member-i T
i under dead load P
T Ca Cor, Cacand C o
Y : Compulsory displacement Cayy |)
AT, 4Ty : T.emperature ch@ge Ca L
—Main cable under live load .
(b) Central portion
Ca «=«= Main cable under dead load
d OC — Suspender rope under live load
c< [ Suspender rope under dead load
(a) Inclined portion

Fig.5-6 Local analytical model by using truss elements, itsboundary and load conditions
Table 5-3 Cable and suspender tensions of local analysis by using truss element and their accuracies

Analytical case Types | Typessc | Type-H1 | TypeH2 | Type-H3 | Types [ Type-sc | TypeH1 | TypeHi2 | Type-H3

‘Noticed portion Tnclined Central
oo comion | Global analysis To (D) | 8292565 | 501535.0 | 670118.5 | 6077865 | 582271.0] 782521.0 | 472315.0] 6310750 | 5733950 5493215
cable member-ab | Local analysis Tz (kN) | 829256.6 | 501535.2 | 670118 | 607786.6 | 5822703 | 782321.0] 472315.0] 6310750 | 5733950 | 549321.5
under deadload [~ Accoc 7 m 95 | 10000 | 10000 | 10000 | 100.00 | 10000 | 10000 | 10000 | 10000 | 10000 ] 10000
ot voion | Global analysis To (dN) | 827824.5 | 500656.5 | 668944.0 | 606738.0 | 5812665 | 7823210 § 472315.0 | 631075.0 | 5733950 ] 5493215
cable memberbe | Local analysis T2 () | 827824.5 | 500656.4 | 6689437 | 606737.8 | 581265.5 | 782321.0] 472315.0 | 631075.0 | 573395.0 | 549321.5
under dead load ™2 Cor e S0 | 10000 | 10000 | 10000 | 10000 | 10000 | 100.00 | 10000 | 10000 | 10000 } 10000
™ Global analysis To (KN) | 2563 646 | 2264.898 | 2468.730 | 2386.711 | 2365.060 | 2499.555 | 2203431 | 2402.730 | 2327.106 | 2305704
S::g;“‘;fﬂ:f;? Tocal analysis Tz (KN) | 2563634 | 2264.884 | 2468834 | 2386.728 | 2365.306 | 2499.468 | 2203.422 | 2402.692 | 2326469 | 2305681
Acouracy To/T2 (9 | 10000 | 10000 | 10000 | 10000 | 9999 | 10000 | 10000 | 10000 | 10003 | 100.00
o tmion | Global analysis T'o (KN) | 878838.5 | 544983.0 | 7163835 | 652954.0 | 6269540 | 8291400 | 512038.5 | 6740585 | 615219.5 | 5905845
cable member-ab | Local analysis T (N) | 878927.8 | 544727.4 | 7163633 | 653016.3 | 6271999 | 8265116 | 511874.6 | 6702415 | 6163437 | 593650.4
under liveload [~ At Um0 | 99.99 | 10005 | 10000 | 9999 | 9996 | 10032 | 100.03 | 10057 j 9982 | 99.48
e veiom | Global analysis T (2N | 877296.5 | 5439855 | 7150935 | 6517900 | 6258335 | 8201400 | 512038 5 | 6740585 | 6152195 | 5905845
cable member-bc | Local enalysis 72 (k) | 877363.2 | 543708.9 | 715049.7 | 6518316 | 626058.8 ] 826511.6 | 511874.6 | 670241.5 | 616343.7 | 5936504
under live Joad [~ 20 T W | 9999 | 10005 | 10001 | 9999 | 9996 | 10032 | 10003 | 10057 | 9982 | 9948
™| Global analysis T (&) | 2684904 | 2579.741 | 2787.820 | 2704.159 | 2681.761 | 2827.070 | 2518405 | 2724215 | 2646.435 | 2624005
S‘ﬁ“‘;‘i}f‘rlﬁg" Towal analysis T, (M) | 2953.037 | 2642.521 | 2857384 | 2765.94 | 2743.887] 2814.883 | 2517315 | 2705.532 | 2650.882 | 2639288
AcowacyTolTz %) | 97.69 | 9762 | 9757 | 9777 | 9774 | 10043 | 10004 | 100.69 | 9983 | 99.42
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Table 5-4 Nodal displacement at point-b of local analysis by using truss element and their accuracies

Analytical case Type-s | Typesc | TypeH1 | TypeH2 | Type-H3 | Typess [ Type-sc | TypeH1 | Typetiz | Typet3
Noticed portion Inclined Central
Relative displacement | GlobaleoalysisUo ) [ 11 [ 220 [ 99 | -120 | 148 20 6.0 1.0 30 4.0
to X -direction at Localamalysis Uz (mm) | 14 | 224 | -102 [ 2133 | 2151 | 20 6.0 1.0 3.0 4.0
point-b for point-a Accuracy Ua/Uz (%) | 805 | 984 | 971 572 | 982 | 1000 | 1000 | 1000 | 1000 ]| 1000
Relatore diplacement | Globalanatysis Wo @) | 14 | 818 | 335 | 473 | 547 § 10 21 EVE EY 1.7
to Z-direction at Local analysis W (mm) | 07 | 829 | 344 | 482 | 557 | -10 2.1 14 | -6 17
point-b for point-a hoouray WalWs %) | 2056 | 987 | 973 | 982 | 982 | 976 | 1001 | 984 | 1006 | 1014

Ce

<__
.;:.b?‘ “ ECGZ

0 ' A
AT
¢
—— = A truss element (D+L+
Dead load Atruss element (D+L) Dead load D+LAT)
=esxs A truss element (D) «=ss A truss element (D)
e o Nodal point AT 1 o Nodal point
Tobdi T0
: Ca : Ca
dé dé
T, : Initial axial force in member-i (D) T, : Initial axial force in member- (D)
T} : Axial force in member-i (D+L). T, : Axial force in member-i (D+L+T)
Cyx : X~component of compulsory Cx : X-component of compulsory
displacement at point-i displacement at point-i
Cyx : Z<component of compulsory Cx : Z-<component of compulsory
displacement at point-i , displacement at point-i
ive displacement of the (Rclauve.dlsplacemem of the
configuration at D+L+T to D) configuration at D+L+T to D)
(a) Local analysis under D+L. ATy : Temperature change in member-i
(b) Local analysis under DAL+T

Fig.5-7 Local analytical model and analytical method for inclined portion
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Fig.5-8 Relationships between increment for live load and displacement at point-b
(local analytical model by using truss element)

Table 5-5 Modified temperature change of each analytical case for inclined portion

Analytical case Type-s Type-sc Type-H1 Type-H2 Type-H3
Effsctive cross-sectional area ofmain cable 4 - (m’) 0.06180841 | 0.82564982 | 0.90729196 | 0.87769227 | 0.86598983
Equivalent elastic modulus of main cable £, (KN/m”) 200000000 | 150000000 | 175000000 | 166666667 | 162500000
mﬁ:ﬁﬁmfﬁﬁ; 0.000011 | 0.0000006 | 0.0000065 | 0.0000048 | 0.0000038
Cable tension in Global analysis T¢® (kN) §78838.5 | 544983.0 | 7163835 | 6529540 | 626954.0
cable member-ab Local analysis 7,2 (kN) 8153517 | 542339.4 | 6850593 | 6319899 | 6110147
under live load T2 T (kN 34868 | 26436 | 313242 | -209641 | -159393
rl;:'ﬁ::;:_’;fﬁﬁ"f:; 300035 | 355760 | -30.1528 | -30.1077 | -29.8071°
Cable tension in Global anatysis To™ (kN) 877296.5 | 543985.5 | 715093.5 | 6517900 | 625833.5
cable member-be Local analysis T (kN) 813930.1 | 5414477 | 683887.1 | 6309332 | 610000.8
under live load T/ 76" &N) 633664 | -2537.8 | -312064 | -20856.8 | -15832.7
Modified temperature change in

cable member-be AT;,bc (dsg) -29.9466 -34.1522 -30.0394 -29.9536 -29.6077

Effootive oross-scotional area of suspender rope 4, (m’) | 0.00663661 | 0.00613592 | 0.00663661 | 0.00613552 | 0.00613592
Equivalent clastic modulus of suspender rope Es (kN/m’) _| 200000000 | 200000000 | 200000000 | 200000000 | 200000000

Equivalent cocfficient of th 0.000011 0.000011 0.00001 00001 0.0000
expansion of suspender rope a s (1/deg.) N . : y 1 0. 1 000011
Global analysis Tgbd &N) 2884.904 2579.741 2787.820 2704.159 2681.761
Suspender tension T d
under live load Local analysis 71 (kKN) 2520.701 2268.253 2437.541 2381.326 2361.818
T2 T6® &N) 3642 3115 3503 3228 3199
Modified temperature change in

-24.9444 -23.0748 -23.9908 -23.9153 -23.7011

suspender rope 4 T (deg.)
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Table 5-6 Cable and suspender tensions of local analysis by using modified temperature change and their accuracies

Analytical case Type-s Type-sc | Type-H1 | Type-H2 | Type-H3

Cable tension jn | Global analysis Tg (KN) | 878838.5 | 544983.0 716383.5 | 652954.0 | 626954.0

cable member-zb | Local analysis 7; (kN) | 878845.4 | 545050.1 | 716427.5 | 653004.2 | 627009.1
under liveload [ Ac ey 70T, (%) | 10000 | 99.99 99.99 99.99 99.99

Cable tension in | Global analysis T (kN) | 877296.5 | 543985.5 715093.5 | 651790.0 | 625833.5

cable member-bc | Local analysis T; (kN) | 877303.9 | 544060.8 | 715141.4 | 651845.1 | 625894.3

under live load {00 O T (%) | 10000 | 99.99 99.99 99.99 99.99
Global analysis T (kN) | 2884.904 | 2579.741 | 2787.820 | 2704.159 | 2681761
Suspender tension | T ST 2883305 | 2556.483 | 2775.4 | 2689.398 | 2664.805
under live load cal analysis Ty (KN) . : . . .

Accuracy T /Ty (%) 100.06 | 100.91 100.45 | 10055 | 10064

Table 5-7 Nodal displacements at point-b of local analysisby using modified temperature change and their accuracies

Analytical case Type-s | Type-sc | Type-H1 | Type-H2 Type-H3
Relative displacement | Global analysis Ug (mm) 11 220 99 129 | -148
to X -direction at Local analysis Uy (mm) -1.1 -21.8 938 -12.9 -14.7
point-b for point-a Accuracy U g/U (%) 98.7 100.8 | 1008 | 1001 | 1009
Relative displacement | Global analysis W (mm) | 1.4 818 | -33.5 473 | -547
to Z -direction at Local analysis 7 (mm) 1.4 814 | 333 | -471 545
point-b for point-a Accuracy W /Wy (%) 98.0 100.5 | 1005 | 1005 | 1003
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Fig.5-9 Local analytical model by using Euler’s beam element, its boundary and load conditions
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Fig.5-10 Distributions of cable tension along the axial direction of main cable oflocal and global analyses
Table 5-8 Cable and suspender tensions of local analysis by using Euler’sbeam element and their accuracies
Anslytical case Types | Typeso | TypeHl | TypeH2 | TypeH3 | Types [ Typesc | TypeH1 | TypeH2 | TypeH3
Portion Inclined Central
Globalanalysis To | 829256.5 | 5015350 | 670118.5 | 607786.5 | 5822710 | 7823210 | 472315.0 | 631075.0 | 573395.0 § 5493213
Cable Me;“b"“ Tocalamalysis T, | 829589.5 | 5015933 | 670308.4 | 607528.0 | 5823900 | 7823253 | 4723155 | 631077.1 | 5733965 | 5493227
tension Accuracy To/T2 (%) ] 1000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
dead load i Globolamalysis o | 827824.5 | 500656.5 | 668944.0 | 606738.0 | 5812665 | 7823210 | 4723150 | 631075.0 | 5733950 | 5493215
&) M‘_"b“c o [ LocalanalysisT; | 827624.5 | 5006200 | 668827.1 | 6066515 | 581192.4 | 7823253 | 4723155 | 6310771 | 5733965 | 5493227
Accuracy To/T2 %) | 1000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Global analysis Tz | 878838.5 | 5449830 | 716383.5 | 6529540 | 6269540 | 829140.0 | 512038.5 | 6740585 | 615219.5 | 5905845
Cable M""_ ab“be’ Tocalanalysis Tz | 879230.9 | 5451145 | 716645.7 | 653165.8 | 627145.5 | 826515.7 | S11873.4 | 6702421 | 616343.5 | 5936498
‘e”s;:“ Acouracy To/Tz (%) | 100.0 100.0 100.0 100.0 100.0 1003 100.0 100.6 998 99.5
under
liveload | Global analysis Tc | 877296.5 | 5439855 | 715093.5 | 651790.0 | 625833.5 | 8291400 | 5120385 | 674058.5 | 6152195 | 5905845
Q) f‘;c T | Tocalamalysis T | 8771603 | 5440302 | 7150535 | 651779.1 | 625837.8 | 8265157 | 5118734 | 6702421 | 616343.5 } 593649.8
Aceuracy /T2 %)} 100.0 100.0 100.0 100.0 100.0 1003 100.0 100.6 99.8 99.5
Suspender tension |_Globel analysis 7o | 2563.646 | 2264898 | 2468.730 | 2386.711 | 2365 060 2499.555 | 2203.431 | 2402.730 | 2327.106 | 2305.704
underdead load | LocalamalysisT: | 2550.899 | 2261.706 | 2460.168 | 2379.912 | 2350.264 | 2499.484 | 2203.423 | 2402698 | 2326.516 § 2305684
) Accuracy To/T: %) | 1005 100.1 1003 1003 100.2 100.0 100.0 100.0 100.0 100.0
Suspender tension |_Global analysis To | 2884004 | 2579741 | 2787.820 | 2704159 2681.761 | 2827.070 | 2518.405 | 2724.215 | 2646.435 | 2624.005
under live load Localanalysis T, | 2859.922 | 2551.562 | 2760021 | 2677.593 | 2654.483 | 2871.636 | 2588.100 | 2775730 | 2720.411 | 2709302
) Accuracy To/T7 (%) | 1009 | 1011 loie | 1010 | 1010 984 973 98.1 073 96.9
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Table 5-9 Nodal displacements at point-b of local analysisby using Euler’s beam element and their accuracies

