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T BN DL 0T SSARAMIFE 22 ZED DR AL HEITWA. ARV R MG T
L, RIVMIHRL Ty MRS EER S TR O ZTe Z 212> TRV MK G ) 258
AEREDHN, FEfERICEE, IRE), HOVITEVERT O I RER A MER 5L,
UIXUIE Y NI RV EIERZBIAE L, F D72 R IV MIkRE 11250, ks R IZZF Ok
REA R S72<72%. FfEE DD HIAE, B DIF IEPER DT DAANID723%
72T T, RRCIXHERERE P OUEBEC I I LD F U DR D LW fE R D3 8 5.

FEREIRICVE R 32804 DIk > TRAET 2D D AT %81E, bl B
TG EICEBRA FEEZH W T ThIVTETZ. LT, AIREREE WAV MG
FEIRICE T AIFRIE 1970 SR DR ANATOIVTE N, il FRE T UIZ L D05
FEMT ST o7z, LosL, W CTIXFERIEARNT Bl O 38 205 E A MERE O h) 11
LRV, AUEEE RO R U ILAEFERIRICE TV 7L, RUOFED T TS
AR D =R TTHEfh - BRER S R 2L — 2 a S AR > T[] Zhuicky, H—o
RURRERD 11526 B A BRI CARIH C& D AL AL~ 7.

— 77, BAETIIEE 2 72 BP0 LB FE 123V T CAE 12X EF U7 B — I
2o TRY, PLHORRE Y 7 MT 3T A—2— (W, shes, MEk BEm, F1Hk
FEN7RE) B ATIT DT TR MRS A H BRI E TV 7 SN REL - C
WD, LU — OB E X2 B DR LV > THh, 2o TxRall
OIZFEFIR ECTHBL CHEBICET V7T 52 EIdRHEART T T V7 T O
& BRI, 2Ok B 7R TIE, A he o e — R LTZ) Ry Mk
DET IR, B — LR AR E OFT V7 FIEIZ Lo TRV MG
fEEf S INCET V7L TN,
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AT LA R —RIZ, EDIH7e T iEE M 2 TSRO F B 2 Bz, 5ok
e TR DI DREIEY) DFFENT IS FIRENZ B E2L, OO R A LI, AU
K% CAE CTET VT T BEED T AR T A2 CAE (XD FHMI A O 597200 5 F2 D
REFTFE) ZER T 62 L2 R L TERY, ZLDOREICHIEFFONT TS, BR
H7eiE BN E LTI, R N2 12 Ol S - RF O S MIME S, HREh O BR O 2 )



R EEFEENTET VTR, EBREOEMRGZEL T, EOLH7RT L TFE
IEAG RDE TV TIZH N2 O TG 5.

ZDOIHNT, RUILZEFBLLRWE ST T V7 FIEIC LD #E IR0 E DR FE TR
DOBGEFB T 50 ERGTT 52812k, 20TV T FIEOFRIZH T2~ T
IR TR T 2O, WY 7 hOMATRE R A S BB EL T E5EmIE0 A Kz
BRTHIZTHLEETHLHEEZLNS.

1.2 AWAEOHH

AWFGETIE, A IRE BT 7 ANSYS9.0 &2 VT, fieh Hiflize 2 Mol AR L
N & BT AR L T O DRER 72 EZ AR L, 01528 (it
F) DIFFENTEATH. 2T L OBRFEF IR & & O 7= T Vo 7 LD #E R EEEOH
RITHRLITWLOEL, MO S B2 T V7 IR L DT A 2 e bl 45
ZET, KR aANDOBLENGEDFENELE BT 2B S AT 528
ZHNETS.

FEAERITINDARER 72 EELC, BB A J7 O ERTE, iz .ol LizEEs
7R OFT L, 5 M O MR E, (RO R B0 4 FEERAERATS.

