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Abstract: In order to reveal the mechanism of stress relaxation in bolted connections during long-term service, a

systematic analysis of the creep mechanism and performance retention behavior of bolted connections
under service conditions was conducted. By combining simplified analytical methods and finite element
analysis, the stress relaxation of bolts and flanges over different service times was thoroughly
investigated. A simplified analytical method was adopted to address the creep stress relaxation problem
in bolted flange connections, with particular focus on the creep relaxation of flange and bolt materials.
The validity of this method was verified by comparison with three-dimensional numerical finite element
methods, and the influence of different service times on the decline of bolt preload was analyzed.
Simulation results showed that the overall creep relaxation of the simulation model was 45.2% at 1 000 h,
50.8% at 3000 hours, and 63.3% at 6 000 h. Analytical results indicated that the overall creep
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relaxation of the analytical model was 53.4% at 1 000 h, 60.5% at 3 000 h, and 73.4% at 6 000 h. The

results demonstrated that the longer the service time, the faster the initial decrease in preload, followed

by a gradual stabilization. In summary, through detailed theoretical analysis and numerical simulation,

the stress relaxation mechanism of bolted connections in long-term service is revealed, and reliable

predictive methods and design optimization schemes are provided.

Keywords: bolted connections; stress relaxation; elastic stress modeling; analytical methods; theoretical analysis;

finite element analysis
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Fig. 1 Schematic diagram of the construction of the elastic analysis model

for bolted joints
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Fig. 2 Mechanical analysis of axial elasticity of bolted connections

TEX—ARAET, SR AL 224032 A B 5 I A R )
AR, RK ARSI s 5, Rl i
CORPEIR T MR S N R R L R 1Y
AR, FEAUCH BT 5 v BAT 9 S it R i Y
WH5E, DI Zm T, Rk 22k, WIthm
BRI AT SR R E PR RN R . WA
PR Iy E A b, A T R A 2 ) A

Iy A& 8110

BRI

1, Wt s E R yieTu) . PudRsh bl shhe
Mo ZIa, TEIBRFNGE 2235 R it RS T 24700 di
PR, BELSEPR TAE S &0 09 AR T8 F R 7 53
i, oa, FAEETERYE 2R T IR A TARIRE,
1.1 TERETERHMBITE

FEIRAR A U B IR BERAS T, B S ARG AR P51
TE, DRI A R ARk 22 DR E 2 7 A AR (50 8 B s

AR T X — [ € R e Xt A Rt e AR ad e iR
R AL AL O™ sk (2) P,

A=Y=yt (1)

wh+ 2wk = wi +2wi+w' +nf (2)

Kb AKHIREEN R 5 wi ool e B0 R Bl fof
% wi koot e Mm & imfi s ; wARIEIKA S
we R S T MR AR N R, AR R FNE 22 AR AR RS

o % B B ARl LI B 25 0, BN =X
(3) f1k (4) PR,

F,
szfz (3)
ZhG +2hGKP (4)

ﬁ*:m%%éﬁ%ﬁi%%éuh,m%@ﬁﬁ
TG s wol ik 2 eSS R IIE 200 s he
MR A (B J] 2 2 R A A AR B S s KO
FIFE G A 22 AR s KF ORI 22 R T WIEE

we Ay MR R 2 Y Sl i R AR AS I T
m=k (5) Fim.

W= wt+wi (5)

A wy R A Bl 1) B AE LRS 5w i 2 A Bl

SRS
R 9 22 B 57 A% S e MBS [ J5 Ak 2 e A,

X (3) ~= (5) AR (2) /BEIK (6) .
P M PP Mt P
Z+2hGK—§4 Kb+2hGKM+2hGF+w (6)
X BRI T A B erRE ),
M{RHIIGR T 22 MU RS R P Bk 2
B R AR IS R b, R i
FP = PA, (7)
VERIFE MR A B ) b A vk 22 25 M il i 2%
ANELENGITAFRR, X THI4h 5 [

A’IileQiff'*‘Mi (8)

2
Kb QNWIIR AN ELE N AT s MO IR

113 -



iﬁ i"‘ 5 Eﬂ ’,"‘., Design and Research

202555188

MRABCE R AL = B MR (9) Bk,

M‘,t::PAphp+%thf+Mf (9)
O e g IR 5 o B3 22 AR AR I BE S 5 O
N B AN TSN G A

1.2 RETEREPEREZENETE

R R sl (10) R
AE,

L (10)

Kb=

I, = 21;+0.5d (11)
K ACHIRR BRI E IR R R K
Bt LIRS J IR HAR .