Analytical case Type-s | Type-sc | Type-H1 | Type—H2| Type-H3] Type-s I Type-sc | Type-H1 | Type-HZI Type-H3
Portion Inclined Central
Component to Global analysis U -1.10 -22.00 -9.90 -12.90 -14.80 -2.00 6.00 1.00 3.00 4.00
X -direction of total
displacement at .
poini-b under LocalanalysisUy |- -0.98 -21.73 9.69 21277 | -1455 -2.00 6.00 1.00 3.00 4.00
live Joad (mm)
Accuracy Ug/U ()] 1121 1013 102.1 101.1 101.7 100.0 100.0 100.0 100.0 100.0
Component to Global analysis W g 1.40 8180 | -33.50 | 4730 | -54.70 -0.97 -2.08 -1.42 -1.61 <172
Z -direction of total
displacement at .
point-b under Local analysis W 1.81 -81.09 | 3298 | 4669 | -54.18 -0.91 -1.96 -1.34 -1.49 -1.58
live load (mm)

Accuracy W o/W 1 (%) 714 100.9 101.6 101.3 101.0 106.7 106.0 106.2 108.3 108.7

Table 5-10 Dimensions and mechanical properties of cable band and band-bolt in local analytical model

Effective cross-section of band-bolt (M45) (mm”) 1412
Yield stress of band-bolt (SCM435) (N/mm?) 710
" Elastic modulus of cable band (SCW480) (N/mm”) ] 200000
Yield stress of cable band (SCW480) (N/mm”) 275
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Table 5-11 Dimensions of cable band and inner pressure in cable band

Analytical case Type-s I Type-sc | Type-H1 l Type-H2 | Type-H3 | Type-s | Type-sc | Type-H1 | Type-H2 I Type-H3
Portion Inclined Central
Total number of the band-bolt 14 18 14 14 14 12 10 12 10 10
Length of cable band (mm) 1840 2300 1840 1840 1840 1610 1380 1610 1380 1380
Inner pressure in cable band (N/mmz) 33 3.6 34 3.4 3.5 32 34 33 33 33
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(b) 15-node isoparametric element
() 20-node isoparametric element

Fig.5-14 Definition of local coordinate system in finite elements of cable band and main cable.
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2. BRAGIT, X, VRE Y, CERE X CUBDITIEINY MVOATEE LTEETH I LATES. 2B, UTT,
Fig.5-14@\Z77, 20 HiRT A V37 A b vy 7BRITHLT, BRSO ERLRTN, 15SERTA YT
A NY w7 ERCR L THORBEOERX LY RAMKEAELND.

HEs MLLEONE, BS99 D 10 2RSS MVADZRAVTRO LD iREANn3.

T g e

i {71
{ill(’—l)}= ill(;—l) = iA(r-x)
i IEA %

1 N [ino(r-l) "izYlg('—l) . (525)

1
i 10('-1)_,'X9('-1)

2 2
\w leo-l)_xp(r—x))z +(i X;o(:-u_in(H))z +(,- X;o(r—l)_,X:(r—l))z [i X;°("‘)f5Y§(""
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N =

= | F A(r—l)}x {' B(H)l |{x A(H)}>< {t B(H)H , Al("I)iB §"1)—'B l("l)i Ai("l)

28, RG20IZHBNT,
i Xlz(’—l)_i Xs('-‘)

1 1 ,
{i B(r—l)}= i X;z('-l)_i X;’(H) 5.27)
(r-1) (r1) .
D i 'y
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THD.

Bz, FEST ML, R R ALY & L DA R E LTRATREND.
DAY

fago)= e e a0} = DAY (5.29)
i (1) i l(r—l) i l(r—l) i l(r-l)
31 " h2 11 32

(2) HRAl= N v 7 ROREEEH

ATRERT - M NOTHRFEE /G & LT E RSV SRR TR B 70, RG20NIR LTz, HINELL
REEE |z 331) B E AR FHA B OBEERA,D, OTHEGADORELLT, BEFEER TR LI ES
Green-Lagrange U9, 35 X U455 2PiolaKirchhoff /1% FAVTELT D IO EXET. B, BEERESR
LIERT v Y VRS ERRT B, ETARRILT 74 LEAUT.

(2S00 G Cim Gl 1B
=1 S;(z’-l) C;222 C;ZSS -1 E ;(zr_l)
) Sr(r—l) C ) Er(r—x)
{,'- Sr(r—l)}= 1033 - 3333 , J 1733 = [C']{‘._ E'(H)} (530)
= S Claiz B v =
i-1 S;(Sr—l) .sym " C;323 i1 I‘;gf‘l)
s | Con )l

T, uSEY : H5E 2PiolaKirchhoff 517 ¥ Y VST, BET A« 1855 Green-Lagrange 0§ %7 Y VAR
A TH Y, R(530) DS Green-Lagrange 0T 5T ¥ Y VBRE R WATAT FMZBNT,

2 D= D, 2, E¢V= T, 2, B¢ = T (53115

LW, E7e, RGI0)DERT v Y IVEIER(5.22) & RIS,
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1 1=2v vy, — Epy, _Esvzs _E1v31
12V23V31
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RG3EAND L, A7 YA M
B3, SEEER TR U ERRA R ORAR
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i l§;—1)i ll(;—-l) +i ls(;-—l)i l‘(;—l) 1 Is(;—l)z Il(;—l) + ls(;—l)i Il(;—x)-

1

(5.34)

(5.35)

A 7 NVBOEIZRITS, 2HEIERT

SER Uz Cauchy iS5 HT v Y NVDBG T~ T MBI B L, RFTEER CAot L7 Cauchy whTFvY
ADRS E RS PALTHIRGE36)TREND.

{T«r—n}: [.- TA("')]{" T("‘)}

(5.36)
HB.36HIBWT,
B 17002 12 12 370 g0 syl g ) 10400 7
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14002 1002 iy02 jplr g b REUret PR )
by L, L 25, ', 20, Ly 2L Ly
i (-2 1,002 s e1)2 PSP T lalrTial 170 gl
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) g ) g et 5 b B F T A ) B P S P L P ] 1) g gloet) g lret) 3o 1)
il;l‘ 'ls(l‘ 11;2")113‘21) ;lz's'),ls(s') il,zz ll“ _I_il21 i132 1123 1132 +1122 ll33 ilzl il33 +‘lzs 1131
1400 - 5l 5 g O} e gy b0 1R g0 gl =) 1t iglr) g le) gy O FpU b)) )
LISI llu : 32 lllz 133 1113 132 lll +l§l 112 133 lll +l§2 llS 131 llS +l§3 lll J

{Z,__(r—l)}z__ {1Tl(lr—1) iTz(zr—l) iTs(sr—l) tTl(zr—l)

e Ty (5:38)
{ £__:(r—l)}___ {iTlrl(y—l) iTzlz(r—l) iT;S(r—l) iﬂlz(r—l) iTzrs(r—!) IT;l()t—l)}T (5.39)
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5. 6. 3 FERSNIART— FORIE
ﬁ@%ﬁﬁﬁﬂ~Fﬂ%ﬂbh,%ﬁ%ﬁ%ﬁﬁﬁéﬂtﬁﬁ&ﬁ@%ﬁ%?buy?xméW@%%AwﬁmT
»ﬁwiA%;U@%@E%f%ﬁbt&mmmmmﬁﬁﬁﬁ%m®%m7wﬁufA@%%ﬁ%@ﬁTétm
WEéﬁﬁbamPuyﬁwwm%m%ﬁ,Bxwm%mﬁﬁﬁﬂéhtﬁ%@ﬂﬁﬂﬁ%ﬁ%ﬁw,ﬁ%%&mﬁ
Lz, BT 2 b ORIERERZ R

(1) NEXZF5 CFRP Y ¥ 7 ORUINERIFERT
Fig5-15 107 & 918, 74 FAY MIA VT 4 v RS CFRP Bl Y 12, W 200N/mm’ ZAER S ¥ 5
R R B L, ) AT B T — T8 T E IOV ORISR TRAME & B L. CFRP ODHSRAYEs
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M4 Table 5-12 (kT 7288, VU JIAREMEN T OMESMICER S TEY, BERHENIHBEARIZE->T32
Bl L.
WRERO—E L LT, Figs15107T, ABRIVCIKBITAEMNOERERFBIER, U/ 2 FEHnr—
FIZRILTTE %Bhé%ﬁ@ﬁﬁrﬁﬁé, BIUEx BB LIBES Tble 5-13 1R F£7e, U 7 ORENORID
BRI A EESMC o 7 — T & EsRiE & LT Fig5-16 127, ABBIUCl _:owz)zu@ﬁfﬁz
i, FRERKRRTRENS. L, ERORT, BMOE FTHSIIERERRERT.

28R, (5.40)
EA
2
H
uf =us =—pf£’z—' (5.41)

ZIIS, pi NE R WERLBRETONE, H,: )/ OBS, E: )/ OREFAICR TR CFRP
DU S HOBERKE), BEVA4, : ) > 7 OUTERTHS.
7, 7—7RN o DERBTRNTREND.

_ p;—R’ ' (5.42)

ZZig, 4 VU TORETHS.

Table 5-13 £ ¥, BROETRESBITERISERMA L ITT—HL TR, ERMOBEIERT, YAMEROEE:
R LT r L REETIUT, DUREETHS LEANS. $ik, Figsle LV, 7—7ISNOARERBTRER
LB BT — B L TR Y, BB ABOBRET & RIS TE TV ROEEZ BE T IUT
DAL LHBTES, LidioT, EREAERRR M) v AOSREER~OERITIZHIIER SN T
3 EHWING.

(2) #FESEA SNz B ORI REERAET
Fig 5-17 153 & 512, FIARIE T3 38 100N/mm’ ASEA ST FHERIEIZH B ElikRZ 20 #imT 1 V37 A |

Uy /ER 1 EBRTEFMUEL, o° muiﬁéﬁéﬁw&m@maﬁb@ L. 723, AWAEERAIZ 90 A7 VA
v NIRRT X VBA L. BAEERA & BRTEEER TRk L Cauchy FSHIERGY T, Tz'l, T’
DEBR% Fig5-18 1277

Figs-18 £V, 90° ORIKEERT, SAEERbRPTEERIER LT Cauchy JSRGD 5D, Ty "DIHH—TE
fE 100NMmM 27K L, Tp=Ty'=0 THDH I W05, LT, Cauchy iDL WEERY> b RFTEERER~DE
BUIRMICER SN TWS LTSNS,

Fibre orientatio . . )
reonienatr _»X2 Table 5-12 Mechanical properties of a CFRPring
X3
Point-C o o E; | 152000
= asti
Hr=10mm ] (I\;/n"l:iz;’ " I'E, | 600
N Uniform inner pressure ‘
~ Xl AN pr=200N/mm2 . ’\; Es 8600
<g=10mm '\ _ R O G| 5000
» Node constrained D.O.F. to X and Y-dir. T Shearing modulus G
 Node constrained D.OF. to Y and Z-d. - -~ ; (N » ] 320
« Node constrained D.OQ.F. to Y-dir.” >:90 deg. Definition of Gy 5000
s . principal axes V2 0.32
.RI=3Q0mm Poisson's ratio Vs 034
S~ - V3z 0.018

Point-B
Fig.5-15 Analytical model of a CFRP ring subjected to inner pressure

Table 5-13Displacements at point-B and Cina CFRPring

u;” (mm) Accuracy u,° (mm) Accuracy u;° (mm) Accuracy
FEA | Theoretical (%) FEA | Theoretical (%) FEA | Theoretical )
23.42 23.68 98.9 11.71 11.84 98.9 11.71 11.84 98.9
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Fig.5-16 Distributions of hoop stress along the circumferential direction
X; X’
g 100 1 1
E 80 | — T
. % 60 T x T22'
Global coordinate system é [ o T12
’ » . ) 40 -
. > L
X, 1:9:_:@_1_0_0_0rd1nat3 system .g 20 |
: X; 0

Xs 01X’ L 0 10 20 30 40 50 6 70 8 9

Tnitial tensile stress=100N/mm’ Rotation angle 8 (deg.)
Fig.5-17 A solid subjected to the rigid rotation Fig.5-18 Change of Cauchy stress in local coordinate system

5. 7 ABYy—ILEEETLEBWN-BHER

I Ay BRI — 7 WSTENICIT BRI RIRET H7c), 5. AEIClRe, EAR7RRETRT
BT BRNERE 2T, 2r— MR — 7 BTN REA LRI R 5. ARTIE, %
T BT B — 7 TV R R e RRTHENTE 7L DRE LORE & RFRHT TR DV ORT . &
bz, MR —7 EET A RV RIS L, SR SRR T 5 Z & T, RIRTT
FUOBREIFNARE & ER Ui BT REO UM REET 5.

5. 7. 1 REFFETETARELDRE ‘
M — 7 TS A2 £ — 7 WSER LT BT e 7 Vil BERFABOSIIENTET /M D5EE
B L EEEROBTEEAFIA LT, UTIFIETARED TICRELE.

11 Er—7 W, ZERER 20%% EAATE 2 — TN OANSEAER L THEMAMME TH Y, TORERITS
— I NS ENC—EThB. ETn, E/—TNOZERBIIEMIC L > TEELRW.

2] SAEENOIFEEEERRET DI, Er—7 VORI L S A A TADRBRIESR LT 5. B, 7
— VR ETNETEE O L7z 12 BT ASEATE 5.

