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Abstract: In order to study the loosening behavior of bolted structures under shear load, firstly, a variety
of fine finite element models of bolted structures were established, the full hexahedral mesh was divided, and the
effectiveness of the model was verified by Yamamoto method and Sopwith method. Then, through the simulation
comparison of various models, the bolt loosening behavior and its important critical values in plastic loosening pe-
riod, rotational loosening period and the whole loosening period under different influencing factors were studied
for the first time. The results show that when the ratio of bolt initial pre—tightening stress to material yield stress
under shear load is between 1.32 and 1.44, loosening is the least likely to occur. There is a critical value of initial

preload. When the initial preload is less than this critical value, the loosening begins in the rotating loosening pe-

* WABEH: 2021-07-01; fEITHEA: 2021-09-27.

EEWH: ERXARREESE (51705337); ILTH “XMILPA " BH (XLYC1802077).

EEEN: EIFF, Mg, ARy s e e AT ST

BIREE: = W], WL, BUR, DTRSECAIL RS S 17

IR T, = B, IhASR, . SUUIET TS A SRR AL Sl AT B I FUE R BB ST L) ], HESEROR
2022, 43(2):210422. (WANG Kai-ping, YAN Ming, SUN Zi—qiang, et al. Numerical Simulation of Bolt Loosening
Behavior and Critical Value of Aeroengine under Shear Load [J]. Journal of Propulsion Technology, 2022, 43(2) :
210422.)

210422-1



Fa43% H2 i

EL VN 2022 4

riod, on the contrary, it goes through the whole loosening period. There are two critical values of shear load ampli-

tude. When it is greater than the first critical value, bolt loosening will occur, otherwise it will not occur. When it

is greater than the second critical value, the loosening process will experience the whole loosening period , on the

contrary, it will only experience the rotating loosening period. The larger the shear load amplitude is, the easier

the bolt loosening occurs, and the loosening change rate is not monotonous and sudden change occurs at a certain

amplitude. In a certain range, there is a range of friction coefficient between thread mating surfaces which makes

loosening the most difficult to occur. The larger the eccentric distance is, the easier it is to loosen.

Key words: Shear load; Bolted structure; Loosening behavior; Critical value; Influencing factors; Nu-

merical simulation
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Fig. 1 Finite element model of bolt connection structure
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Fig. 2 Finite element model of thread engagement surface
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Fig.3 Cross section finite element model of nut with rising
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Fig. 4 Finite element model of thread engagement surface

without lifting angle

Ry B 5 Al A BB B X B AR A Bl 4 5 I, 43 Sl ST
T 0 B B A 10mm, 40mm , 80mm 4 45 T £ 12 25 12
T % 2 i AU 35 R 9 PR AR B g o 25 A8 B AR 4n 18] 5 BT
7, A U A5 R R RY [R) A H b A LT A R A R B
B3 2H B, AR RN A X A AE MR AR AL, T ARG o R A
R BE 3 B H A TE— e, HAR WL 5 b & 45 M dn i,
SN VA AR SR AT bl o AR RS Sl R S X
S5 A R FIAR B R AR A5 A AR 1S54 b R g
5E 4 AR [R]85 /U 45 1 50 AU 1R 1 e A5 3 e — X 5]

210422-3



438 2 o R 2022 4
Sy B T Z 5 b L LR T -0 B X RA 3 AT R
W . RS PR Sk — b B T P A o=De
B S A T il R BB Sk — B AR S5 A T AR 5 TR PR
ST T AE RS P AL TR P S B F:f(oa_"a)_a L,
S5 B U AR 4 T A P 0 R A 2 T R (1)
PR3 B AT S BT . A% SCH O REHE 1 o A1 (o - o) = /z( @) - a)
IR0 A 246 2 57 160 1 0 s, BIIR R A X o
24 797 A7 AE R RS | W T s 528 X B B (5 A PR ESR

AR FE Z 5 1) A B BE BB i o0 BE S KT 3G K, B BY
Y1 45407 Jte o0 T AN B FE Z D 1) B S K O B A
Bl S it A SCrb g SO0 o0 BE B Sk 1S T R 2
T FE Z 7 [n) 22 [6) ) o5 e BE 5, G PR 3 A, R g o0
R A, R A5 LRI A5 2 FE Z T R R T
R AR SC P T I MR A T O 0 2 R R R S e
P O BB K /N AR 5 e L BB X R B AT R R
LA