IR IRAL AR IR S, LRI BEE o 1k 22 5 ki
FEAb A 1) 57 B TS FE A, vk 22 i e T W
KPR ER 70 51 6 0 =5 Bl M B KM 5 1 R Y 22 i
NI FRA s (12) F (13) FiR.

Kf = Bp (12)
Vi
gy =M (13)
Ve
Krr: YRR GR e AR ok
PR 25 5 | 7S ) e e A
1.3 RS EREBERABITE
RN A Ik (14) FiR.
Wy = II;—E +wi’ (14)

HT T R [ AR T 48 R B A B Ak e i
@iﬁlﬁ@%éiﬂ]ﬁ{‘ﬁ&ﬂnﬁ ( 15) B

ZhG + 2hG +wh

x5 o (15)

AP wi g ARG R A 22 BBl 1) 2 7% 5wl R

e 1) Bk ) 5 72 6 7%

2 BRI ERBERSEZERETNEHEN
REHE

21 BEepRTRE
B S 1 R TP IR AR LA T = (16) JiAR

& =Adc"t" (16)
Kb e WURARN AR ; ANEEAS L oA TT; m
KR FIHEEL; ] n AR A

X B[] SR S A5 H i [] s A i 118 05 A8 107 AR S R g
wm= (17) Fimms

& =nAo"t"! (17)

114 -

BB E LRI (16) 1578
WL R EIRAR (17) 5160, i
ey
& =nA""g"n gD

22 EBREZNBEEEME

BRI (18) BB 40 o b )
SR L, PR R v 5
R Al

(18)

F m/n
AW’ = lAg, = [ Até, = lemA”"(A—") gln=bin
b

e A WIEAR N AR B Ak IR AL 4
AT B WS AR NI SO0, 15 2 BF [a] 128

(19)

P ST R AR o, B T 2 PR R A A s AR
Flmm, NA%e b
% & (20)
r r E;

AP yOMIEZEBRAE A s v R e uh
LM T I AR AL RS 5 r Ok 22 AR
B o o NIEZRIREN S ECRE AR I
L8

e N CI A Reg |

oy = Er, = Et[yfy :§P2(1+§)]—Efsc (21)
N r
AP e WHPERAR 3 ok 22 0ME s ik =
Fdts oML AR
23 RERETEZNBRNTE
VERITED 2238 LM M™ Rt (22) 4

H, Ap
m= " " o ydyar (22)

¥ o, AR (22) FR R (23) .

M=E - j ” Eicoydydr (23)

l2]n(rl)

X (23) Byt oR AR (24)
a0 ( )
< = j Lf/z —ydydr (24)

A reﬁﬂﬁiuﬁ?&?%{%éﬁl\iho

MBHE SR , n] DIBSEAE /N ] ] B Ac Ay
BHRERTFA, LAPPAG i T 5728 5 DR Bk 22 e % 4
Ay, AR, XARERE B TSR RS,
A (2) ATfE R (25)

Ity A& UL 0L



20255188

Design and Research iﬁi‘l‘ 5 Eﬂ ""E

(25)

S (15) HAg R AR (L RR A, A [B] 386 1 A
IR 22Tl i & =t (26) P

Ay= 12AmA'" \[r‘, Ir,/z 0Dy
t?ln(%’) e
WA (B3] S b v 22 BRARG T R SOVE A 1% i
Al AR R AL (27) Fioss
AW = hgAy (27)
5 AR RN 2 AR R 2, 15 B IRACR
B TERNZIEN, BEikm= (28) FR.