ORI BIG TELEHESN TQNDEEZONANERNRE HET V7 ELT,
IRy NET NEANSA L =R RET LV EBRATE2]8]. E72, FEFICEEOR L i
fEa R GRELTE, FHRE I AN IE T ICEHEITR>TAIEND, 20857
ST T VT PIEIVLEOICH A AN ZR CEX AW ERET 572012, HEfil
BREHWT, ARV THET V7 BTSSR OmI M2 BB 524 H
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FB2E AREFREZETIVEH

2.1 KE-TEEYHEE

FRAT SRR ET D 2 BARDA VMG E 7 VX E Fig 2.1 (OR$. MOEIIZ X #ihiz
PekErs DR FIT0,Y iz L Ou TR,z e IS EREIED. B O
PR EEZ Y=0 &L, AVMRO TR R HE L T OEREZ K FLT5.

Fig.2.1: Two plates model fastened with a bolt.

PREAE O~HE%E Fig.2.2 12797, 145mm X 40mm X 9mm OO A 20mm
ONLEIZERE 11mm OR/VER BB ThDH. 2 BOWkiFED T 2R —72bDEd
%. BRI SR 2 E R T DA 138 0L TEAS 24mm O (KoM
KAV 2E5857) FTEL, #kifE R EEZ A ERT DA 13w 5 45mm D
FPHECTETD.

RV b EE Fig 2.3 12T TR SIIA—RAE H 22l M10 (s a4t
BOIEAETE (FOR) d =10mm, BT P =1.5mm) CThHb. Kt LIzR/LREEES -
Ty MBI AmEOTVEETS.

ARILR T b A TICOWT, Yo7/ 205GPa, "7V 0.38T5. F
7 AV IO BRI A COREME CTELL 0.2 L5, T hORIkRE %
8000N &9°%.

7F, AETFIMIHIBRERPIT O TODIE B REAREIF R E DY T YA X
ERICHDELT-.
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Fig.2.2: Dimension of fastened plate.
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Fig.2.3: Dimension of bolt and nut.



2.2 fRTEH

PEREAE ISR — k%S SOLID186 2 W CET U7 5.

PEfh D i R\ IL A - P 23R T D TARGEL70 & CONTA174 Zfli L, #fih
TIAYR NIRRT T =155 WD, £, BAI2AIERIEMEEZ BB T 5720 K
LN F% ON &4 5. AT IXHEFRAIMEAT S L TIT).

23 BEETYVIFL

231 RLWETIL

Fig.2.3 OJH\Z, ACILDIERIRE G O TRIVR Ty DOET VT H(TH. T
IAERRIZ B ES VDR UAE, RUILSEEOHEZ JIS B 0205 (216> CEtET5
ZENTED. ALIHEIL 6G/6h OAZEROFIET S, 12720, 7 VORAL
DI=DICRLRIED AT EEL TR, B, HRALOAL ILEITENLEFR 8
EyF, 4 EvFTHY, TR UENETEBRACICETAIDIICEEL THD. 7
vk ARVREEIE S A ER ST A HARRICET VTS,

NIHR R EFHE SOLID186 Zfli L, —&BICME AR R ERLHW TS, Al
T+ NEE I - ARV NEEER L 1H] - SRS OO 4 B PT ORI R A2 EFE T 5. Wk
HOFREDEZDIZ, T VT ryarvimaeERzRL, 7T varER
PRETS179 #FIH3%. 72721, BHR DR EDIZOIZfRNT AT 7" 1 THME A1)
AT HSE ThOIDICHE DB RESE TS, ATy 2 THITva BHR
(&0 BRE o e AESE, ATy 7 3 TEOEREZBEEL, AT v 4 IR

S =

179,

232 YRy rETFIL

BEDOHKFBS TR MO FIEEEZLN, RLheFvhaE— R IELTET VU
T 5179 (Fig.2.4) . SFEIFR VT NMIEDETHAD, T ML ROH 72555 D
RV R BN N E L TERE L Th .

NI R %S SOLID186 ZAffi L TUND. J MEATH] « AN /L NEE 0 A2 ) » H it s
WD 3 &SPl Z E KT 5. IR I OF AT TV T a R
PRETS179 ZFIHL, f#MT A7 > 7" 1 Thiks &34, A7 7 2 THEEL, A7y
3 MOINEETT).



[ ]

1R "

Fig2.4: Schematic of rivet model.