3] ¥EMREEOES—T M, B TR TR TR DIV FER ERR D — S VRS B — 7 VD RANT OBTERR

RS T B, S REUROEREM Th . T, TOEEHT, ST TRONC
KA EREOE,r—7 VORI —3T 5.

[] VTEMREONA—a—7T, BHE BRSBTS - FERT ER D~ A — IR I I & U CTIERT 2.
Fh, FOMSL, U TR LNEERERONH— 1 — T ORI —ET 5.

(5] TR ER LT, Ty Ly U VIR ANDERT B, 1L, UVA¥T vy e 7Tl okED
FIEIR, UAY Ty ELr By —TNERICBICESND AL, Hr—F NEA D —T MTE PN O ERK
AL LTEETS. 2B, BT EREr—7AOERIZE o THERELRNE TS,

[6] r—7 Ay FADEr—7 WERNICE, 732 KL M L R MITE (5 FHE) 238KEST L,
Ry RREREr —7AOEBIZ L > THERE LR,

71 Zr—7 A"y KNG L ES—7 AR, 3 XU Hybrid cable O#ER & CFRP RVERES LR T D,
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[8] ZERFERFIZIRVT, 5/ —7 /U, NoH—n—7EE, BIOr—7 Sy FORRITERTE 5, B,
RWTEREE AT A L ARES. :

0] 5. AEDREHD, Er—7/UROBEREEL LT, BRERIIE Y VR, BRUTRIIZERRFSND.
F7-, HEOETE D, Eyr—7VIRTRIEREREATS.

[10] HEE1Y - EEDEID LV ERR S —TNAY FiE, AU FFVE, A FRV DT Z vF AV B, BLUY
v L— NEFERLU-AREL RRES.

(1] {RENONZIVT, ErTL— by BRIV M ERT 5700, EV AR —T NSy FOFRRD
BETE 25910, F—7A 3y RREIHMZEERZEBE 1, N H—a—FIr—T N ROSERE
BRICEI B — 7 Sy FOR BT REERORTCBER 2/ LTRSS, 2B, (REERO
B &Iy H—a—TOEYWEREY 7 —7 Ny FRETRLTRENS LT5.

Main cable with the void (Void ratio=20%)
(20 and 15 node solid element)

D.O.F. to Y-dir. is constrained on this plane.

Cable band and fictitious element % L ~
(20 node solid element) RAARER Rigid element

f==== Member axis n global
analytical model under
SL  gead load

Cez  at this point.

Fig.5-19 Local analytical model by using circular cross-section model of main cable (Inclined portion)

Table 5-14 Dimensions of each local analytical model by using circular cross-section model of main cable

Analytical case Type-s | Type-sc l Type-H1 I Type-H2 l Type-H3 | Types | Type-sc I Type-H1 | Type-H2 I Type-H3
Portion Inclined Central
Nodal coordinate atpoint-s | X | 0000 | 0000 | 0000 | 0.000 | 0000 | 0.000 0.000 | 6000 | 0000 | 0.000
under dead load (m) zZ 0.000 | 0000 | 0000 | 0.000 | 0000 | 0.000 | 0000 | 0000 | 0.000 | 0.000
Nodal coordinate at point-b x | 20000 | 20000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000
under dead load (m) z | 7031 | 7143 | <7144 | 7030 | -7.031 | -0.053 | -0.053 § 0053 [ -0.053 | -0.053
Nodal coordinate at point-c | X | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 | 40.000 40.000 | 40.000
under dead load (m) 7z §-13952 | -14.175 | -14.176 | -13.950 | -13.950 } 0.000 0.000 0.000 0.000 0.000
Nodal coordinate atpoini-d | X | 19.999 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 20.000 20.000
under dead load (m) z 1250564 | -258.219 | -258.219} -250.575 | -250.572§ -2.053 | -2.053 | -2.053 | -2.053 | -2.053
Effective cross-sectional
area of main cable () 09618 | 0.8256 | 09073 | 0.8777 | 0.8660 ] 0.9618 | 0.8256 | 09073 | 0.8777 | 0.8660
ﬁ“gf‘gl:ﬂ:;xgm 00 oo 1.0 20 3.0 0.0 o 1.0 20 3.0
Void ratio (%) 20.0 20.0 20.0 20.0 20.0 20.0 20.0 200 20.0 20.0
m?;ﬁ:i:i’;ﬁ“zm) 1237 | 1146 | 1202 | 182 | 1174 | 1237 | 1146 | 1202 | 1182 | 1174
Thickness of cable band 7B (m) 0.036 0036 | 0036 | 0036 | 0036 | 0036 | 0036 | 0036 | 0036 | 0036
Length of cable band BL (m) 1.840 | 2300 1.840 | 1.840 1.840 | 1.610 1.380 1610 | 1380 1.380
Thickness of ficititious element (m) | 0.00361 | 0.00267 | 0.00361 | 0.00333 | 0.00333 | 0.00412 | 0.00445 | 0.00412 | 0.00445 | 0.00445
Effective cross-sectional area
of suspender rope () 0.00664 | 0.00614 | 0.00664 | 0.00614 | 0.00614 | 0.00664 | 0.00614 | 0.00664 | 0.00614 | 0.00614
Length of suspender rope SL (m) | 243.532 | 251.075 | 251.075 | 243.545 § 243.542 | 2.000 | 2.000 } 2.000 | 2.000 | 2.000
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?&i’bf:%@iﬁ%%ﬁ%fdﬁﬂ%m:ou T Fig5-19 (1R, BERICEA LIEERIT FHr—T MW BLC 58
BT A IRT A NY v 7SR, TNy R ERBERIL W EHRTA VAT A Y v JEGIAER, BLT
N H e — AT 2 RO b T REREEA LT ST — RIS EFfRTET NV ODFETTE Table 5-14
=T ‘

5. 7. 2 MARI—7AEEETFAERWRETETTIE ;
Kﬁ%ﬁﬁ,H%#—fw%ﬁ%?w%ﬁwt%ﬁ%ﬁﬁ&&LT,gﬁ%ms.4ﬁfﬁ&tﬁﬁ%ﬁﬁ%m'
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@E%%%ﬂ%&f%ﬂ#é20@1?y7ﬂ%%bkﬁ@%&%ﬁ%ﬁ%bt.Lﬁb&ﬁ&,i&—fwo%%
iwﬂﬁﬁ,ﬁ#@T%V&?%bUw&E%DWﬁﬁK@T%%ﬁmﬁ%ﬁwét,%ﬁﬁnﬁﬁf%gﬁ%ﬁb
ﬁm%#—fw%ﬁ%?wmﬁbf,%ﬁiﬁ@i&-fﬂﬁ%ﬁ%bh%ﬁiﬁ%méh,%ﬁi&ﬁkﬂﬂﬁf
A1, O —7 MREET VRDZER, BLUES L FRFEROZr— T VEDHELZSE LI R EDH
mﬁ%&%ﬁbt.it,ﬁ@%ﬁ@ﬁEEM®%@ﬁ%§?%6;5mﬁﬁ%&%ﬁ:—F®%%%mﬁ?5ﬁ§
bLdHad. LT T, = b EHTFER L UM AR OV T BRI ERZRL, Ehiz, ARr—7\VEET
V% B RFTRT O 7 n— 2R Y

(1) BRFEOEHFAE :

AR DY SV EEICSE L 2 B2 — 7 )V OFRTERL, ST 5 —7 VB BELEMEen X5,
T4 V3T AR Y v s EROURAOBRI DI RERE AR UTEN L. 37z, 28T, v Fe—7
25 LI UL YEQEEITEr —7 VOB RIS 2R TER SN DT, FHr—TNEHERT AEED
W jo [oxH BIEE OF, ARG TEHL, 7—7 /Wy FOBERERLZ. 25, KGBINPNT, BN
B0 RO — TV EBR LB TH D Z L BRT.

°F,. = B, %;—]Z-flfl j: Ni%p - det"Jdrdrdr, (i=1,2,3,...Na N, : Total number of nodal points in an clement) (5.43)

T Zie, BV RBR—F, FyEVIULY, TNV F, BIRELTL—F R 5 BEENEREL 4.
EHr— T NOEYRTEE, A, Ty —7NOHZHNFORMTER, "L Er—7NVEMOREE, o EH—T N
S O ERSTHE, N ERAOES ST TR, Oy  BROBNAHRER, r, nnrs: BREE, B
TOT I, STRIEE =N L LT, R(5.44) TR S5 Jacobian < M) v 7R THB.

o 7

[ 8%, o '
on o, On
0, 0, 0.
iyo|Tn 0n 0% (5.44)
arl arz a"s '
o % Ox
| on o On ]
¥, REMEDOBERBITN TR TREIND.
A Y .
i =1-7 (5.45)
’L__AE
°L °N+AE ©46)

I, Ve TEHE%), E: SRR TR e — TN D — T VTR ORERE, BEUN: &7 —T R
MORRERDOF —7NVERITHS.

-1, REANTRTFRAENSZ. MWL, T —T AR AR D 1 BRICHT AHERERLTRY, £
I NAROFEESY MITT B EZEDTRENS. B, Er—TNVERRT OREREEM LT3 L, RE
KDOFHE~NY M OFIIRGATY TRSNS.

M
°F, =% Fo (547

ie=1
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(2) BESHBHFTNIY XA

AT, BESHEEE LT, BESLERENSNEL, REESIC L ARNBWEY MEEL 7Y
Ay NORESEAEIONA L UCEHET 2 REREB L. LizhtoTC, EREEZERTAAT v BT, 1
LI YAV i BBRDA LT Y AV b i BT AR RER I Lo TRODEREEX DL, BT
AV NORE YA ZVEDHLT, TEREICL AH5Y GreenLagrange O &> HREEER TRl LISENTOT 4
%32 LB\ TS 2PiolaKirchhoff A2 EH L, E5ITIE, Cauchy SHDORRDLHNADFHEE{T 7. FEROME
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9, Figsld IOEETS, EREAEMOBETHR CERSNOFHRIS 0, a2 & as BIUESOHS
NIEBOEROEERS AT, 2 A5 &, BMETER TRE LBROTHEBNL A £ 1R TRETE 5.

{A“::h}z {Agihu Aeyy Dey, 00 0}T=ATh{ax a, a 0 0 O}T (5.48)

F7r, RUSAS)DEMTEIR TR LIERBROTHRT MUL, A7 VAV Ml AT YA i DSy
BEORE =1 1 7 VEIZEES e N v 7 R TO="T, Th BT, "I AR &) SREEERICE
HBEns.

{A“;m } = {Asmu Ay, Agyyy Asy, Ae,,, Agyy }T = [HT D ]{Ast’h } k (5.49)
[ i-lll 12 1—11212 i~ll312 i—‘ll li-IIZI i_llzl i—llSI ‘-1131 i—lll 1
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128, RU5S0)D= N v 7 ZFANHE, RGN LT, A7 U A2 b il OB SEE»DEH LR
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Az, R533)TREND, SHFEHER TR U ERRSIROBEERE AV D &, BOTHENEER

L= R4 r=1 HA 7 )V B OIS 2Piola-Kirchhoff i5 17 > Vv o SYDRMIRATRHENS.
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i'lsgz) 'Cg)zz ‘Cg;s 'ngz icg)zs icgg)sl i—1E7(.lz) - Agyy,
3 i'lss(ls) = lcs(gzs icg)u ‘Cs(i’L ‘C’s(g%! ) i—lEs(ls) - Bgyg, } (3.51)
HSI(IZ) icx(gzz icl(gs 'Cl(le 25-1E1(;.) - Mgy,
S8 sym. icO. 1 12,,EY - Aeyss
i S3(11) : lcs(ggx_ in—lE'?l) —Agyy,

ST, aEa® (kI=123) B AEORG.15)TR L, B55 GreenLagrange O9°RT VY ARSI THB.

(3) ARr—7MWiETTNME BV RETEf 07 n—

M — 7 ABRE T V% BV BT O 7 n—7% Fig520 (R, 728, BAETHE~ T, AR —7 /W&
RS BIROEB Y ERT 5720, BT CEAT 32 TOEBRI~ M) v 7 A2, D ZZEFRRELT
(I-D)TREND AN 7 —BEEHETRT .