(26)

ApP  2hghpApP  2hgP
FP=F' K| = + == 1 25 LAWY+ hgAy
P K, KT K? ¢
(28)
11 2K
—=—4+=G 29
K. K, KM (29)

A KRNI
3 mEmikEEREETRITEREE

3.0 EREZRERNERE

Shy 6 F A RN R A st (Y AT AR, ST T
AEBEA PR IC ( finite element, FE ) #A1  fifi A BR
JCA BT B AE Abaqus 9F 77 2 S0 5 A AT BIR T A
REFUAL S S . ISR IR, 3 54, ELARNE 1
Jios o BERIR S S HORE . W% #FSME 32 mm,
W 10.1 mm, JERE 27 mm, 2K M10 FriEN A
M2, B SL XA TEE 17 mm, AT EH A 10 mm,
AP 44 mm, BRECKE 17 mm, BSELR R
8.95 mm, BRAEEA M10 bR e £ I HE . BEE Sy,
WAMBSH B RLS, AN 60°, 121 1.5 mm.
R ARIE o DX 3500 XA 3450 1, DB v W SSOK B A
TR, BIRSR ] C3D8R SEAA = 4k /\ Y N T
TR WA
32 ARESHTIEE

RS T A PR TR A N 453 3 NP IR T, B
Je, MR R, AR HARHILG B IEIN J) 275 MPa;
Hvk, AR RS DU I N R T, A BR TR
RIS SE RO E 22 AR a1 3847 s Bodm . EAR
DG I s (1) 725 A P 5 2 s 5t i 6 5 2%

BTy THT R S A A R S R
TR B ON BE R A, TR I BB R, D))

ey 485500

BB R TR, PEHENACH 0.15, BRAURIZE A miE
ik 158 5 R A R R e T B — B A
T, R RS Sk 5k 4 R B i 1 B P ((Tie)
Ay, AT, AR R 2 AR A
IRk BRI E SR, R 6 N3 B H
B WM RI IR E T 29, BRI 3 M
S HHRE RS YR sh B, TR R T
PR it fin g AT o A ARIEA BR TR A R G skt
UL 2 NI SR MR i e A R A B Sy Pt . 5
1 43 M 25 e WRAT rp S A i iR A 2y, AT R N
Iz, MR Uhy 55 2 87 4 X 7S R Fn ik
2T INAR 1) R g 2 A, AN R BRI A A B A K
A3 5% & 4 1000, 3000, 6000 h.

33 BERIEZMMSEMIEE

GH4169 & 4 2 #: fff | Hyperbolic-Sine #1 #} #
R, BRA 4 5A06 75 2 ffi Ji] Time-Hardening A1 £
I RSHE SCk [29-30] 15 BRI S8

XFTF GH4169 & 4 12 #8, Hyperbolic-Sine f5 7l
S8 . 28 C=5.83x10", 2%k B=0.001 478, )i
FIFEHCR 10.84, 3% BE AH=372 820 kJ/mol, S &
H B R=8.314 kJ/(mol'K)., T EHEMIE, SHCH
WL SRR AR RHEM G S8BT
WSE, AT s BTG BEAH B T 44k
TEARRNRE T A IEAT A .

X 4R A 4 SA06 7524, Time-Hardening #5571y
SR, OB BARL IR 7 R R] S5 A i i vy 75
7 3.463 2x107, BFEIFEECN 0.75, 1 HHEHCH 1.3,
SR A Fan b RELE BRI 3 RN (] 25 AT A 32 o
AR AR s IR 0 e T A R A 23R ] A Ak A A
JEE 5 7 R e T AR I A N AR Ak Y
JEAE

LGRS HH T4 IR R AL RNk = TR IR AR SR
FERASAT R, RS BEAS vE AL L PR TR
) 7 me Ny o SRR ST R R 180 GPa, THAR
Fbom 0.3, JEARGREE A 1100 MPa, 25K 8.24 g/em’,
e AR R E O 72 GPa, JARA LR 033, JER
N 160 MPa, %N 2.7 g/em’, i@ i bR HEAE
M98, 76 Abaqus H AT S5URE 0L 4 3 22 45 4
FENRA 554 T B 125447 R, A AERI R T3 T At n
BTV FH D R I 75 B Bt R0

4 HR5iTiE
P 3 s O i 42 S5 R AE AN () IR ASE IS 1] 3 7 A

< 115 -



iﬁ i"' 5 Eﬂ ',"‘., Design and Research

202555188

st R )7 L5 AT R R A L 2 R . HE R R
) m N Z 8] 5C R 7n T IR i FE A K kA
HR N J R AT R I 3 AT OISR B, FERI AR AT
Z1 (O h) , 7 FLABE B RN AT A58 0% N ) 43 A R
—F, B REFMFA . R, BEE R AR
% (1000, 3000, 6000h) , 2 il [a] ) 22 55
B, JoHAE 6 000 h (AR R] 5, A B
RUG R SIS s R o e 2% . BRI S, 7£0h
BF, P B AR R AT AT B I ) A i L E A
FKHEMGTE ST, 2 Ford S ae o fi A8 Ul 1m)
AR i