233 ANLF—FKRILLETIL

RV ORE ZE — AEFE I ->THRL, TOMmSA R EOfifie —AEHE T
Lo THERET % (Fig.2.5). AR/Vh T bl % FEEREE L bR L CTH b A A Tl
5.

b —kooe — A2 3 BEAM189 2l L, HimoD#HkZI< BEAM188 A fifi
M35, ELLLEIER R EEDOTEEZERFTRETHY, RFETIEHFROE — 4
CLTERRLE. VT iar8# PRETS179 4> BEAM189 LiZH#E L, Uy
NET L ERIERD TR THIGRERS /155 £ SE T,

PSR AV WOBIEMAT I B W CHORIASNA I THDHA, TOHA I
FfEmE L DOINTEIDDIERB GO D T2 RBFFETIE, B ERE
TUTRERERFIL T2 L2 A, AV B & ORIPELDS BRSO B P J7 3R
ORIPEIC KT THE 72 o727, Wikifs I SR E EFR LT,

Fig2.5: Schematic of spider-bolt model.



23.4 FRILFRELETIL

FHEAREETV T TEEINT 522 HIEL T, b EMIZR LV HO R
SEBLL QU WWHRE M ~EE T35 (Fig.2.6). #IHIRHE 1135 2Tz,

PR R LD E AT ORINEZ 720, ST ERL WV, D70, i
RN 2ICITEEN 2 W O REL, WA OB/ I DHE & N
VTV T WHRIZED — R 95, RVMI L DRI Z 4570 I IR IR R
CONBIN39 %1 ffl 4 5.

B2 DR EICEDE TG MEE2 AT L CTRY, FEMIAM mEOMITE RO
i

1

Fig2.6: Schematic of no-hole model.
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FI3IFE WEAMMWECHT HFEENEN

-

3.1 BR&H

FARE X=—125mm O C Y,Z HF ISR, X F IR 77
WD, ZOREFH AU EX FROREIEMNE G 2, IRZ175 (Fig.3.1) . FTARKIE
X=125mm D C X,Y,Z TN T 5.

YL'
= 'y ;
| N [ N [ N I I A
;E l[ : 1 1 [ [ ‘I } [ [ l[ I | [ [ [ | ||| o 1 1 r 1 r 1 ° 1 f 1T 11 lg
=] [ T T N N Y O O S D [ [ Y [ [ Y ) |

Fig.3.1: Boundary condition of transverse loading ( X direction ).

3.2 RULCWETIVIZLSEBITHR

321 MRMEICKIMROEILERADRE

X FHIEADREICBEIL T 1 A2/ H4REE 0.2mm ONEL 5 A7V ET
1Tole. ZOLED, RV T MEEOZER K IR0 URE) , W 57 Mo,
RV Ty Nalls A EREER O BILR, @il ) EIREE O BfREZ 21 Fig.3.2,
Fig.3.3, Fig.3.4, Fig.3.5 \Z/~ . [EHEA XT3 HTemE (Y J5 mHR AL TR
[EY DI &) ZIEE LTz, ik 5 a4 & ié‘ﬁfﬁ' BN G- 2 HREH SICBITD %
U7, WS 26013 X=20mm (23315 AW & 6D X AN %
&0, wkERE P R O KA E L THE L.

IRZMED IR T ZET, Ty bRV NOFEX RERAIZ IV DDA NFEAEL, sl ) DK T

OAEHE ST R DRIE N AL T HZED R TET.

11



Fig.3.2: Deformation to transverse load ( scale X20).

Transverse load [N]

A000
400U
(S

Transverse displacement [mm]

Fig.3.3: Transverse stiffness.

=+ Bolt tip
-0.14 -+ Bolt head

Loading cycle

Fig.3.4: Rotation angle of nut and bolt.
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8500

8000

7500 -

7000

Axial force [N]

6500

6000
0 1 2 3 4 5
Loading cycle

Fig.3.5: Variation of axial force.

SNdEME (W HE 7 1 28 7) 12 Ko T BEfiim (Ao Ui « 9 i - B A 4 ) L2381 ) D82
filRREIZ 2 LL, B BN AT La MR L. Fig.3.6, Fig.3.7, Fig.3.8 %
SE |\ THEMZ LT IZE 5.