, @ No
Read m the geomelry, properties of Yes
materials, boundary condtions and so on. Loading of body foroe vector for main cable 'F;
E{___l Loop for the increment (=0 by using from egs. (5.43) to (5.47), and loading of
=0 for the step of dead load, i1 body force vector of suspender rope
for the step of live load) )
€ @ ¥
E’]b Tniroducing of relative displacement as an incremental
compulsory displacement vector :,Ucp Repetitive cycle
|

> ®
&

Fig.5-20 Flowchart of local analysis by using circular cross-section model of main cable
o
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: Calculation of incremertial Green-Lagrange strain tensor £ by

7=r+l using eq, (4.13)
Calculation of incremental apparent stress tensor ,S? for 2nd
Piola-KirchhofF stress tensor by using from egs.(5.30)to (5.35)

No @ ‘ Calculation of apparent stress tensor ‘7% for Cauchy stress tensor
Vos by using from eqs.(4.17) to (4.20)
|
[Loading of unbalanced force Vool l
|

Opdating total displacement vector ' =1° '+ Au®
[Updating configuration xP="x"+ 4U®

Calculation of tangential stifiness matrix K¢ by using from T
eqs.(46) o (4.14) and from egs.(532) to (5:35), and calculation e . .
L . aﬂauonofnrmmalforoevedorasbyusmg
of tangential stiffness matrix of suspender rope from eqs. (421) to (425), and caloulation of
internal force vector of suspender rope
e | L
Ve [Calculation of unbalanced force vector R”="F- —0" |
Loading of incremental equivalent nodal force vector
«F; dueto incremental compulsory displacement Converged ? No ®
% Yes -
Calculation of incremental displacement ve Transformation of apparent Cauchy stress tensor ‘7%
AU by solving tangential stiffness equation from global to local coordinate system by using from
egs.(5.36)10(5.39)
No Calculation of effective stress tensor ‘T°® for Cauchy
i=1? stress tensor by using eq.(4.63)
Yes ¥
Calculation of incremental external force vector 1,5 of| - [ [Print computational results| |
D.O'F. introduced incremental compulsory displacement
le
i1 and =17 1o
Yes

Calculation of incremental thermal strain vector 4 £ 5 by using ffom eqs(5.48) 10 (5.50)
Calculation of incremental Green-Lagrange strain tepsor .. E® by using eq. (4.15)
Calculation of incremental apparent stress tensor 189 for 2nd. Piola-Kirchhoff stress
tensor by using eq.(5.51) )

Calculafion of apparent stress tensor T for Cauchy stress tensor by using from
eqs.(4.17) to (4.20)

. ,
Fig, 5-20 Flowchart of local analysis by using circular cross-section model of main cable (continued)
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. BRI ATERER, 5. ASCR~-RETEIFHRIZIE ), Figs-19 & Fig521 17T & 512, FAERF
POEEERHCE S ETOM a KT B8 ¢ & d DB 2 TN EhA c & dICERNHEITEA L. $7z, BE
BN, R E TR L Ui r—ADEr—F N A H—a—FZR LT, 5. 4BORUICRER(LE
PEA LY. BT MO S TN A BRI OMREEMES Table 5-15 W78, Fiz, BHNTOTHILS, ~v
H—iES), BRI, 3L UGEMORELLEY Table 516 TR T. 7235, Table 5-15 123V T, CFRP DRMEFREL,
B EREROMRE DA TIRFENL, Figs-22 OBt (BFTEER) REBELEETHLZLE2EKRTD.

FRETERR L OVERERIC T 57 — 7 VRN bV 35 % SETRER L R L TR Tih Table 5-17
X TN Table 5-18 10575, 728, BABITIC BT B — 7 NVENB LUV H—ENIL, Figs-23 I0RT LIS, Ra,
¢, BLUd DSAEER TR LIZ3aR <7 MASRUTEH Lz, 7, FigsB3IFT, JEREDOIER
BREE TO/ —T Ay FRDAB T B Ei5 b DAL % SRR & e LT Table 5-19 iZ7R7.

Table 5-17 35 L UF Table 5-18 & ¥, FEAFEREE JINERER & b — 7 VBENB LU H—3 i & BAT
T—B L, AR RO ERESERCE 32 L2%D5. —F, Table5-19 £V, TERERIOHIR b OEAL
1, RO — & Types, 38 L OPSERDAARHNT - — RV B Z BTHA OREEDME T 528, RO
T — 2 Types DRBERY, BRIAVIEWVWIE, BET Table 5-18 £V, BMFHIREROFELER LCEHLE
TERSEREOEM AL, SHNEIT & BT CRIFIC—ET B I L bHATHZ LITT R, i, PIIMOBMENTS
— 2D Z BEERIOREEIZH\TIL, £ — 7 MBOEREEZEESF L RE L Z LITERT S L ZX0ND,
Table 5-18 DT HIUFF—F0T B 2 L1 OERT B Z LT 5. U EXL Y, BRURIFEITET NV & REFFEITFE
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‘,u““ Coo Cez, Cavand C

-I-......O-‘_.--u--I--

Cm Cz, C,,k and C¢ 1
: Relative displacement : Relative displacement | X |
(Compulsory displacement) (Compulsory displaoement)i Main cable
Axial line of main cable A)dal]inzofnm'nmblq
=—and suspender rope under —— and suspender rope under |
live load live load ; A/Susmnder rope
. . . i
Axial line of main cable Axial line of main !
___andmspenderropeunde( ———cable and suspender i
dead load rope under dead load
d C
Ca * dE Ca
(a) Inclined portion (b) Central portion
Fig.5-21 Compulsory displacements in local analytical model
Table 5-15 Mechanical properties of each material in local analytical model
a) CFRP Steel wi band
2 E, | 150000000 ® ; cable and Epoxy resin (1#3601)
Elastic modulus E! 8600000 Sspender rope ( ‘apofooxy fibre (T400
2
(N’ Elastic modulus m fibre (T400)
E; | 8600000 N Es | 200000000
(kN/m")
v 0.32 - —
Poisson's ratio o 0.02 Poisson's ratio vs 0.3
Coeficent of thermal
v 0.0183 cxpansion (UDeg) | % | 0-000011
Sheasing modil Gz | 5000000 — -
hearing modulus nit volume weight
Ny G | 4215686 ) ¥s 76.93
Gz | 5000000
Coefficient of a; | 0.0000006 Fibre orientation
thermal expansion | a; | 0.0000207 Fig.5-22 Principal axes ina CFRP
(1/Deg) as | 0.0000207
Unit volume weight 15.68
(KN/m®) yee |

Table 5-16 Apparent initial stress, compulsory displacement, temperature change, and so on in each analytical case

} Types | Typese | Type-H1 | TypeH2 | Type3 | Types | Typesc | Typedl | Typet2 | Typesis
Analytical case -
Inclined Central
.. N [+]
Initial apparent stress in. | CFRP| g, | _—— | 485954.2 | 506463.0[ 498587.4] 496524.0 457641.9 | 476954.7] 470374.9 | 4684267
cable member-ab (kN/m") | steel | o,,° | 689747. 675284.0 | 664783.21 662032.0 | 650708.4 635939.6 | 627166.5 | 624569.0
Initial apparent stressin | CFRP| 5,© 485103.0 } 505575.4 | 4977273 | 4956674 457641.9 § 476954.7| 470374.9 | 4684267
cable memberbe (kN/m®) | Steel | 5,.° | 688556.7 674100.5 | 663636.3 |} 660889.9 | 650708.4 635939.6 | 627166.5 | 624569.0
Initial tension in Ty 2563.646 | 2264.898 | 2468.730 | 2386.711 | 2365.060 | 2499.555 | 2203.431 | 2402.730 | 2327.106 | 2305.704
suspender rope (kN) .
Wrapping pressure (KN/m’) P 2526 2653 2727 | 2757 | 2526 2653 1127 | 2757
o - ,
€1 Prossue 1 Pe 32770 | 36379 | 33740 | 34304 |.34535 | 32101 | 33684 | 33051 | 32670 | 32800
cable band (kN/m")
Temperature change in ab
ceble member-ab (Deg.) AT, 30.00352] -35.57602{ -30.15279] -30.10775| -29.80708] 30,0 30.0 0.0 30.0 30.0
T ture change i
CITpErature GAAnge I 4ty )-20.04662]-34.15222] 30.03939| 29.95365] 29.60774] 300 | -30.0 300 | 300 | 300
cable member-be (Deg.)
Temperature change in 4ty |-24.94443] 23.07484] 2399081} 23.91527| 23.70115} 30.0 30,0 -30.0 30,0 300
suspender rope (Deg.)
Temperature change in 47, -30.0 300 30,0 300 -30.0 30.0 300 30.0 300 300
cable band (Deg.)
Surcharge coefficent ) '
of self-weight Bs 11 11 11 11 11 11 11 11 11 11
Compulspry displacement Cox 0.00180 | 0.04250 | -0.01890 | -0.02490 | -0.02840 | -0.00400 | 0.01200 | 0.00200 | 0.00600 | 0.00800
at point-c (m) Cez 0.00410 | -0.16070 | -0.06510 | -0.09230 } -0.10720 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
Compulspry displacement Cux 039990 | 0.22830 | 0.32040 | 0.30650 | 0.29250 | -0.00200 | 0.00600 | 0.00100 | 0.00300 | 0.00400
at point-d (m) Caz 0.00991 | 0.07719 | 0.02485 | 0.04285 | -0.05024 | -0.00081 | -0.00193 | -0.00124 | -0.00147 | -0.00158
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Cable tension in
member-ab

Z
]
Axial fine of main cable
——and suspender rope under
live load
Axial line of the main cable
——-and suspender rope under
dead load

(a) Inclined portion

Cable tensionin
member-be

Axial fine of main cable|
- and suspender rope undet |
live load H
Axial line of main cable |
--—-and suspender rope i
under dead load é

Suspa-mdertension\id

(b) Central portion

]

Fig.5-23 Cable and suspender tensions in local analytical model, and total displacement at point-b

Table 5-17 Cable and suspender tensions in local and global analysis under dead load and their accuracies

Analytical case Types | Typesc | TypeH1 | Type-H2 | Type-H3 | Types | Typessc | Type-H1 | TypeH2 | Type-H3
Portion Inclined Central
Cable tension | Localanalysis (T1) | 823.8 | 4992 | 6662 | 6049 | 5707 | 7825 | 4723 | 6312 | 5735 | 5495
in membet-ab | Gilobalanalysis(T) | 8203 | sons.| 6701 | 607.8 | 5823 § 7823 | 4723 | 6311 | 5734 | 5493
(MN) Accuracy (T1/Tg) (%) | 993 99.5 99.4 99.5 996 | 1000 | 1000 | 1000 | 1000 | 100.0
Cablotension | Localanalysis 7;) | 8218 | 4982 | 6647 | 6036 | 5785 | 7825 | 4723 | 6312 | 5735 [ s405
inmember-bc | Global analysis (Tg) | 827.8 | 5007 | 6689 | 6067 | 5813 | 7823 | 4723 | 6311 | 573.4 | 5493
(MN) Accuracy (T1/Tg) (%) | 993 99.5 99.4 99.5 995 | 1000 | 1000 | 1000 | 1000 | 100.0
Suspender Local analysis (T;) | 25486 | 2260.5 | 2458.4 | 2378.5 | 23579 | 25079 | 2199.1 | 24045 | 23269 | 2305.1
tension Global analysis (T¢) | 2563.6 | 22649 | 24687 | 2386.7 | 2365.1 | 2499.6 | 2203.4 | 24027 | 23271 | 23057
) Accuracy (T;/Tg) (%) | 99.4 99.8 99.6 99.7 997 | 1003 | 998 | 1001 | 1000 | 100.0
Table 5-18 Cable and suspender tensions in local and globat analysis under live load and their accuracies
Analytical case Types | Typessc | Type-H1 | Type-H2 | Type-H3 | Types | Typesc | Type-H1| TypeH2| Type-H3
Portion Inclined . Central
Cable tension | Localanalysis (T;) | 8743 | 5449 | 7140 | 6518 | 6262 | 8280 | 5139 [ 6721 [ 6184 | 5958
inmember-ab | Global analysis (T5) | 8788 | 5450 | 7164 | 6530 | 6270 | 8291 | 5120 | 6741 | 6152 | 590.6
M) Accuracy (T2/T6) (%) ] 995 | 1000 | 997 99.8 99.9 999 | 1004 | 997 | 1005 | 1009
Cable tension | Local amalysis (7z) | 8722 | 5438 | 7124 | 6504 | 6249 | 8280 | 5139 [ 6721 | 6184 | s9ss
inmember-bc | Global analysis (Tg) | 8773 | 5440 | 7151 | e6s18 | 6258 | 82001 | 5120 | 6741 | 6152 | 5906
MN) Accuracy (T1/To) (%) | 994 | 1000 | 996 | 998 | 998 | 999 | 1004 | 997 | 1005 | 1009
Suspender Local analysis (T;) | 2869.8 | 2553.5 | 2766.4 | 2682.7 | 2658.8 | 2884.4 | 25832 | 27819 | 27248 | 27122
tension Global analysis (T¢) | 28849 | 25797 | 2787.8 | 2704.2 | 2681.8 | 2827.1 | 2518.4 | 27242 | 26464 | 26240
) Accuracy (T1/T¢) (%) | 99.5 99.0 99.2 99.2 991 | 1020 | 1026 | 1021 | 1030 | 1034
Table 5-19 Nodal displacements from dead load to live load at point-b and their accuracies
Analytical case Types | Typesc | Type-H1 | Type-H2 | Type-H3 | Types | Typesc | Type-H1 | Type-H2 | Type-H3
Portion Inclined Central
Displ ¢ | Localanalysis (Uz) [ -1.944 | -21.974 | -10.357 | -13.294 | -14.993 | 2000 | 6.000 | 1.000 | 3.000 | 4000
to X -direction | Global analysis (Ug) ]| -1.100 | -22.000 [ .900 | -12.900 | -14.800 | -2000 | 6.000 | 1000 | 3.000 | 4.000
Us mm) I Accuracy U, /Us)() | 1767 | 999 | 1046 | 1031 | 1003 | 1000 | 1000 | 1000 | 1000 | 1000
Displacement | Local analysis (%) | -0.943 | -81.759 | -34.839 | -48.193 | s5.440 | -0.706 | -1.743 | -1172 | -1307 | -1393
to Z-direction | Global analysis (W) | 1.400 | -81.800 | -33.500 | 47300 | -s4.700 | -0.970 | 2.080 | -1.420 | -1610 | -1.720
Wy mm) [ racy W /Wa) (%) | 674 | 999 | 1040 | 1019 | 1014 | 821 | 838 | 825 | siz | 810
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B HF—TIAY FEBIZEH1+D CFRP DIAREEEE & Hybrid cable D EX R

6. 1 #&

55 E R 512, CFRP (AR L EARRAFENEMT B, ThETRBOE—7 ML LTAN
BT & TSR TR AR IR b D, BAMTREITED TIELS, r—7 w3y MRS B AMERDS
RSB 06D, =i, ABGETIE, F—T NSy MO H—EEIZ LT CFRP IC/ERT B R ABUSS D
{E)i% B#9 & LT Hybrid cable #ZR L7z, Lizhi->T, Hybrid cable DESMEERF DAL T H7000, TEHERATE
135, BEKFIEES—FNADr—T N3y FET CFRP /BT B DEBRIRDIEBRYE L 25, iz, £
BT NI N H— BN DEIN S — T NS BERT 5 Z & THEIS R 725 Z L 53D, IREDEREIME
& EES RIS EE USSR EASSE L 2B, — K, T—T sy FERIZIT HEAMTEADIER L VD, A=
47 RIRE DR A [ B 7o HOICE R 7= Hybrid cable Th 523, CFRP (BEEETH A0, BAEZH T DML ERE
BB L, TEERICASINEET D L, BREMI R ENS Z LIz X o THEHRAIORGR EBHE R 2 PRt E
3 LS EE a0 R R AT B, LTzdio T, Hybrid cable DBRKFAB~OBEBMELIRET 5 LTI,
RO RN R ERTTHILELDD.