100 [

75 F

50

251
04

Bl . J1/MPa

—25 4

—o—fFATAAY 0 h

—a— (R O h
—a— (i ZLRER 1000 h —v— fEHIBEI 1000 h
—o— [ ETHIT 3 000 h —e— FEMTELI 3 000 h
—— i B 6 000 h —e— f#HTELA 6 000 h

-0.5 0 0.5
T L L

Bl 3 &R B A RS TR R 45 R
Fig. 3 Stress relaxation simulation of connected structures with analytical

modeling results

Bt 25 I TE] A K-, 1 000 h BNF R 45 .45 51 7 HY
I IR B G , A H i BT A AL I SO v, X R BH A
o T 100 F B 32 7 1 7 A Bt B L A AT AR S 1
FoONE . #3000h B, X—22SEMEE, JjE
B N E R NI, el e R S L
KE 0.5 BHEET, YImn el T B E BRI, 6 000 h
(I B4 Rtk — RS T — s, Wos K
JO7 A b 8, T AR AT TR ) S AR /N 1
JIRNS, AR RESE A B T PR IR A5 1F T 1 2 22 0
TIRNSAT R o B 3 “rpEdh” ARid it — 2 BB
i N 7143 A B SRR PE AR (L R B o AR TR E
TR b s, SR B T8 S AR A A S i A
RETRY ][] 07 3 A P il A ) 3 A 34 5 R X R
P, HBES BRI AR, NS B B S
XA, 7 EEATE 6 000 h B (1)
N7 3 A0 b 2550 1 A 5 17 (L7 P A A IR RIS, T
fift BTSSR I A B 5 4 S sk AR Ak

Pl 4 BT kg AR 07 s ot o s [ 3 725 ) 45 L
AT RIRIZE L . AR SRR A 4 43 BT T3 22 RS
MEGRASAT Ry o ] 4 38 AN ) S50 T A 07 408 il 28

116 -

XFHG, BT T AR A I R A% v B I T B Bt AR
N o TERIERENEE (0~1000h) , Fra £k Bl
PRI N R, IR L 22 5 IR S5 G 007 B
AL 2L EARAR N ) NI B . X R
WIHA TS SRt , MR A 22 R P i A S 3
) F I St SO Bk (2 o B B (B B 3ERS (11 000~
6000 h) , N JJAASHECRIEEINGE, BETRE.
9 22 AR 25 A i B I A R A M A,
NMEE T TRE, XRWERRE S, Mk
(1R T A 355 7 SR T , R B R RS

L BRI AT —e— SRR
VR GERBATIUEE  —e— BRI
—A— PSR E
—o— LIRS

3
(=}

AR ) AR T/ MPa

D
(=}

0 2000 4000 6 000

MR 7 J) A 1)/
B 4 MR B AR W B AR AT LR 4 R

Fig. 4 Bolt stress relaxation simulation and analytical modeling results

FIET 4 mTRD, 0 AR 5 A A A U A7 A — 5 1Y
P TR St R RPN T NP /ALY S S ITAR
JEFCAE 1k 22 MR [R] I A0 7 AR AR, R 7 A st
R XS, fEoR 107 BRI R
PR T oL R AR N R, B AR A S R IR A 12 1
I SIARBIAT A o ¥ 22 BRI A BT )7 BT A A X LE
N, DT EE RN AN O B, R AR
AR S BRI AR AT O RS2 2% 00T LU A A A5 28 T 0 £ 5
TN o 454515 2 AR A4 G 8 RO S O R 3
L it o X R SEPR TR BT, b 20 ) i
% PGk 2 AR A BEASAT O, DAV TN AR A 1
TERIIIRABE P AR 28 o ] 4 rpgk 22 S IRkl
fige BT I 7 pHh 2 R 3 22 A A G AR i R s, R AR N
TE R PRE A i 5 8 TARE o SR, i 22 IR
U TS A i 2 Bk 22 7 RO AL 1 2 s ) B i
[i] BE BOAR SISO o 33k a] BEHT DA T 0 B R rp 2 8 T
IR TO AR R, ik 2= SRk (A
AR ELAEHT . ARl . MORHEL AT IS Els
BRI AR XS A 2R BT R A 22 A S I ]
PFRFEE A AR SR AEFN 3, DT B ) AR A% 1] BE P
B L AR SO o AHEL R, AR T
AL TR SR T AP R N R, R EOL T Y