(1) BhhfE Y OB X M I )7 M A7=0~0.005mm F&/)

B S W NI HE 7 ) VB ) (RGBSR S0 M8 &, ZofEZ 2 5
FIINMBD 72O RO B AE N W OIR R E L v . Ui « E H - s RS <o
PRl (X E A LT F F, #ERifE O EC D, RO S CTIE BRI
1600N O fif EIZI W THEREFE D NI MBI AT DT T 720, IR UV ME THLE
IMFEEL TNDZ LD R TES (Fig.3.6) . 72721, AT ORLR L, 1B0OBtA
MEEIZB W T ERMIMED 7 T 7 TR0 72 ITELI TS, BT 2Ty 7 %
700/mm 75 7000/mm ~EMIH<KE R T HZETIORMEITfRES N (Fig.3.9).

(ii ) ARV P OFRMEZETE X [ (I 7 1] 28(37.=0.005~0.03mm F2 %)
PekERE I ENTIRO 2N FEAE L7481, AU <RI AN E AF L7e RV NI T
Ll 23%.

(iii ) AU vE v X ] (7 75 17 22 467=0.03~0. 1mm F2 )

FEHIZIZIEE S L72FF, RUEIZBWTEDAEAL, V—RADORENLER L
TR T AN ) 252 A VNI MR IZ A Cs (Fig.3.7) . AR/l iuns
BRSO BRDIZR L o MR E 72 D A FTEIT LR, LovL, TR O [E A
DMEAHZ ETRUNEmIED AL, ZOXBIZEWTHAD LT 2R /LTy hMIE
Wiz B U TN EITT H[4].
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(iv ) A i 0 X [R] (M5 1A 482=0. 1mm 2 ~)

RUEIIFIEEAEL, HEETHY%EET S (Fig.3.8). 20L&, RUMEEVIXHIC
BOTEALNTANVPOHIERUN DB ISNDTZ0, RV heT > MIYIHIRE S
L TR A9 D 2 7 A~ RIRE L 72 281272 % (Fig.3.7). £ D7 JFE Hi v D X [H]
ETONIRZ DL EIIREPDHEITT D,

JETH 0 2558 3 D IR AL ORI LR A0 B LT, MBI ERICE S e
FHRRICE S TROHZENFHETHH[5].
3500
3000
2500
2000
1500
1000

200

0

(iv)

Transverse load [N]

0 0.05 0.1 0.15 0.2
Transverse displacement [mm]

Py
N—

Fig.3.6: Transverse stiffness ( 1/4 cycle ).

0.03
002 -
0.01 r

O |

001 0 05 1
-0.02 |

003 |\

—0.04 |- . Bolt tip
-0.05  ~ Bolt head

-0.06

0.15 0.2

Rotation angle [deg.]

Transverse Displacement [mm]

Fig.3.7: Rotation angle of nut and bolt ( 1/4 cycle ).
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0.2

015 | = Nut
- Bolt head
01 | ~ Plate

o
o
a

X direction displacement
[mm]

' 0.05 0.1 0.15 0.2

-0.05

Transverse Displacement [mm]

Fig.3.8: X direction displacement of nut and bolt head.

2200 -~
2100 |
2000 |
1900 +
1800 r

1700 - —-7000/mm
1600 F -=2000/mm
1500 - - 700/mm

1400 ¢
0 0.01 0.02 0.03
Transverse displacement [mm]

Transverse load [N]

Fig.3.9: Effect of sub-step number.
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3.22 WHKHEILERREOEE

WIS /1% 10kN, 20kN, 30kN EZ{bEH7-55 O W HET7 rmlitE, EEEGRE
% 0.1, 0.2, 0.25 LS55 O mmIMEEZZ N2 Fig.3.10, Fig.3.11
T, BREGR IR 0.8 LU G, MR H DB MO E L2 L LT T2
FHIBERAN 7. R Y DR E I A D ClE BENROIREREZ L L.