AETIL, $9, CFRP OMESHEZ T 5705, T OEIRAMETHRI LI DT, CFRP IZRRS
NABRER(L TS AF v 7 DBESHRCE L BV S ARHBRIOBEIC DWORT. #1Z, BBRID S B, ZEH S
REER 2R U7 TR, TYRMRSRMED TR RREIC T BIRE T A —F DIRTEFE, BIUAHIARILER
VT CFRP (SREESTL FAV \AREERIC SV Ti3. £/, B5E TR ULLRFFRTREREAVT, BRABRO
i&—fwtﬁwmc&h&beﬂP%ﬁ%bt%%,ﬁ%ﬁ%@#—fwAVF%TGRPKW@T%&AMK
FOIEREHRD S L, FEERI% AV RERHES4T Y. S5IZ, Hybridcable &5 Z & THICREIZRD LB X
b b, CFRP &SGRENEADREEIZOWT, ZOBFEMRICbER L.

6. 2 HEIZXEFHEMHOBERR

CFRP 124438 S A —HEEkeitin( 77 2 F v 7 Tid, #Ekt 2 DICHBET 270 CORIEL, MRIOPRIRICA
2k L SR DRI E OMSER SR KR LTIV b, IS, HE TR AR X > TH RO
Merp ERNETT2 2 L LA LTINS, —fRIC, ThHOMEDMBEZEX DAL, ThAEOHEZAR
3 LR T B &V S REER B C R 24T 5 1o DRRETREE R AV S Z L 03BN . Liesio T, ABFERIZRNT
%, CFRP DMESHHIC LTI, ERMICHERMEINOSAR—EOE Eiciaofc & EITREBELD L1756
BB AR O ERAT Z LICT 5.

PEETAHIITON TN EDE, AREETRAR LA BIC R I 0RHTH 5. SHEENCRVTL,
BREF L R AN B T DI IR BRI, BAERGT, BXUBRREANIR I DRTEDHDILETH D DR
LT, CFRP ZDEARAMMENIITIY, BitE & SRR AR RO BIEIREOs SRR R K, ToiE—o0DE
BAE RO DT TS TR, LinhioT, VW3 ARREBIZEO CHRSEZHIE T 2RISR £ TEH
R TR B, BRI XE T USROS 2 a5 2 L3RBT b &2 TORNIBAPRRTH Y 1F
ZOCHETHS. £2T, ZhLEBEDESHDDHRELREHIRET ZHELRH D 0.

Ok SRS DESHATICRIT S, EREFMEEHCER SN ABHBRAICIIE, OBRSRRERSNTRY, £
o, BAIRE, BROTAS, “HRMEERED = ONRBTHND 9. BSTRBLURKOTHITIEL, &/
BT & A SNSRI EERT, SRS B ST B b D& LTV ADIZH L *Y, IRMEBRET
11, ZENSRENEE IS, T, ERRMEMEHCERT AREERIORBEREL, KETER SRR
BB~ ERAOR T L — N S i, Figé-1 IORT & 512, BAROTHN, $H5\ i Tsai-Wu BIZ &> TRE
UT-BREE <5 A — & R Ul “YRFREEENE 2 U L < AV BTV 5. BRBRIDEREEENC OV TIY, e &
TREOIERAFRS—ET 28810, B0H (OF%) SiTEALTATHY, Btkmhe THEOMEMATRLS
—F UV S (offaxis S5iE) NXEAZEAITIE, BAGH (OTH) ROBERICRERDD Z L bE. ok
¥, AT, BHBRIE LTRSS VS, ok, THORHBANY, CFRP 72 & O— T EGRHETa L
S EAR S CHER SN AEEORE 21T 5 -DDOBEALRBHE EOET NV TH-T, ZORBEEOBIIC
VB Z LIITEANSD, B1h, ZhbOMEIOREED, SERE ~ N oo ARE, REEE BRIEE 5
VNIERE TR & DL OISERIRRETT— NIORERL, &b, IhbExDE— N, HEFALT RRRC, £
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30——W

25

X; or -X7 f —_> X5
T

2
201 + -
— XI OI'-XI
, <+ 1 ~p

=
g 15+ E X1+01'-X1-’
. ]
10+ ‘ X12<—_ L X2+ or -X;
Fig6-2 Definition of principal axis
3 system and the strength
0 | } |_—| | |__] } I——| | | ! |

MaximumMaximum Principle  Strain - Strain Tsai-Hill Tsai-Wu - Others
strain = stress  Strain interaction energy
ratios  density
Fig.6-1 ATAA Failure criteria survey response®” _
LRGN DBAT0, ThbOEFMRETHERICE S RRRRIC X - TR TE 2.
UTFTE, 7, ﬁi/]\()\'?’iﬂkﬁ_hkkb VT, EEACIIE Ch BIRIRO— TR (BEPEHIEME) 252,

AR DR, HTERHFRNIRE, BIUENDEAMRESBTHHEEIBELT, ERARERT
gD 5 b _RAHBEHREORE, & L{F*&*E@%ﬁf%@%ﬁ}i/w A—F DREFEDWTRY.

6. 2. 1 Z—IrEBERZE
TYFBEERYET, MRAT ORI DB TH AT TR, B, FEM, 3BLUKEREZEET 2BRIME EN,
fmbv) ARV RS OMEES S A EETHS. $, TWHBEREL, RE/ T X —F ORESIEDH
1ok o TR A DERAMER SN TR Y 960 B mlafn—ok LT, ZEiB TORBELIRET HEROG
7JEJZ6}0>7FEE{’IEE§ BHEIC U Tsai-Wa Bl 993387 b3, $£7r, Tai-Wa RIOIERLED Tsai-Wa RIZEELT
Chamis Bll 107z 84k » RERBEBEREINTVS.
—fz, YRR 2 AL TRE. ) TR AN, REDEHE LBRITERPET 5L LTS,

Fo0,+Fo,21 (i,j =12,-6) 6.1

T DI FyBEUF,G=12,...6) | SRETEMRICHE L TR DNICRE R E ¥ DME/ T A—S Thb.
6% o707 050 L LI, EEIGIRE TR 2 L RRD L D ILRAFRTE D,

F;lalz +2F,0,0, “'Fzza'z2 +F;6662 +2F 0,0, +2F,0,0 +Fo, +F,0,+F0,21 6.2)

6. 2. 2 RHEBBEIRITIHMENRT A—FDRE

RODTTT, FE/RBIZRT BIRE T A —21T, BRMEShIRHTIZRT 2, — 5 TeaEd WH%@M#‘J%E
BRBERICESOTUTOL S ICEHERS 12,

P —FEERATEORMEIENY, Fig62 (T & 5 REREBER TH A7, BEITEABISABSIOREIC
BEBINT MTSHORE BHEL TOREREDLAV. UL, ENIBGOREZ5IHENDERIIEL
2L, —HEBUA BRI K& R B B2 B e EXDND. DD, REDBITEOEDIZHY \T—RD
A B AT T OEINEE SHRTUER BV, ZORRIEIY, REDIZBNTIL, Fiso106 Fis0206 B
LU Fo0s@35THY, SHRMMIARIZ 0 TRV Epb, RADIFR ST bav.

F=F,=F=0 ‘ 6.3)

TEISTIREEI 3 B— AT ATEHDBREE 3T A —# Fyds KON FIE, SIUAHERDT IS S USBUAMTE A TR D B
EMEAER L S R, B L UEPAHE AR A ERT 5 Z L12XY, ZDHBDS OETIIRSITRDH L
RTxB. Blb, Figs2 I23\\T, 1 EiFAIDS BERER L BB Z1T\, &4 DHEX, RUXB@ohD L, K
G o =X BB o =Xy, BEIPom0s0 ZRATHIL TROBENT FERXPELNDS.
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+2 +
R, R +FRX; =1 6.4)2
FX, -FX; =1

KA ERE T A —FITOVTIRTHE, TNENRABERLND.

F;l = —%—Tt 1 & '-1_4.'_—1__
Xl Xl Xl Xl
FIEC, Fig6 i 2 BATRO3 S L BB ETT, &4 OWE X, BRUX,BMEBNA L, HENRT A
2 13R6.5) & FEOFHEEILL > TRD LS (v 359 (0 '
1 1 1
Fzz = oty - [ aaraa——
X, X, X, X,
F7-, HREABTRBREATY, HEANTRE X, MELNB L, TV 0=Xp DBV 05X BIXWoso~0%
BRATHZ LT, KAB/BLND.

6.5)

6.6)

X 122F‘66 =1 6.7
K6 HHE/ T A—F Fll WIS LRABROND.
1
- 6.
Fy X7 6.8

Ll ED—ED TR X THE—RE o TV VRVDH, RIS REEIC I ARSI O ETHHER ERTENT A
—X& F, THY, Fi PRDB-DDHEL LT H R ERTHI L NEZBND. LrLiEdb, — Rt
EBHIR 3 TEBRBRIT—ARCE S TIIRWD, BEIIERUS DI TET Fp HRHH S5 83 ZhbDF
WL LT3 »OREHLEFERDD. Kx DFHEIOVTUTIORT. '

(1) Tsai-Hil B
HmOQEHﬂKﬁféﬁﬁiﬁﬁﬁﬁ%ﬁmxmmms@éﬁﬁﬂﬁﬂf%%ﬁ%ﬁﬁ%ﬁ%ﬁ%?é:&Kl
DR TREND. «

(G +H)s? +(F +H)o? +(F +G)o} ~2Ho,0, - 2Go0, ~ 2F0,05 + 2Lo? +2Mo? +2Na} =1 ©6.9)

T, F G, H L, M, BXUN: FNENHENRT A—FTHD.
S. W Tsai 13, RUCHITEASNT, —HHRATERIRY CEAME A ARE L, TR/ REETO Hill OREBRIZ
BYLLTWA. £7, B IBRKEICRITS 1, 2 BITR3 BHEIOBRE AT A—F1E, RN o~X, 077,
,&5wuaﬁw;&ﬁxb,:nu%@mﬁﬁ%%éTOaﬁ<:au;n,%n%nmﬁﬁﬁané.

GiH=—L, Fs+H=-—L;, F+G=—" | (6.10)13
X+ X+ X+

1 2 3 .

T o7, ERNSHMEX X R EETH L, K618V ROBRIFOND.
1

H=G= e (6.11)

F7, 12 TR BRI AN DIROBRIELND.
) .
N= ey 6.12)
SLEFREHNRAT B &, FEIGIRIBICAY S Tsai-Hill Bk TREND.
o, : 00, o, ’ O ’ .

(X;) o (X] (X] 51 6.13)

H46.2) & 6.13) T &S D &, Teai-Hill Bzl BIRE/T A—Z DHETHEIMRATREND I L WD,
1 o
F,= NP 6.14)

L Laash, TaiHill BITE, M _kRZRANTHSED, o l%ﬁ)ﬁ&%ﬁﬁ)ﬁﬁitﬁé &y, —HH
SRR O ARE R R BEIC T AT BB E LS.
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(2) Hoffman Bl
Hoffman il 43 —HARREEED— KA #EATH 2 £ T, TeaiHill BT} 5 FEHBRE & 5 BEAROIBEEEE
TEAVFEEZERLTEY, SRTEIRBICH L TRATRIND.

C(o,-0,) +C,lo,-0) +C,(0,-0,) +C,0,+C0,+Cyo, +C,0; +Co: +Cyo; 21 6.15)
= ZT, C(=123,....9) : Hoffman RUICHT 2HEAT A—FTHD.
FF 1 SO AR LD 1 SUSROS IBRE X, pEbh LT L, BAHE [FRINBI LISV v TI6.15)

FROLSICREND.
1

(Cz "'Cs)Xl+ +C, = X (6.16)
FHEIC 1 HROBEERREICENT, RE1HITRATRIND.
P
C,+C)x; -C, = X 6.17)
';'t(s._ 1B LTEINLY, HBEATA—FFRATRIND.
1 1
4=Xl+ —}?, Cz+cs=_ﬁ_— (6.18)12
#(6.18) & FBEDFRHZIZL Y, KALRILT .
1 1 1
C, X C1+C3=}2;X—z_ (6.19)
1 1 1
Cs = X; _3(? ) Cl +C2 =Z:E (620)1,2
—H R SRR L, 2 B L O3 B AOMENRE LW &I, 6193 VG200 TFE L D THRATREIND.
o EENS Sy o JC . ©21)
XiX; 2X:X; 2X;X;

F7-, 12 WAICHRT AR ANRRBRIC LV, AREAMTPRE X, M3 DI LT, RU61SHDIEE T A—F Gl
"R TERINS.
_
C,= A _ 6.22)

SLEAD, FERJMREEIZHIT 5 Hoffman RlIIRATREND.

11 o, \
P e ©
Hoffman Bllc 3513 AHHETHRIIKATRENS.
1 .
E,=- XX (6.24)
K624, PITHE~D Tsai-Wo BIDKHREBE & 72 5TV,

2 2
A 0,0, o, 1 1
Ty - yrty- ks f s el 61
XX XXy XX, (Xl X, J

(3) Tsai-Wu Rl

TeaiWa B %3, SIFIGRT & 518, BSOS ORET IR DM/ <7 A =5 PRET HERD
TSRS OHE TSRS AL LT Ch 5. YRS TSR BHII1T % von Mises H DHFETHY *,
SEFERSREEIC 31T B S HHERENI R 5 von Mises DRERFAHIFRA TR IND. .