Iy 4L RE



20255188

Design and Research iﬁi‘l’-‘i Eﬂg‘b

UG AR B Bt RSO A T R O B B, (HAE K IR
I AR PR BEARAS T SERR AL S 1

AN [) s () B3 PN A s st P 23R ) 4 R e T A5
RIZE R UL 1. B 1 Al AR AR IR AR | vk 2205 AR L
KR AR T AR 5 | A SR . WIARET 2], BT AT Aot
BT REIN 0%, Joie & B 45 F ik J2 i A 45
HRRWITE T E ST MR LR B, BB FIE 22 R
2 I AFAT BEAS RN . 1000 h BF, BB L 22 2 R
W E AR T RS . HART T, O EA5R hIR
M AR 5] AN SR 15.4%, Bk 22 8F AR R 37.3%,
HENRUTASRN MR 45.2% 5 T fiff AT 45 SR v AR 0 A 5 |
EARA TN 17.9%, Bk 228528 K 38.3%, & {RIE AR
PSR 53.4%. AR, AR BTAS TR T (14 B 5th 5N L
D5 PR RN &, ROIFE R IR B, TR A T
DR YA 22 () G AR AN SR N o B B[R] A RS, IR
P I 2 A R AR s A5, E— 2B 3 L SR
PR IR AR R 19.3%, 15 EUEAR R 43.2%, ARG AR
Ptk 50.8%; i A1 45 R rh iR AR WA Ol 22.4%,
2EURAR R 53.9%, ARG AR AN O 60.5%. LA,
ff AT AR TR 5 ) BORE RN (1) 22 Sk — 2B K, JUILAER
2L URAS RN AL AAET AR ANl b AR A A () 0
TR KIWRE ST, B 6000 h i,
RS R 22 Ay R AR A st S TRR O, (BT RL AL R4
BB 0] (1) 25 SRR AEAE . D L5 R P IR AR Sy
22.4%, B ZBEAR K 58.3%, REAKEEASKA N 63.3%:;
S AT 485 S PP AR B A R 24.6%, ¥k 22 EE R N 69.4%,
HEARIT ARy 73.4% 0 S (7 B AR BT BB A A
S BT A A TR, AEL AR AT AR TR G T TR
IR IAS N, X R K IRAE ST, ff b e 8
A B ] T v A T A 50 o

*1 BRBEEIEOEENLES EHEMBATER AR

Tab. 1 Simulation and analytical modeling results for percent bolt

relaxation due to creep (%)
02 A4 i AR 22 g AR HE AT AR R b

I (8] /h
17 FO85 5L |0 45 2R |07 S 4 2R | A 45 R | 07 350 45 3R I i &5

0 0 0 0 0 0 0

1 000 15.4 17.9 373 383 45.2 534
3000 19.3 22.4 432 53.9 50.8 60.5
6 000 22.4 24.6 58.3 69.4 63.3 73.4

MR 1AL, FEAS IR A b, A A 2 1 1R
RGN 5t 17 7RI T B AR . X R AT
TUTEAb PR BApR T AR I, R REAF 75— Y e Al 1

Iy A& 8110

o 5 25 118 U5 A0 s Bt 250 N 7 e BT A TR v 2 8 1
EAFA, JRHAE 3000 h A1 6 000 h A ] A5 05
ZRIAWE . X 0] BB R R AT AR T R R 7T %
R AR S PR 00T AR 2 JIRES o BRI A
St AN B 7 L4 SRR AT 4 SR A BT AT IR A
ETANAE 2R i N SR VAT 1S § VAL Sy N o S s = O
Ry il AT ASE R A AR R v R R 7 A R AR IR AL Ak
22 2 ] B AR AR DL R AR R I 1 00 A o A AR R
AR T — PRI AL s, (AR a] iR £
FAFT, HLTIN 2 R A T B