PRSIV AE T DM E, RUE BV OSRAET DM EEENL, FEHE DN
FAET DI EEENLE T T T OFE IR, BAEAL Uizt O 2 ) HHHE RS 11 SRR 5L
IZOWTEINZE4L Table3.1, Table3.2 27T . 2 DIXH>XITHAN, 1FELT
DAE DN 17 L EEBR BB TOAZENTER TED. ZDOTEND, HHE
TRZ DWW T DN 2 — 21T 21X, IS 11 E BRI A LSBT 58 THhED
FORERT AT TCEHEE NS, 72721, R EY &3 U MR ER
b T EEEAREL DB S Lo TR, AWFSE TIX M BEERHZELVMEICERL
T2l DI BIBERRIZ 72 > TR, 6~ C, AU &S CEEEIRE N 2 05 A1
MEIDLETHD. RUEIFD AT D0 EIZEL IR AE T D EOK 85%
RETH-T-.

E 4000 g;
e
o
o
% | n | ffl
¢ -08 {;{0.6 -04 -0.2 0 0.2 04 0.8
(2]
< =000 ~
= g - 10kN
; =000 = 20kN
- 30kN
12000
Transverse displacement [mm]

Fig.3.10: Comparison of transverse stiffness (Initial fastening power).
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faYa)

Transverse load [N]

—

Transverse displacement [mm]

Fig.3.11: Comparison of transverse stiffness (Friction coefficient).

Table3.1: Initial fastening load.

Initial fastening load [Force to slip between|Force to slip on Force to slip on Displacement to slip |Displacement to slip

[N] plates [N] thread surface [N]  |bearing area [N] on tbread surface on bearing area [mm]
10000 2000 (1.00) 3200 (1.00) 3800 (1.00) 0.05 (1.00) 0.13 (1.00)
20000 4500 (2.25) 6400 (2.00) 7600 (2.00) 0.11 (2.20) 0.25 (1.92)
30000 6200 (3.10) 9500 (2.97) 11300 (2.97) 0.15 (3.00) 0.36 (2.77)

Table3.2: Friction coefficient.

Friction coefficient

Force to slip between
plates [N]

Force to slip on
thread surface [N]

Force to slip on
bearing area [N]

Displacement to slip
on thread surface

Displacement to slip
on bearing area [mm]

0.1 880 (1.00) 1310 (1.00) 1500 (1.00) 0.023 (1.00) 0.054 (1.00)
0.2 1760 (2.00) 2570 (1.96) 3020 (2.01) 0.041 (1.78) 0.100 (1.85)
0.25 2300 (2.61) 3200 (2.44) 3800 (2.53) 0.053 (2.30) 0.134 (2.48)
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323 RLERZDEE

AHFZE CTRNT R ELTZAR VMR (Fig.3.12.a) &, BN 20 THHRILVMEIR
(Fig.3.12.b) DAFHE 7 a4 bhie U7z, BHEEE 10mm (ZKL TR AL ORI/
SV, RRUIZAR D T7 D3RV MRMEZE T X ] & 22 Ui 10 X ] 0 [l 57 Tl 134K
<720, [RAMED EICKREENTETZ (Fig.3.13) . Z2RUET /LOEHIEB T, i
CEDEEMICEIR LW O R ILETET Vo Z LIRS, @0l 1hEaE
M LB R AEED AL LI-IR (Fig.3.12.0) & el L 7= SAIPE IS 3E W 32~ 7.

(a) Default. (b) All thread. (¢) All thread (omitted).
Fig.3.12: Difference of shape of axis.

©
o
©
(]
q§ 1500 ~ Default
2 1000 - All thread
© .
= 500 ~ All thread (omitted)

0

0 0.05 0.1 0.15 0.2

Transverse displacement [mm]

Fig.3.13: Difference of stiffness among axial shapes.
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33 METY VI FERICLHBMERIER

331 YRy rETFI

RCILET L OFERID, S RICE > THIMENZL T D2 LN TFHEEND. (E- T,
R OE RS 10mm (Fig.3.14.a), EEEORICAEOET-12 (Fig.3.14.b), BHU
BEE(Fig.3.14.¢) D30I L TR 21T o 7. £ DfER% Fig.3.15 IR 7.

VR METVTIL, RV TV —RI{EL TET V7 LTS8, SR
BOXEIEHFBETER. Lo TRUmEBEINEEL TODILIT OEMMIZEB W THR
JVREPEZS TR O @ OHEIIPED EEL 2> TLEW, RUILET LEDOTNNALD.
BB IE EE R iR SR D D3N HZ 825720, FEEEVIZRACILET LI
INSTRNNRIE TR T 5.