2 2
) 0,0, g,
— ——— | e =1 . 5
(Xy) X, [X} e

XABREHNTHY, x= /X, = 0l X, EACTERTD L, RE2HIRATRIND.

LS (6.26)

R6.2601F, =0 BFEALTHEAERINTHY, Rlidx e 45 OEXERT. Bh, R(6.2)H3R(6.26)T
FENBES, IR AT B von Mises BIDTEEL B2 5 Z L A3 TE 5. FEDNIT T —IARE
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Table 6-1 Strength parameters of failure criteria

Failure criteria “Tsai-Hill Hoffman Tsai-Wa
Equation Fo0;21 Fy00,+Fgo, 21 Fyo0,+Fo, 21
1 1 1
Fu X XX, XX,
1 _1 1
Fz X; X:X; X;X;
F L 1 I
1 & 2X7X] JXIXTXX5
Fiy -1<F; <1
F 1 2 1
% X5 X5 X5
1 1 11
i XX XX
1_1 1_1
F X X; X X

RERER RS O TR\ O T Ulcligia R~ i, MAeR5Z s PUETHD. Wb, ZOmRNIIREIE
Rk & 725 7B 80T B dIZBA U TR TR BN 64 6.26) WHENC/R BT, HRROMEIRAZ
ERTALERDD.

Fquz - Ezz >0 (627)
R62NEML &, WATRIND.
- \/Eszz <KE,< ‘\/Fquz (6.28)

T IT, RADE O IERTLENTRENRT A—FEERD.

Fy = If L = P XXX | (6.29)

117 22

LER-T, RA629%EANS L, REB)ITRATREND.
S1<F,; <1 | (6:30)

Tsai-Wu BITGHL, Fyy DERFEIZDVT, R(6.30)DEEFD B b rElES L LTER LTS, 7 EBR il g
L121E, RUA6.24)\5RF Hoffman RiZ &Y, Fi*=—05%2&5Z¢& FRELTWS
SRR Ule, S REBRIODEE R R A 5 SRR R BEREE /ST A— X % Table 6-1 [T HHE L TR Y

6. 2. 3 AEFZET CFRP DOIMEFHEICEA S HRRA!

BRI & > C— AT O S N SIS OB R R REEHE 2 T 258, TR O
5 A L AR OENEE TR 52 L, BLUSMIEIREICET DIENDHETHRREZE LS - &n
&, Hoffman Bl '3~ TeaicWa Bl ©9~\z X > CHIE UIBRIE 7 A — 5 & il e —YRBIEIER @A L 7T
SN AN, BAEEE LT Tai-Wa BIZRHE 5. 22T, AFFRTIE, CFRP DIREEHIC AT AR
Bl LT, Teai-Wa B & DIBEE T A—F BSE U IIBIRER VD 2L & 9D, LIRS, 3 YR TTIEE
ETREEICR LT, Tsai-Wo BIZEAT S 2 L2EMLT, WRTREND WBBEES AV THERHEZAT .

*i

P R S . for i * o e Hiep ®
BT, +F, T, +F; T, +R, T, Ty +B T, T +F, Ts T,

P S S (631
+FT, +FT, +F'T, +F/ T, +F T, +FT, =21
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T, TEGEL23) AT DAV OIS B Canchy ST BERIESIT v Y VRS TH .
F7e, FGINTBWT, HETHEFp FaRiU Fy LISNDRREE (T A—F Fy & F(j~12,3)i% Teai-Wu Rk &2

TR TREIND.
11 1 1 1 1 1 1 1
F:——-————, D em— e ———— F= +—1—-_—, F = - — F = . _ ,F = . —
x0T x x0T XX "UXX, 2T x x0T X)X,
1 1 . 1
Fu=+7» Fy=+7> kiU:Fsﬁ}.—z (6.32)1~

12 23 31

o2, X (=123) : Fig63 lIR LT, B RS OB ER DB S B B 5 AR, X (=123): R
MR OA SIS T B EMETRE, BXUX;(/=1.23) ! WM EEROSENOMEASRETHS.

SBlz, EAOER 2 BAOMETHERETIRE N T A—71, TEESHREOMENE LTV DD
LBARLT, RU62NCRVT, Fp'=—05, Fzs=—035, Fis=—05 ZEAL, KXEANTRT .

1 1 1
F,=- , Fy=- , Fy=——————— (633013
2/X, XX, X, 20X, X, XX XX XX
X' or -X5 Table 6-2 Safety factor and allowable stress of CFRP
| Allowable
i
| X sz . Ultimate strength (kN/m”) i:i?r’ stress
: > (KN/m?)
VX3
! X, or X7 . X," | 2290000 | 2.5 | 916000
L X | Xy :::;lt; X,' | 80000 | 25 | 32000
4 X,* | 80000 25 32000
X
3|/ Xp or=X; x, | 1760000 | 2.5 | 704000
Compressive -
}, 2 grngth | X2 | 327000 25 | 130800
1 X; | 327000 2.5 130800
Fig 6-3 Definition of principal axis system and sh Xy | 32000 5 6400
the strength in three~dimensional space mme:m X | 32000 5 6400
Xu | 32000 5 6400

6. 3 CFRPI-#BT3HEHOEHNR L HRAE RV REFNE

3 E TR, ARG THEN LIDBRARBOES—7 /I CFRP % Hybrid cable CLUTERLESESRIS, 7
— <y FERC CFRP (AR BISHDIERER 2 ERT 5700, 85T THEATL, X —T M —7
FEFNEER L TEFIME LR 7 — A2 R R LT, CFRP DEBMETEIRTET 3, 5l
B L ERISHORKIE, BLURARINS DHEHEDBINE R N ENDERIT BRARS/T TR LIZHRR
ST A= L LT, ERUSIEERLL. £ SElS/REEZE R LT CFRP DRREBIZX T HIREATHET D
o, RUEINEDTRENS Tsai-Wu B & DRHBHEEDBKIE Frnoe & TEZR LT BB, BFRGHOBHICSLER
CFRP (E2 IR RSN LT 25 L URABTIS BN LT 50 Z@A L. E7, weflnTRERHhZ
475 720, RU63DBLUGINTRY, Teai-Wu RIDIEE T A—F IBREICRZ TEEEIS R VTR L. CFRP
D& BRI OB D RAR L AN % Table 62 ITR Y

BRI & RRERIC VT, 555 E TR, MR —X Typesc, TypeHl, Type2, LU Type-H3 DEFLS
OEAL% Fig64 (T, $7z, Typesc, Type-Hl, TypeH2, RLT Type-H3 ORBUIEEDRNEDE{L % Fig6-5
R, B, E/—7VOESRSE L (RETEER) OBRY Figs6 \UNY. ET, Fig64 WZRWT, 7
— VA TRIOFERIS IR L2VWehERE L, I —F NAREAR TR B S A TRERAET L3R ET S b0
D, EROES—7 VEETIIREURVDERE L. L, ERUEI 10 2 TES LITFER LTS,

Fig64 LV, Er—7NO2WE % CFRP THERR L7A#HT 7 — A Type-sc DOIDEAMTESTRRS Tiz WA IR
FSHDBKIEN 10 2BEL, ZhENDORSIET1L0ZTRS LAY A. Fiz, Hybrid cable & L7 —
Z Type-H1, H2 & H3 DA Try & Toy (R DIESY VR — 7 AR R BB 5 Z L TRIRITIET
FBE L bAND, S bIC, TEEHE & SR Hybrid cable %5 LIARAT 7 — R DR AMIEIIRSY T VR HIER
IS HICERT 5 &, MERRERTIE CFRP DYTEREDEERIZE > T I b DEFMUSIIETT S DIZR LT, PRE
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it CERP DEFTERENDHEIAI > T oD OEFUSIIAERT . ZORALLT, BffEETE7 V0 CFRP LR
SRR SRR L 2 LIo kY, ERERTIL, TERERO AR Do —7 NEFTRRRAN &> TBREAST
JSHAME Ul 75, CFRP OREREAR/D, >0/ A—i&7)7% Hybrid cable DARNTr — A TRATHD, FTr—A
TypeH1 O T, i B ERYLI IR LIc 2 £ DB BNS. THUSHLT, R — 7 VAN EIEATET
BV, NUH—EANC LB — T NEADSINHERET, A~ A—RICE DR AT ORENKE W
b, SREHROMTEREME T4 513 Y CFRP BIC/ERT SRAMIGAPER LI & NEZHND. 723, Hybrid cable
AT Ar—AC CFRP OBTEFEIME T35 LAY H—ERREEAT B DL, AESEORUNERER R ES 57D,
BT A R S E T2 2 LI, RRMTEEDER LI Li2dD 62 % Fig6-5 £V, Teai-Wa RIIZ LB
SRR, ERNE & IOV TSI T, 2HFE CFRP TR LIC Type-sc 13 10 BT 50,
Hybrid cable % BV VA2 T 10 £ TES Z £ 235755, E7t, Figb4 L BT B &, IRRHIEEDOE LRI,
T R A ESIUSHOBAL LRI TH Y, CFRP DRSS ABTSIRE T o L > TEShD EEZXDND.

12 ¢ Inclined portion : 12 ¢ Central portion

1.0 \ - " 1.0 { —=- T11 (tensi
% : - T11 (tension) g (tension)
$08 F——~71 —o— T22 (compression) |  §0.8 | -2~ T22 (compression)
E 06 & - H —a— T33 (compression) g 06 ® 4 £ £1| & T33 (compression)
= Te— g -&-TI12 = I & --TI12
= L
Eo04 - T23 Eo4 | \ —— > T23
“02 m—tl %02 4 ] L — =

0.0 — 0.0 b

Type-sc Type-Hl Type-H2 Type-H3 Type-sc Type-H1 = Type-H2 Type-H3

Analytical case Analytical case
(a) Inclined portion (b) Central portion
Fig 6-4 Normalized stress in each analytical case
) Inclined portion ’ Central portion
15 \ 15 B
0.5 0.5 R
0 0°
Type-sc Type-Hl Type-H2 Type-H3 Type-sc Type-Hl Type-H2 Type-H3
Analytical case Analytical case
(a) Inclined portion (b) Central portion

Fig 6-5 Maximum value of failure judgment in each analytical case

1 : Axial direction of main cable
(Fibre orientation of CFRP)
2 : Radius direction in cross-section
3 : Circumferential direction in cross-section

Fig 6-6 Relation between local coordinate system and division of finite elements
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6. 4 Hybridcable =51 588 L CFRP IO R R

CFRP % Hybrid cable & L CHBERREEr — 7 MOERT 556, TR LR RREDIEAT, Hybrd
cable WTEIPND CFRP LRSS A BT RS EME AT A FEE R R T &V 5, BEACFHRREZ AT
B3, “hul, ERETREMELEH L CFRP I, BT H BRI L iR Ch ARER S HREL TV
BOTIERL, CFRP & LT—oDEERL 2o TNDD 63 Fig67 1Rt & H1Z, CFRP WSk ENER
BOMETCRRBBAIARST-RREDSR L BT D L, TOA FAUEROE L > TREHDRE, b,
EREmARL, BENTHIERICEBNERZRETD 624r62) = f-x¥), CFRP & ERiH By &R TIL
(LI DOREREEET UE) DS, CFRP LT BB EREAITRT B AEE L LT, Haga b i3 CFRP
LTI AL — OB SN R— = T Y R (CFRP/AD B CERTAHEEOERE L
<, FEERIC KFRP TAUE LR 2 MESE B HEZBRL TS, &L, —JREOZIY, CFRP & EBAFE ORI
a—F 4 LS, =Ty NEMESEAFENREASND ZENREY 62 = B DB AR 255 & L, Hybrid cable
PREARBOTI—MIERT 555, CFRP LEBEOAEREL LTUTRZZbNS.
1] Er—FVAOEEEIT, Er—7ARIKSIRER LRV E D 275,
[2] Fig68 ITRT &1, SROREI=AX LV EI—T 4 > 7L, CFRP L EXANHEET D,
[3] Fig69TRT X 12, CFRP LERRHIC AFRP T Wesi-Mg2 T FERE L, TEEERHICHERTD.
&ﬁ,:ﬂ%%ﬁﬂ%@ﬁ@ﬁﬂJ@%ﬁﬁ%%ﬁbf%meféﬁiﬁbé.it,kﬁ@ﬁ%&ﬁ%w,ﬁﬁ,
CERP (3{Lh T BIREMH L IHTREOLETH Y, FFRELY S BICERE, T, BEEMEDR HRHE
L LTPBO (BY /557 =Ly ERAFF/—L) #ie I PRRRzEE SN TRY, PBO Pt ST ATy
28 —T NOBEXBB~DERLELLND.

Metal (ex : steel wire)

F,”"+20H—F, (OH);

Condensed water

0,+H,0+2¢—20H
Fig.6-7 System of galvanic corrosion between CFRP and metals

Fig.6-8 Cross-section of insulated stecl wire Fig.6-9 Cross-section of insulated Hybrid cable

6. 5 %A

AETIL, BERKBBO—T N3 WSO — 7 M —7 a7 V& 8 LT BRI
LT, CFRP \ZAERT BIHDIEBEROITR &, SIS IRERERE U RERHE R B 51chTc ), CFRP OE
ZERSTHE & SRS PREER B E LI oW TR F EwsEERUE, Er—7 MR — 7 TE
B FAEER U BPRTRRICT LT, CFRP \AEFT A IS H DR IR L RGERE AV V- SRER T & Sk
L7-. &biZ, Hybrid cable DHEIEL, REEE b 72 D SRG O EME A S AR R AHER L. RETHRLIER
ZLUTFICERT 5.