T Tk 240 MPa Bif, SR S0% B2 R 1 RSt A A7
BR T B AR R Ay AP S TR, I 3 A ) IR A ) T
SRR 1A AE B0 o N TR T BRI o B, 42
Fa R % fioh 17 ks R S A R R T X, AR
FEVR S MG G A RS S o 33X 4 g 1 ) IX 3R B )
TR BB PR IRGO A AL, B0 T IR
() B AR E . TEIRMEIS . R X TF R HL,
FEARR I AKAT BT B o RS TR 2 ik 18 79 3
L IRG A s Es , DA RE SR B B R i N ) 22 5%
X —ARf R, AR AN IR AR AR AW I 2 Dy T P
() 107 FI WA St RN, RS A A 114 187 77 356 57 43 H 3 B
Iz X, FERIIR AT, B 6000 h, L)
e B G U, A AR Ak ) 9 O ) X
TR A 3 NI N i i 7 P A ¥
FRRE R F7 o0 Ak T 34950, w1 XU LFIH 2k

I X il /1N
% J1/MPa % J1/MPa 12y K )
+1.100%10° +1.100%10
+1:008x10° +1.008x10
+9.167x10° +9.167x10;
+8250x10? +8.250%10
+7.333x102 +7.333x102
+6417x10° +6417x10°
+5.500%10? +5.500%10?
+47583x1 +47583x10°
+37667%10° +31667x10
+2.750%10? +2.750%10
+1.833x10° +1.833x10
+9.167x10" +9.167x10
+2:518x10°3 +2:518x10
Max: +1.100x10* Max: +5.758x10%
Elem: Whole—10-1.544| Elem: Whole—7-1.108 4|
Node: 2 721 Node: 1085
=
EIVFARESTEES
(a) Oh, g (b) 6000 h, B Jj
SR A8 X
23
+1.977x10
+1:811x102
+1.645x102
+1:480x10
+1:314x10°2
+1:148x102
+9.826x10°?
+8.170%10°3
+6.513x1073
+4.856x10°3
+3200%10°3
+1.543x10°3
—11134x10+
Max: +1.597x10°2 %1072 Max: +1.977x10°2
Elem: Whole—10-1.436 7| Elem: Whole—10-1.436 7|
Node: 7639 Node: 7639
NIRRT
T2 AR XHE M

(c) Oh, 72
B 5 BiEh 240 MPa I 38 8058 B ) M0 R A il = B

Fig. 5 Output cloud of the simulation model of stress relaxation in
threaded joints at a preload force of 240 MPa
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Fig. 7 Output cloud of flange stress relaxation simulation model at preload
240 MPa

(d) 6000 h, Fil 7 J

118 -

XX, FERMIRBESAMET (6000h) , N Jj4E
R G R, 9 2 PN R PR S X e ) v T IX
AT N 3 N TR G i a2 < (i S = Y VAP K )
E—2 N & 455 MPa, BURS, ¥ 220 )5 Fi
T8, @ XBILTFHEK . B 7 FiR kL4
Fa ) R R 0 X AT AS R RR TR s, R )
X B ARk 2 NGO TR X, a2 XA il
B FEIRAZ T e R . B B ] RS, &
I 3 DX EA O 5s , 2R B R ) A st AN 14 i
PR, IO D 32 A A TR AR AR 9 2 3 AN T R A
8L

5 #iE

A FE M T A% 25 R T B 34 2 1 U A HL B
SRR TN, S5 A WAL T A BRIT AT
o WA A 2% 7N [) IR A8 e 8] P A4 R 7 s sth 64T T
it

(1) FERIIR TR I e, S84 Fik 24 0
N 7 X A B A SR G A A FE 22 N Sk B A B
B A AERS , X BT N ) OB Y BT, R
IS N B P EAS SRR, E R AR By
Bt (0~1000h) , N Jp#sthiesgth, JUHIETE
B 5B AWIEOLT, A o, B
HIFEIAHERS , AR WIS, B TRE.