ROV T X I3 T, SR E LD R CILE T L EY Ry T L% LR
T 5L, Uy MET VIFRIER QU ILET ML TE T RED -7, bR /b he
FORB—RIEL TNAZEIZED, SEIZEBE O T — A IRAL TLEI =D
EZEZOND. AL EDOMIEREZ LS TRy NET AV EERT 58T, Wit M O
P IVRCIIET VISESADEIATZENATRETHDLN, ik 328D R )i
N DIIMES AL CLEI 20, 2D IR EAFRHIR AT AITEE
DLETHD.

(a) 10mm in diameter. (b) Default.  (c) Thread valley diameter.
Fig.3.14: Difference of axial shape of rivet model.
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3500

— 3000 -
<
- 2500 -
o
0 2000 - 10mm (Rivet)
o 1500 = Default (Rivet)
§ 1000 —+ Thread valley diameter (Rivet)
© —- Default (Thread model)
=500 ‘ - All thread (Thread model)

O | |

0 0.05 0.1 0.15 0.2

Transverse displacement [mm]

Fig.3.15: Difference of stiffness among axial shapes (Rivet model).

332 RNRALF—FKRILFETIL

ARIFZRICEBNTE, IS DOEIAHZD/RTA—FZ—LL T — A BEFEARL - — L4
P EA BB AR R AR, SIS /RT A= —(C XD 7 [H R D 28 AL % fif
MLz, T 74V MEICOWT, BE—AEHT 16 A, B —AERELIT 6mm,
813 10mm, R (3 E A H+7.5mm L7z,

b —AEE BEAMI18S OAME 16 4, 82 K, 48 ALE(LS L5, AR K
M5 L3 7 AR 15 L7z (Fig.3.16) . & —hBE3k % R A1 i LB L
T8, 1 R TIHRSAVIAA TLEIEZ 2 BNDTD, RS ERICHLIAEND X
9, WAL 2 KRty he U=, &5, #ktiEm 4 Fma o RC 0 B, 90 &, 180 /&,
270 EONEIZWEEE —LAEHEERY, 16 ALL7z. 32 KL 16 RITXLTSHIZ
45 FEONLEZINZ, 48 A% 30 FEL 60 DA EZNZ 72 (Fig.3.17). BRI D HIN
ICEAEHE IR OB AINKIZEA L RN o708, F/EETE — L EBELEFRTH
B R BRI ORI L) THANZ BT B D B MR T B ENEEZ DR
5. UL, AEDD Do 1= B X RO R 2B A2 DS BN,
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4000

=
— 3000
ge]
©
o
@ 2000 r -~ 16
2 =32
w
§ 1000 48
— - Thread model
0 B
0 0.02 0.04 0.06 0.08 0.1

Transverse displacement [mm]

Fig.3.16: Difference of transverse stiffness (Beam element number).

N B . 16k
32K
S 48K
T T O\
0 SASNN "
Zl Xx=55 81 120

Fig.3.17: Way of choosing nodes on bearing area.

v — A% FE BEAM188 DEAA% 4mm, 6mm, 8Smm A LS/ A, BEAD Y
T e AP EH- U7 (Fig.3.18) . ZOfEIF kISR ET DRIV MR NG
I FANAEZ A TED DT TIH RV, b/ FA—Z—LL THEHL TWNDHEE R
HiLD. FTo, B — LB OAEE, il B EE R ORE O JF I LD f%f\@%ﬁ’i“
G RED DAY 2 TEIRITHERAFL TLEI 2w, B — LR ZREATERICEDE

R LSHHIMEZ G DEIATL I ENEIITHHEE 2 DN,
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4000

Z 3000 |
e)
©
K]
82000 + ~ 4mm
o
> = 6mm
s 1000 + 8mm
— - Thread model
0 [
0 0.02 0.04 0.06 0.08 0.1

Transverse displacement [mm]

Fig.3.18: Difference of transverse stiffness (Beam element diameter).
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Fig.3.19: Difference of transverse stiffness (Axial diameter).
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Fig.3.20: Difference of transverse stiffness (Axial length).
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Fig.3.21: Comparison of transverse stiffness (Non-linear spring element
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Fig.3.23: Comparison of transverse stiffness among various modeling
methods.