() BRSBTS &V - BREEEHRZ AV LA RHBRNC DV TRL, CFRP DFREERHmIZ
iﬁﬁ@‘ﬁ&:ﬁﬁﬂﬂk L, ZEUE/TREEANERTE 2 “RAEREOTAZIE L. SbI, TIRFERERMEDTREE
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285 A—F OYFEFEEL LT, CFRP 08 34 L EHFREOESER TE 22 L, BIUTESIREBICH
BEREE T A —H DREHENBETHDZ b, Tai-WuBIZERTHZL2RELL.

Q) BEETRLE, F—T7AAy BEEEZRRE LRI LT, ERMUS/%AVT CFRP I/ERT 2%
PSR % ek U5, Hybrid cable & LC CFRP ZBERBBOEr —7MIBERTD L, 77
N3y RERC CFRP IZ/Ef$ AR ABT IBRBIRNIET 5 Z L 2R LT

@) BEETRLE, F—7 Ay NEEESSRE LIZRFFREREAWT, =73 FiEkED CFRP IZK L
< Tsai-Wu BIl% BV V- ASEEE U232 L, Hybrid cable & LC CFRP ZBRARBOEF—7MIBERT &, £
B TRRE R B U RRR B ISR T 5 Z L &R Lic. RIS, RARHIE(EIE CFRP Ve 2 AMT
B X TEHREINAZ L bRLT.

(4 CFRP #% Hybrid cable & LCBERREEr—7 4 _ﬁﬂﬁétﬁ‘* IZRRE L 725, CFRP & 83y A &R C
ARG EHIE BRI BBARIEL LT, £/ —TFNVADEEEITo7z £ T, TARIC AFRP F0HEERA b7
v FEAES R HEE, SBRORE L =R S VBIESORBHEITa—T 1 VT HRRBHRTE 5.
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BTE W

7. 1 WEREREOLIE

AT, BEKRBERED, AENICERTH120, T/r—T7 NP LT CRRP 2 EAT 3 Z LIZERL,
BALEORREL 2B —T Ny FEIZEIT B ABREHBICR ST 5725, CFRP DOAVENZ SRR % EXE L7 Hybrid
cable #ER L7z, ¥z, Hybrid cable DERMER R T2%, BRABBESr —7 V015, EERNBENFERT
XHEMERBTRELER L. SbIL, BRUCBIREZAWT, {ERERICRIT A7 —7 A FilEDE
T—T NI R L, r—7 A\ FERIZEIT 5 CFRP DB AMMEERIZE LT Hybrid cable NEZITHB 2
EEBALMNE L.

UTF T, AR TELNRREED LITRT.

BIETIE, BRAMBOIZ,—7 A E LT CFRP Z8AT5 Z LICER Loi%a L A EORERIZ VTR
~fo. BAERR IR IR SN AR AR LHE L, BB OREDDIZITFRZEE 3000m D
BEAMBALEEL ENTERY, £OEBUIREELSBENEREND D, B, Er—T VAHIITEEM
BIEERT0ORETHDZ L &AL £, BEAMEIE LTFRPIZEBL, £EFRP LEHNIZOWT, B
BET—TNOEREFE L L TEE TH A BRI L 5 I5R58E 2 B L, PAN RO CFRP iE, ZhE COREES
=Tt e LTRWOITE 7R & I RTFEOBEREZE L, SRS TGIBREOR\Z L 2R &5
iZ, FRP DERESM ~O@ARNETRL, TR TIE, BRABBOES—7 Ve LT PAN %0 CFRP M3t bil
BEDRNZ &R LK. —FT, CFRP 2BEABEBOEr—7 Ve L CERTAEAOREESICAL, —05
B, CFRP DEAMFREDIRSICER LT, 7—T7 N 30 FETD CFRP DR AMREHBSRS SIS Z L 218 L,
r—7ns30 FERT CFRP IZIERT 28 AMIEADERE B E LT, Er—7 VONEN SR EECE L7~ Hybrid
cable #ER L7T-.

B2ETE, TV Iy 7T MBLUT v 7 Mr—TNDr—T Ny BB B 2B 0OER L, ST
—TND—T N FEICET AREET R OREEZRIT SO E U, TR —7 VD 35805
T B 5IIRER L BT ERIZ OV TR~

SIRERTIY, F—7VRIERIC L7 vy BV FOTHORTOBRERL, yr—NEHZERTS L, KE
BROT—INARRED T » &0 TOT NI — T NVEBNENER SN R RONITEROEE L 2T T vy L JY
A VEATNIIR > TUED DL T, TRET v VU7 UA YOBERIVEESNARIESY, Ty ¥ IEHOHEE
AW AFREIE A U ERIC L A5 EE L IIT—BT 2 2 L 2ALMCIL, AERMSRIC T —7
NAEDFRRDOMIFLRDOEEI NS N BB SN IBERKBBOTr —7 I LTIL, ZoERick v r—7
NRNOENC L BT v TOTHROBENEHTE D Z L 28/ LIZ. £, ¥—TNEHEEATEES o
VIOTHDIRTIWNEL RBIEFFAEEETH L, BEXOr—TNEIETESRT LTRSSy Ly Udg
YHEOBEICER L CIBEIOBREBOTLE24ETS 2 L bRLE.

HFERTIY, £7, FSmRomIHELENOBRERL, 7y 7 Mr—7 L odifAEI7 5 o7 b
—7 M UTHRIZIENT 328, r—7/VRHDERICL DS v L SEBHDIRT, HAVIETAEDRKIC
L DR ANEBT DHAMNOEKICER LT, BRETVEELTETL, 7V 35 v 7 NMr—7AORESE
SLIE, BIUOT vy THIREDT v VU RN BICERTZT v 7 NMr—7 W itsiss v gl F 5% £l
THZELICEY, T Mr—TAOMTAMDETIE, Sy SIS v e SENCLXRENE I L%
ALHE LIz, £, B, 5y 7 Mr—TNOEIFAEREL GRRETRY 24 U881, thifmELE
AL DBBERIZ5AL » Hysteretic loop #4£5 Z & bR Lz, WiZ, BKENTHERObANMAETRL, sFAREDETL
RNT v T Nr—TNDI=oB5AE, r—7VOMITARERFRETY & B U i- bbb ihiG 0 Bl s —5T 5 2
&, BLUHTAMEDIE T UizT v 7 MMr—o Mg, 7—T NS R Tl bR DN aIz /25 = L b,
SURRHIT BT R — T A/ FRTBICRRE T RO BNRAET B Z L2\ bE Ui, £, #iiFEmanthire
ZWRIGHDBRETRL, BiTER RS ADT —T NSy FIE TR TR A U, SHET0 24
T DIRFRDOEEEI TR LT Hysteretic loop 2L 5 JEM L 295 Z L 2D L Lis. BKIC, BREFiEss
D —7 WWRENDO RISTISET VT v 7 Mr—TABIOS v 7 Mr—7 M LT, FRENT A Wyatt
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DEEREBVEEEE, BIUT v Mr—7 A OTRMER FERITY &R L TELR DT IOREE S
B, T Mr—TMIRERTT R BRE LEWE T, ZRISH ORISR TIE I DFAEIC L o TR
EIECHEE L TIEL TR 2D, FERTISh0EME v YIREESHDETARENI L, BIOWbH DO
DN SVETE T, BT 2EUT, ZRIEHOSHITETIIOHEEL IRT—ET D Z 2R L. &,
TS5 F Nr—FNADTREINAILT A Wyatt OREAWEHEEL ZE Tzl

HIE T, BEABEES—TNOF—T NS FERICEWT, ERERACETHREEZF T DR~V
DIERRIET AHERE, WERE A VERERT R0 ORFICOWTIRR2. 7, F2ETER L ERER
2, ERERICIVT, BEKRBES —T N0 —T N3 FECORBRET Y OREZHETDEEL LT,
TS BRSO r— T AR DB R L - B oD T HOBIL R BT vy v JiR &S LTAAL, ThicH
LCEBR 0 2 RET A RAITAEY 52 BB RIEERAIRR L. ¥/, ZTORMMELERBIBIDR
BHERLFAVTREL.. S5IC, BESaShBEARBCN LT, BREAREMNC LY r—T A v e
—7wﬁﬁwﬁﬁﬁﬁﬁﬁéﬁﬁbt.%%%K,%%Lkﬁﬁﬁéﬁ%#é:at;of,:haﬁﬁk%ﬁwﬁ
— P NSy FERICFRR TR BB LAV D & 2R, AR TERT S, £r—7WCERHRIRERZERL
P —F NSy B R LT A5 L, BRMTRYOEBIIER TSI LERLE.

5 4 BT, EEATRER Y AT, VA ¥ T v BV SNBRRRBBEr — 7 NOIG I S 5729,
TG — T NI NI B — T VDRI OFHE & TR, I UMEAIEETHLr—
T NABERIZ AT B ZEROBE L Z B U BT FER L U7 M OWTRLTE.

9, TR —7 NOSARREOTHE & B IREA RN 5720, AIRERMETIZIT 5P REE 7R
BIOEE L, ATREMEEOIERNT & Updated Lagrangian formulation 253 < B2t BERE R LT
¥, THLOREEA UGBS 20— FERR L, ATREMEICET ABHEOMTHHS LU0 BHER b
5 A 0D Snap-through BN R FORUMAREET B Z L2 XY, BIR LIATRERART = — FOVE RN
S LUTFEDENT L 2R L.

BT, ;T VWIERRERESSERT A0, TSR ESEL T, ERMIC TR EERLTD
Mo U OB a TR R G LT 2 AR — 7 T T VR ER L, FHTHR— 7 NV ORBER RS T
B, r—7 TERNICST DRGRDZREEE U FIR L U, PR ZERROFHEA St )
2O TERETE AREEAICET A - LICER L. BEFNFEPERT 120, BEIFOBELRL
7o T, ZERRASETERICAET B = & I2 L ARMEDIE T 23R+ 2RO be, ZEROFEIC &L > TEEWE
VAT Bk SN S HDR AR TESHT v I VR U, i, BN, MRr—7WWEt7 V%R
VW ETRESMATICEAT AERE L LT, 2 BESBET L VLIV EHHERUC L 5 ERL, LT 2
SAEES L L e OFREERIC L A ERILETL, &4 DERRE BV ERERET 2 THTHRA 7 FiZ
LT LIRS, B Lo TERILENBERE AVS &, ZRONIC L 2AMEDIET £ 8KIZEHE
FTHIEHFALNE LE SbiL, ARy —7 /WIEEFNVERAWT, BERRBE — TNV x5 e LIS T
BEMT DD, 2 BEHBET L UL EOTHEMEEE AV CERENMERRICER LB, BI ORI
FUYNREREL, FNENEAIRSMT— NICBA L. LT, §2E TR~ —7 N OhiTEER
BB E LT, TREOERUBTET N LT REORUSMARIEL, FHRHMT Y 2E LRV TR—7
EEICEATEDZ LR

Hw5ETT, ARy —7 WIRETFAABERRBOEr—7 I VER LT, BERERCRIT A7 —7 30 B
OIS T RN ET 3728, BRTAr—TNA_y NEEORFTR 2SR THRFTET VL, R
FEF MR L TRBSEDEE T EERS BT Z L2 BN E LRI REIOWTRLEE. £, CFRP
2R U OERAE TRER - EAT B OEREFTHINT 57, EREFEMEE S E LCAIRERMBTE
~OYEEE, B X UYEE S NI A RRERMT o — | & AR —7 UWEE T V& Ve BRI R DS RmTRER &
DB DWW TR L.

=P, BEPRTORERE LT, F—INASy RECEr—7 U/ RAMNICE B L8R % VW GIREL
BIRTERTEIZ L A AN BZEH L, HAMHRRKR L REPRE, BLURAMAORR LT —7 VRN b
THEREEZRE L. ., BHEERZAVWV AR EOBRIICL D, EREROSEITERIZESE, N
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B L TR —T NN RED Ty — 7 VB & ZCBR SN —a— I BN ENFERERED 7 — 7 ViR
F N H—ENEEA LT BT E T I T AWESRFL LT, 1| A7 vy 7B THAE, 2 A7y 7R TRE
2l & SR ERE D DIEERHIE 5 £ CORFTR OB BN Z FRACEAT T 2 R ez Z R L. 2L, &
FRRERISE URRBIT CiL, N A —u—70RERZ L AHUDMENEMIC S D 2BENEL 25720, /B
R & R DRI BT AT IRE L RB IO ICHELZBERLEZ AV DUEDHHZ L E, B
TR E SV DEr — 7 N EROERAE L LT, foubitil L — 2 CliEEE, Epmeise L
TR — A TR v OB R RET B UEDOH D Z L HR LTz, &b, Er—T NIy —7 EET NV %
B L BT E T IR B — Ay RO & FRERZREL, BAEOERER oI LY, &
EBLIEANY FRER, CFRP OBERTEZFIEEZITL VTRV EbRLE.

wiZ, CFRP AT 5XEr—7 VA —7 /Wit T VA Ui REeh 2 =572, BREMNMEL
ZE L TERESMEOERR 2R, ZOBREle N v 7 R EEETERY D ERBERIIERT 5 HE
PETRERMNT2— NIZEA L. £, WEERZIT3 Y v 7 ORvINERENTER L UWIHIS A0S EA &= BHEom)|
AT 2B L C, MRS T o — FORUMAREE L. ZORBERET=—F, HI#r—7 /Whimts
& BB REE VT, EREROS—T7 WAy FiExtR e LB e e L, TR St &t
B3I L TINbDOIUELRIE L. &I, AR r—7 WIEmTET V& EA Lo AR5 VORECHAN
TREHRL, By —7 ABEET NVEER Ui — 7 VO EOEH FIER X ONREIS R FERIZ OV T
Rz, FLT, B89, b 2% 2 C, AR —7 )/ WiEeT Ve = —7MIER L RiEir 2 £ L,
DARFRATFER L ODHBRIC L - T, ZNDDEZE LB TN LT REL VTSN EETE 5 Z L &R
7z,

#£6ETIY, CFRP OMEDEARFIEL LS/ REEZZR LIZHBRIC DWW TR, BESETRLE, BRX
BREDr—T NSy FEOEr —7 MBS — 7 MTET T NV EER U BETRER 2 AV, CFRP IZ/ER
T BIHOIERENROHE & SREETEM 2 320 L, Hybrid cable 23—V 3y RERIZISIT 5 CFRP DR AMFREERIZH L
TEYTHEZ LR LT £, BEBATHS CFRP L ENE2HT 28R EERICERM L, mERIIKEI%E
ETAZLIZE->TETHEEME2E TS, FROBHEEAOMBEICN LT, ZOBAEREMREL-.