(2) P5 AR AT A R AE R i B B (O h)
R R R —3cr, EREE IRBERE A, w
BB )2 S B . JUHAE 6 000 h 9K A il
BeJa, Al BRI R 7 P SR R 3 . TR
U7 Ab B RA M Tl 3 2 AR AR A S s, 3 3k e A
TSI . AHERZ T, D ELAS TR T R A Hh S
SEPR T BB 20 1 RA s AT A, R BRAE R 2L
R [R] ) e A R AR I

(3) AR5 38 1 25 4 a7 A ff A 7 i A A R ot
AR, T LA B T R AR RN v 2 A MR A A R v i 3K
Far ot , AU % B2 B T A A BRI R G
AR AN B AR T

B ARSI R R A RIS BT A EUEAR AL
a7 TR I B AR KR A T R A s AL, $2
BET AT EE BTN T B T, X TR R
T P 1) 2 Ve RN Ra e v B A A AR E AN T
PR FH A X o RAMEFE 0T LAt — B BRI AN R IR BE 4%
RN A O WA PR R Y 52 e, LA 4 [T HE
PRAE AL IR B B 2% T T 04T R o

Iy A& 8110



20255188

Design and Research igi'l'-'i Eﬂﬁ

& % X W

[1]PAIN G, HESS D P. Three-dimensional finite element analysis of threaded
fastener loosening due to dynamic shear load[J]. Engineering Failure
Analysis, 2002, 9(4): 383-402.

(2] 2 L—, JAFIR, TR, 55 WRLCAS MRS 0 A FROC A oA R o e [0,
TAERHE SR, 2022, 54(3): 220-229.

(30T scni, B i A58 o) e £ 1T WAL 2 H A S AR O ELWFST (D). 350
HLITEL, 2021, 38(7): 385-390.

(41 #5162, B, 1 MG, A5 B0 3 16 HI T BEr 528 8 - 405 G WUET iR
A S R AT W BEWISE (/OL). A MR % 5 TR, 1-
9[2024-07-18]. hitp://kns.cnki.net/kems/detail/10.1683.TU.20240627.1723.
008.html.

[5] PAIN G, HESS D P. Experimental study of loosening of threaded fasteners
due to dynamic shear loads[J]. Journal of Sound and Vibration, 2002,
253(3): 585-602.

[6] JUNKER, GERHARD H. Criteria for self loosening of fasteners under
vibration [J]. Sae Transaction, 1969, 44(10): 14-20.

(7] 50, T 0E B BT M e S I S A e M S B W5 (0] ) 2 4
AR HHLA, 2022(8): 97-103.

(8] BiAm A%, T D17 . 47 % i & A SR 80 32 o &t 43 #r o i 2 JH IS (9. 4
A SHUR, 2021(9): 9-12.

[9]NASSAR S A, YANG X. A mathematical model for vibration-induced
loosening of preloaded threaded fasteners[J]. Journal of Vibration and
Acoustics, 2009, 131(2): 021009-021022.

(101 B 1, 2o, iR 2l 5 | A B3 22 422 1 55 0 AR I ) B~ R .

BLHL ™ T 22 5 A1, 2011, 24(4): 7-9.

[11JGONG H, LIU J. Some factors affecting the loosening failure of bolted
joints under vibration using finite element analysis[J]. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2017, 232: 095440621774533.

[12]YANG G, YANG L , ZHAO H , et al. Method for evaluating bolt
competitive failure life under composite excitation[J]. Chinese Journal of
Mechanical Engineering, 2023, 36(4): 390-402.

[13JGONG H, LIU J, FENG H. Review on anti-loosening methods for
threaded fasteners[J]. Chinese Journal of Aeronautics, 2022, 35(2) : 47-
61.

(141 ettt iz, BT H 7R Y01 700 T A o MR S S A S i 2 ma i 5 (0]
BT R4, 2015, 35(9): 7.

[15]1ZUMI S, KIMURA M, SAKAI S. Small loosening of bolt-nut fastener
due to micro bearing-surface slip: a finite element method study[J].
Journal of Solid Mechanics and Materials Engineering, 2007, 1: 1374-
1384.

[16]JIANG Y, ZHANG M, LEE C H. A study of early stage self-loosening of
bolted joints[J]. Journal of Mechanical Design, 2003, 125(3): 518-526.

[17]JYANG G, YANG L, CHEN J, et al. Competitive failure of bolt loosening

and fatigue under different preloads[J]. Chinese Journal of Mechanical

Iy 4 & LR

Engineering, 2021, 34(6): 435-445.

[18]SUN Q, LIN Q, BIN Y, et al. Mechanism and quantitative evaluation
model of slip-induced loosening for bolted joints[J]. Assembly
Automation, 2020(40): 577-588.