Table3.3: Comparison of computational cost.

Node number | Element number| Contact element number | Computational time[s]
Thread model 24015 7764 4 8173 (100%)
Rivet model 13639 3329 3 3722 ( 46%)
Spider—bolt model 10221 2227 1 3940 ( 49%)
No—hole model 6006 1046 0 686 ( 9%)
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Fig.4.2: Deformation to rotating load ( scale X10).
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Fig.4.4: Rotation of nut and bolt.
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Fig.4.7: Comparison of rotational stiffness (Friction coefficient).

Table4.1: Comparison of torque to slip on thread surface or bearing area.

Fs u Tsf Tw Tsl
10000 0.2 12812 14214 8037
20000 0.2 25624 28429 16075
30000 0.2 38436 42643 24112
8000 0.1 6080 5686 2260
8000 0.2 10250 11371 6430
8000 0.3 14420 17057 10600
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Fig.4.8: Difference of stiffness among axial shapes (Rivet model).
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Fig.4.13: Definition of stiffness of non-linear spring element.
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Fig.4.14: Application of beam elements to transmit rotation.
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Fig.4.15: Comparison of stiffness among various modeling methods.

Table4.2: Comparison of computational cost.

Node number | Element number| Contact element number | Computational time[s]
Thread model 24015 7764 4 14368 (100%)
Rivet model 13639 3329 3 7096 ( 50%)
Spider—bolt model 10221 2227 1 6912 ( 49%)
No—hole model 6004 1062 0 1847 (13%)
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Fig.4.16: Relative angle between nut and bolt tip (Thread model).
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Fig.5.1: Boundary condition of bending load ('Y direction ).
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Fig.5.2: Deformation to bending load ( scale X 10).
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Fig.5.4: Rotation of nut and bolt.
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Fig.5.5: Variation in axial force.
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Fig.5.6: Comparison of bending stiffness.
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Fig.5.7: Rotation of nut and bolt in the case of large bending load.
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Fig.5.8: Variation in axial force in the case of large bending load.
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Fig.5.9: Difference of stiffness among axial shapes of rivet model.
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Fig.5.10: Difference of axial force among axial shapes of rivet model.
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Fig.5.11: Beam element number.
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Fig.5.13: Axial diameter.
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Fig.5.14: Axial length.
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Fig.5.15: Difference of bending stiffness among various restraint areas.
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Fig.5.16: Comparison of stiffness among various modeling methods.

46



12000

— | —+Thread
Z, 11000 = Rivet
3 -+ Spider—bolt
S 10000 | Spider—bo
L
% 9000
<
8000
7000

0 -0.5 -1 -1.5 -2 -2.5
Y direction displacement [mm]

Fig.5.17: Comparison of axial force among various modeling methods.

Table5.1: Comparison of computational cost.

Node number | Element number| Contact element number | Computational time[s]
Thread model 24015 7764 4 5468 (100%)
Rivet model 13639 3329 3 2564 ( 47%)
Spider—bolt model 10221 2227 1 1841 ( 34%)
No—hole model 6006 1047 0 421 ( 8%)
THRIMLZITERA
L .
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l/ RO DEHB RN
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HRIZE-TEI25RbNS S

RILMZE-THEZONS S

Fig.5.18: Moment balances of with-hole model (left) and
no-hole model (right).
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Fig.6.1: Boundary condition of eccentric axial direction load (Y direction ).

6.2 RBLWETIVIZKZBHER

Y G EOREIZ 1.0mm BE LR TN E L TRLT 1A 27/0 & T k%
8V AINETIToT. ZOEED, BV T MHTOE K ONEFTVIRLEE), Y )5
[ DRI, Rk TFy Nels A ENREE O BIFR, ) &MiRES O BREZihZ
1 Fig.6.2, Fig.6.3, Fig.6.4, Fig.6.5 |Z~d". [HEEA X v dHTemEAIESL
72.Y HffEE Y H NI BN 2 5 2 2 EE SICB I AN ) E AL & H
JiL7=.