%9, CFRP OZENS/IREEBE U REFHMEL R 572, ERABRETHERRIZE S -RERIOBIE 2 7R
L, ZES/REEE CFRP O3 3R « IERBREOIBENBE CE A TRHEEIRE, BIUTRMEHREDIRE /T A —
Z DREBWR LTI, B RIBIC T BFRE /T A —F OPERERREIZ SN T\ Tsai-Wu RIZERT5 Z
EERELRL. WIZ, EEETRLE, F—I WAy NifEERgE U RAEERIZ LT, CFRP IZ/EAT %
B AMTSHOIERENRIZONT, ERIUSAHZAWCTHET 5 Z £i12X Y, Hybridcable & LT CFRP ZBEKRFAED
Er—TMIERT B L, =T N3 FERT CFRP IVEAT 2 AW BIRIE T CE A Z L 2B b & L.
i, SENGIPREEREE L, TIRFER%ES AV SR ERHC £ Y, Hybrid cable &35 Z &C, CFRP DR
EESBIRNIETT 5 Z &, BIXURRHIRERX CFRP IZ/ERT 2 ANISINZ > TR ENA Z L bALME L
7z. &BIZ, CFRP % Hybrid cable & U TEBREKARBE —7 MTEATSBEICHZICREE L 725, CFRP & 8REN
By A ERT COMBROEBMIE R T AARIE L LT, /r—7 WIROHBKSZ{To- LT, MHEIC AFRP %
DR IF v FEMESEDHE, FRORELZ =R UBEECa—T 1 U /T ANELHER L

7. 2 SERORELZE

ARFZETIL, BEKRIEE—7 N ~D CFRP DEAL-ORBEL &3, r—T A3y FEORAMFRERIZRT LT,
FEr—TNONERSHREEET S Z & T, CFRP OEEMB I USROEAMBAEDR S LW H AV ORFZF|E
Hi L7 Hybrid cable #ZR L, TOEMEZERERETIC L > THLE Uiz, L LD, BIRERMEIT T,
FEr—TN e —T N8 R I U Hybrid cable PN CFRP & SREIZRE &L T AIREL AV, D=9, B
Baxig L LRI L, N~ A0 —7 NV 7 & > C CFRP BRI ARG I3 E Lz Z &
BEZBND. FZT, CFRP [ZIERTAHANIS % &V EEBICINR 572012k, ZhbDfEBII LTy
Y BRE L TR ZE U AREREAVETH D, £, ARERBITNCRW TR, FByr—7 WhiE
ETNNIOIT HZERORERITHDIL 2 BEFBET VL OTHEMEERE VT, ZRShREDT
— TNV ORI IREEDEER K FATE A Z LR Uiz, L LAaRh, E/r—7 MWiEANORREE
FES DZERIT T — T VARSI > CEFANCATI L TR Y, SRR THS. L3> T, B2 BES

112



BIET L INRE, ERORDRSMERBLTE 37 YIS RV TEROREBETNETH DY, 7—
T NBHER S ROIREES R YD L O ICERILT DR L WO RBENET S, Z07d), F—TNEERSTRDREE
BEERILT 500N S D VIEERNYLETHL B2 0NS. Ukhh, BEREF—T7/WENICET S
ST ERHES B7oDIiE, SERTOBRBEL L VA ¥ T v B 7 ENCTHTR — 7/ UWENOZEBIRIATE D
LY BB SIRETNVOBRERILETHS. ,

—5, =7y FERIZHIT B CFRP O AMTHEBODIEANZ, Hybrid cable &£ —7 /IR LICBRKRBEZ
ERS Iz, UTIFIRET SMERBRTILERDD LB DD,

(1) CFRP |38RMEIA5TAIDS | IERERZ HelE U CHMEEL AT A OISO AMTREAMEN Ve dd, RI A —V 7T
IR T AR B T 5.

(2) CFRP | BEECE A e~ CREMEEL AT T RIDRMERED MR o i, FERERD I —T N3 FEREDMT 545
Bz, WEACEr —INABKRESERL, IEEBIOr—7 Ny MEESEA TERVATEEEZETS. £
Tr, —T N FOERFHIZHT S CFRP ORI AWREENRESENS.

- (3) CFRP iZhROALMITIZ X > THREET T30, r—7/UIUA YTy B 7S TV VR VRRER
BEEDr—T Ny NI, TERERICRIT BIETEY RSO —7 AT 2 B 7RihifIc & 23R
FTARET B Z LIRS ENS. BRI, IhbOEFNETZ IS E > T CFRP 2MEET 5 Z L aVkE
Eha.

@ HEEY FPAVRTIEL, UL BT EBEAET ORI EFDOR F TV FbTFADA M2 RIAEIMERT
57z%, CFRP MMEHET AN DY, ERBOEEY FAEEOHEANRETHS Z LBBEIND.
(5) CFRP |IIEZRFMETH B, r—TNVENEENZ L >TT v ¥ 7 U4 VICEASNENOEE R HET
B RO — TN B AW B AIHERTRETH Y, SRy —7 B L Tr—7 AR DB

Y37y U TEADIKRTRRENV L LBEINS.

(6) CFRP |30 ANTBREIMELS, HAMRFRE LRV Z EAVBEEIND 2D, F—T A0 FRILEKIT D
FICX DB EET HFEMEEET 5.

(7 HETHR=L 512, CFRP ITEEETH BT T, CFRP 28T 2 =R ¥ BRI I MEL o,
CFRP &SRO EEART A EANICRIT 28R OBEHE R, BIUAKRESIC L 2EESBEICRS

LR L72)~NDOREIZH LT, UTORSRCHRBLETHD LEX NS,

(1) Hybrid cable AN Z XIS L LT, ERERIERIHEERIER E OBEBRI AR ES<BIY T2 L—a V&R
HELT, AT A =D TROFRRNAERT 28002 B H L, CFRP IZHRiB % b 7= b3l L 5. 7238,
B I 2 L—3 3 UIZHETT LT CFRP FDEEGECORIR L b /- D T 2 BRERIZ L > THHET 5.

Q) FEr—T7MINLTLVERRIEETAEERL, Fi, F—T7 N0 FeETF—TNVEEB LT Hybrid cable
DR L CFRP OBEEARRESY ZE C& ABMREREIT = — FEAWT, 18RO —7 NS0 N ks
THBREDERERMBTEER L, =7r—TNVOERERERCEr —T7MIETBISEETS. T, #EE
BIZE o T, r—7 0\ ROFEDRHT HIRFE TES DR 5 Hybrid cable DERAERC R AMTHRRE
PRETD.

Q) Ty 7 Nr—7NADEITRNE BIUT VT v M= O ITHARERCRERUIAET B RIS ORI TR R
r—7NVEREEr— 7 MCER U BREAREMTIC L T, ZhbDES—T7MIET 2 TR0 R
BIET D, 28, WHWEROF —T7 Ay FEICAT 3 ZRISHOBERIZ ST > TS, BHARENATIZAE
BHEDOTNTY) XAEMETEVENRDD. iz, T T v 7 Mr—0NVOBERRERET D RG 125
BT 25— NVBERIZBRINTOE L0, BiadaERT 2 BRrbIr—7 ANy R r—7 Ve —&
6T B DEMRERILR R ENTEY, BROHEEENZ2BRTIUIZOELIIRELE 2 bILS.

@) BEED BB SN TE IETEY FUEIED Hybrid cable (25 ABAMEIZOVWT, BEEDREHFIECRILT
BREFT 3. Z0diziy, EBEY MUESOHEREZELUZERERNBVETHS EELDNS. BHEOY MV
BWEPEATERITL, FY FVBEERETS.

5y Ty B UL YL Hybrid cable DSERHIL, BEEORBOREITCIRESND X512, HFEERLEZZND
728, QYDIFEETNEH/RERENT o— F2BWT, y—7VEHEERT 2 8BOETRERMET 2 EH L,
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W BRI OERREE & r— T ANBDOE S OB 3BT 5.
©) =T NSy FEREAE UIDEFERIZ L o T, CFRP DR AMFEFSIZEET Da%5T SN B AL L, BIRERME
Wz X > THEBNB 7 —7 W/ F#T CFRP IZ/ERT 2R AL & B AR ITRE & Bk § 5.
(7 SHEOBHEEITK LU TITE 6 ETRA-BFAENIN LT, BEgER L B VR ERSVETH 5. Fi7,
' KBRLTEEITRH LTIL, BESERE TS, Hybrid cable DAME ZHg i oWiBWA CB S S DOHEB 2T
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O

ASATIE, EED, KRS AR - REEERD 6 4/, KIRKFERFER LA ANESER
DFEHSEND Y L 124To7z, Site CFRP CHIEHERR 7 Hybrid cable DBRKEIEES —T N~ OBRAMEIZEEYT S
ERBARFRIZ OV TDORREZRDBED b DO THY £7.

ARFEE BT HICHIY, ¥ih—B L TR AEEER I UREARHBIE 2B £ Lz, BENESBRITRS
B LES. 7, ZRSCERVEDBICHIZY, BEREBISZIBY £ Lz, KBROKERFRIEMR 25
B BITIE ML U LT E T AR RERISET  SNHds, EEEIARNE 1 ARICAIRE
KR T AR TR DIV R THEERER (EAR) JIATREEE, KBORFRF L#seR
FoRr—ERBIEES, 72 b N ARSI TR /NERRB A I A RSB E 25 0 BB L =T & b1,
S NE-HSHRRE 2 R E TR AR I TR S TR bV FILARRIIIEROMT, BEEHH
RATEE BB LT ZEMEEAHRRE 2 SRR TR E TR bR E L G (%
=FVIF v 7)) IR A A AHBE R TEEBS L TR 1. 2R, KBRS L FM AT
W OHEEES, PR T HES, HN—EREE, RLNCHBRRERZIILH L THHEEDOH 4 IIZREND
HEEEX, T LTSS

ARFEEFATT BT, B DH &2 OEIEEC/RD E Lz, ) EREeE o HVZ o b REAELIZE, A6
Z21 R U O 2 7SRO HBN S 2 TE VniZds, BIRICE AT — 7 0R B e Rt U CTEE £ Uiz, BHERT (R
KLU TR LI IIAROER BT 21257 ) BB ORE - BWRUERER-oTHE E L. £/, FRo
SHEEMHCRBEE LT () BEERaLPAF VN FEEEL, KEA=IAZC N ) SREREL,
EEET 6  UEEAEL 2L FE=LYU=TUYS (0 MEEAAELED bESREBEEBY ¥
Uiz, 728, EREESVAOSHEIREELTL, M B JRER, RLWNTERABEKICEBIESEL
7r. BISEBIICHEE T S USCR BRCRER SN FOMAES, (B0 #EREET )Rt KRoRE
JOSEE TR ZCR AR TSR /NEFUESFNER, 20 NCERRFETFH AT SER MV TBIFICITARE
ST L CAREEOR, HEERBY F U, KRR MR ER SRR EHBEeR, 2o
B EFE RIS CFRP 13 U L AR R IRESRATESRI & E U TSR, HBIEZ2I5Y
F L BATRIETHNER AT AT M EBEHE GHERFAEES \IBEFAETH
R, HBIERIRY FLis. HAARSER (B0 FFRELUKIZIE CFRP 7r—7 MIBT 2B R EREEHRITEE £
Uz, BRSO TARRE 3ED (B MAREET PEBEIZE, & bICREREROMEZNRL
U7-HRgRIc B Y $7y, ASHIFSE CEEHE L - EROBITCHERRT 7 1 7' 7 ADBRRII ST D ERATR 23Dy, HRedz
frens, HECR, FBNSATEXE L. £, FE L L BICAMEICRY AR, URERIRKERFSR L FHZAHE
RTERERE  Nguyen Quoc Thai FIZITARIZ Tk LI- EROBTHEEB ORRET L ARTOR Y DI ITEE £ L7k
ARSI AERE 2 BRE RICITARI T 55E8R, AT L HIFEOR ) OB ZTRE £ L
fr. MBEEABRAETIHERAA THRI 44  Si Soon Beng (5 GR  BUL/SERER TERMFAD ICI3AMZTZES
T AERLEITICEBATEEE L. UEDOFLIZHL, 20D BESHLR L ETET.

e L LI AR S TSR A T S TR ORI Bt e, BISEED BAER (B0 4T
K, BT () EEFMLUK, A)IBBEETE B FEFFK, 20WALR N Tys @R F
HEK, BHAEREE 2E0EERIK, SHEERIK, A0ERK, 20 OWIERERKREZII U L 5B ERERRE,
SEOIERE, Fir, ZH L L BITHRICRA TE S OEEE, SbiC, WBINRIEHMER, ROUNMEA
RS BICIIARNC B D AR AT T AT DICEBAZEE £ Lz, ZZICER T IR MR LT
=3 ‘

B, EB5OIRKERI~DEZLED TT & ok, BILKFTHTERBRTSN A% Kk
K AEBRFLEED) HESBH L TRBY T, I, BLURFLEIERREIFROBEDH 412, B
RRLEELEI RF-oTEESBH L TRV 1. &b, BEORFEZRE, FAEEEZERRIIZEL TS
Ni-mBRICEH L, FRXOHFEL S THEEET.
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