[19]GIRAO C D, VEIGA J, MEIRA 1. Suggested procedure for determining
the PCC-1 appendix O gasket properties [M]. Atlanta, Georgia, USA,
2023.

[20]ZHU L , HONG J , YANG G , et al. The slippage analysis at bearing
surface of bolted joints due to cyclic transverse loads[J]. Asme
International Mechanical Engineering Congress and Exposition
Proceedings, 2012: 685-690.

[21]DINGER G, FRIEDRICH C. Avoiding self-loosening failure of bolted
joints with numerical assessment of local contact state[J]. Engineering
Failure Analysis, 2011, 18: 2188-200.

[22]BOUZID H, BOUZID S, BENFRIHA K. On the strength and tightness of
ASME B16.5 and B16.47 series a standard flanges[J]. Journal of Pressure
Vessel Technology, Transactions of the ASME, 2024, 146: 1-13.

[23]1ZUMI S , YOKOYAMA T , KIMURA M , et al. Loosening-resistance
evaluation of double-nut tightening method and spring washer by three-
dimensional finite element analysis[J]. Engineering Failure Analysis,
2009, 16(5): 1510-1519.

[24]YOKOYAMA T, IZUMI S , SAKAI S . Loosening resistance evaluation
of double-nut tightening method, spring washers, and conical spring
washers: finite element study[C]//Xiamen: Asme Pressure Vessels &
Piping Conference. 2008.

[25]BOUZID A H , BEGHOULH . The design of flanges based on flexibility
and tightness [C]//Seattle: Asme Pressure Vessels and Piping Conference.
2003.

[26]NECHACHE A, BOUZID H. Creep analysis of bolted flange joints[J].
International Journal of Pressure Vessels and Piping, 2007, 84: 185-194.

[27]BOUZID A H, CHAMPLIAUD H . Contact stress evaluation of nonlinear
gaskets using dual kriging interpolation[J]. Journal of Pressure Vessel
Technology, 2004, 126(4): 445-450.

[28]BOUZID A H , NECHACHE A . An analytical solution for evaluating
gasket stress change in bolted flange connections subjected to high
temperature loading[J]. Asme Journal of Pressure Vessel Technology,
2005, 127(4): 414-422.

[29]KOBAYASHI T , NISHIURA K , HIRATSUKA M , et al. Deflection of
gaskets and its effect on tightness of flanged connections in long
term [C]//Paris: Asme PressureVessels and Piping Conference, 2013.

(301X V. e 57 51t W M. JEat: HUAR Tl i Rk, 2015.

Bk /B S FH, B 1983 F &, F
+, SRR IR, TRHR T & AR K LS

M TAE., E—mail: gaoxuemin694@126.com

(#h#E KA
(WA H % 2024-07-18 )

- 119 -


https://doi.org/10.1016/S1350-6307(01)00024-3
https://doi.org/10.1016/S1350-6307(01)00024-3
http://kns.cnki.net/kcms/detail/10.1683.TU.20240627.1723.008.html
http://kns.cnki.net/kcms/detail/10.1683.TU.20240627.1723.008.html
https://doi.org/10.1006/jsvi.2001.4006
https://doi.org/10.1115/1.2981165
https://doi.org/10.1115/1.2981165
https://doi.org/10.1016/j.cja.2020.12.038
https://doi.org/10.1299/jmmp.1.1374
https://doi.org/10.1115/1.1586936
https://doi.org/10.1016/j.engfailanal.2011.07.012
https://doi.org/10.1016/j.engfailanal.2011.07.012
https://doi.org/10.1016/j.ijpvp.2006.06.004
mailto:gaoxuemin694@126.com

	1 服役条件下的螺栓弹性力学解析模型
	1.1 工作状态下螺栓的位移计算
	1.2 服役过程中螺栓连接刚度计算
	1.3 服役过程中螺栓位移计算

	2 服役过程中螺栓与法兰连接蠕变力学解析模型构建
	2.1 螺栓的蠕变模型
	2.2 虑及法兰的螺栓蠕变位移
	2.3 服役状态下法兰对螺栓的弯矩

	3 面向服役的螺栓连接有限元建模构建
	3.1 螺栓连接模型构建方法
	3.2 约束及分析步设定
	3.3 螺栓和法兰材料参数的设定

	4 结果与讨论
	5 结语
	参考文献