Y GIENLEEINT A ETHRAMNIGEIESi, iy m o g i m oM &%
(EFEIBRICHT/71Z 10000N F25E £ THINL 7=, Bl /12388 UAGD 5 LRIPE D3 T 254,
L7, il 7 1) o0 il 1 Fof BE O 355 138 /L MR A 11 23 B A2 [ 28 L QU728 Lo 7
() faf B CIEEIHRL TWNA. ZAUE, #ERRE32  UE I [R] H2MES 2 & T, ARV R
AT ] ~EFRUHSNA S MBI Z M IO 3 AE LT W) TIHRWInEE 2
Hib.

48



Fig.6.2: Deformation to eccentric axial direction load ( scale X 10 ).
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Fig.6.3: Load-displacement curve (Eccentric axial direction load).
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Fig.6.4: Evolution of rotation angles.
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Fig.6.5: Variation in axial force.
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Fig.6.6: Comparison of stiffness (Eccentric axial direction load).
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Fig.6.7: Rotation of nut and bolt in the case of large load.

0 2 4 6 8 10
Cycle

Fig.6.8: Variation in axial force in the case of large load.
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Fig.6.9: Difference of stiffness among axial shapes of rivet model.
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Fig.6.10: Difference of axial force among axial shapes of rivet model.
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Fig.6.13: Axial diameter.
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Fig.6.14: Axial length.
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Fig.6.16: Comparison of stiffness among various modeling methods.
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Fig.6.17: Comparison of axial force among various modeling methods.

Table6.1: Comparison of computational cost.

Node number| Element number| Contact element number | Computatioanal time [s]
Thread 24015 7764 4 4853 (100%)
Rivet 13639 3329 3 1992 (41%)
Spider—bolt 10221 2227 1 1303 (27%)
No—hole 6006 1047 0 357 ( 8%)
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Table7.1: Summary of validity of various modeling methods.

Load|* Transverse ( X direction ) |*Bending (Y direction )
Modeling method |*Rotating ( Z direction ) *Eccentric axial (Y direction )
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Fig.A.1: Abolt which has right and left screw at the same position,

and its in-use view.
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Fig.A.2: Finite element model of fastening

by using right screw nut and left one.
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Fig.A.3: Dimension of bolt, nuts, and moving plate.
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Fig.A.4: Simplification of thread shape.

Fig.A.5: Section of bolt and nuts being in touch.

63



A3 BIFER

A31 ERULFvy rOFFITESWVIZKLEP HALDEREDEL

P =0N, DFEVLERNRC TR AERE T MU F L TRV REE) S IR % B
U AT, Wiy N ORI Vo laldisfg, sl 1124k, P OZAL, Wity ho
iS22 Fig.A.6, Fig. A7, Fig.A.8, Fig.A.9 (T~ [ElEMAITARAL
T rTemE (Y FRHEATREHREVOME) ZEET 5. IIHRITIEADMEIC
BEIL 1V A7 75,

IRICES>THAL T Y DODLHENETTHE, ZOEIXIZHOONTERL TV
[BI#EL, 1% (2T Y MRIEDOTHRE K U=, 2L > Tl A O FE 23 % (20
ANEWHL, DI DN RN HER TE . RO SATIEEh D AN R T 5 F TIC
PR BED BRI 20% 1K FL7=.

2.5
— Right screw nut

20 [ — Left screw nut
Bolt

1.5
1.0

0.5

Rotation angle [deg.]

00 R -
(# 5 10 15

|
o
o

Cycle

Fig.A.6: Rotation angle of nuts and bolt.
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Fig.A.7: Change of axial force.
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Change of force vertical to bearing area of left screw nut.
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Fig.A.9: Change of transverse displacement of nuts.
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Fig.A.10: Loosing angle of right screw nut.
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Fig.A.11: Clenching angle of left screw nut.
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Fig.A.12: Change of axial force.
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Fig.A.13: Change of force vertical to bearing area of left screw nut.
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Fig.A.14: Contact pressure on thread surface.
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Fig.A.15: Comparison of axial force loss by loosing.
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Fig.A.16: Relation between fastening torque and rotation angle of left screw

nut.
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Fig.A.17: Relation between axial force and rotation angle of left screw nut.
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Fig.A.18: Relation between Pand rotation angle of left screw nut.
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Fig.A.20: Comparison of axial force loss by shape of thread.
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Fig.A.21: Comparison of P increase by shape of thread.
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