Center point 2

i The second side

Y-

1 . .
; Eccentric distance

Load application Center point 1

surface
A

YL
X
Upper plate Nut

Fig.5 Finite element model of bolt connection eccentric

The first side

Lower plate
Bolt

structure

T W T 2 45 A R TR T AR S % D L 65 A A R
w8 23 S0 A A TR 1AL S HR I R B 37 e
D)\ RTINS [ R = ) TR L B Sl
BT[] SR RE T M A A TE R) L AR 45 A T ] DL SR
20wk Ay T 1043 0 15 BT 3 Ml X, AR SO A BR O A 7Y
A% DE AT T 5 A, A B B A | C B A e A
B4 3 R 1.0x10°, 1.4%10°, 1.4X10° Z2 45, %t 4% Ji
AT TR S TR AR A A% JF HL R IR A0 X S
117 WA 204, 099 46 A Jm LA 5 0 4 55 R T 4
AT, 25 1 A% 5T AE T B ST e BT R
FEA BRIT o/ HT b B8 WA T 25— BB N g
W AR it T ) 4 $RE L B a3 B A oA it 8 U0 A
SYHTBY U T R A Zh AT .

2.2 WRHEINEMERE

2R SRR RS2 3 T /NAE B B ) B 5 1l [
S P 7 PR U AR A B Von Mises I 7 7 U > Ji
MR, Bk A (D FiR .

AR oo s s o 4814 R B2 3
PR N i IR N R Rk %ﬁiﬂlﬁrﬁr
i?aDsaJUﬁTﬁﬁ%iVM@ﬂ$ﬁﬁﬁ
sk & BTN 15K B Von Mises S840 1 i AR B T, F=
0y Jott i 1T <
2.3 BRMEWIE

WER A 3 e 4 R AR AR (%) A RICVE X 43 BT 45 SR ) T
PE % X, Yamamoto J7 i57R Sopwith J7 5 2 7E 1T
AR BRI AR E ) oA b BA T BN PR i
FAL AR R SO HORE B2 L O H DR Sl 1) 27 7Y
G375 2K S W BRI AR 3 Sy A

Yamamoto J5 ¥ AT 2 A I Ak il o) 28 ey 8 X0 (2)

p - pimlnd) (2)
! sin(LA)

A2 W EEIREE A T A FE RS A R Bl
SYARRIE SR, PO IR IR Lo BRSO A B R

Sopwith J7 ¥ 8 1 WR A4 14 il o) 7 1R 1A R 4 el o)
T 45 ) AT 58 4 H R A 4B T Ak i 1 27 4 2 50 (3)
sinh(x,6,)

sinf,

A E0(3) xR RE [ ph LAY I R L ) AR A
0, 49 %l 3 oy AT R RS HL

7] iz A Yamamoto J5 ¥ Fl Sopwith J5 ¥ 43 7 &
W R MR 2 b 2% SR ST R b g AR R T (R
iR K= TR N UR 1L o AT M VE DA% Qi) i
PUEAE HL A, 30 e R A Y A 80Pk -

A BRI o A b, T R B0 N U7 i R E A
BTV 0 T R R BE R S L R SO BAR AL C B
TSR e Jon 3 6 e Jn 00 i KR g, 0 AT 2
JIEUEE ) 0 — R it g R s R AU ) R R T
it 5 g Y — Ay ik TE S AR R — 2H AR X A
T it Jan 123 A 0 ) 3 4n 1 6 i g A AR T T
A B B R GF A T AT B O R . A B RL RN R AL
T A >R AR THT 25 e 40 4 T g o

F_=P (3)

210422-4



a3t 2l

BYYIAE A T AL 23 R S WU AR A B AT D S FG I S A4 B AR AU 52

2022 4F

Fig. 6 Schematic diagram of applying preload force by

applying moment method
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Fig. 12 Variation curve of equivalent stress at the base of

the first thread under different initial preloads
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Fig. 13 Variation curve of ratio of residual preload and
initial preload under different initial preload during plastic

deformation loosening period
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Fig. 14 Variation curve of ratio of residual preload and

initial preload under different initial preload during the

whole loosening period
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Fig. 15 Variation curve of bolt head rotation angle under

different initial preload
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the above five initial preloads
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initial preload under different shear load amplitudes
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head under different shear load amplitude

o W AE T A28 3 T e S A sl 3 e A B T LR By
BB AS W 5, T A5 7E 00 IR TR N ) A IR B R
Jer JIR R 3 B, A AE — A~ B 1) A W I R, R
5520 FHE Y K T A 2 I AL A I R AR A B 2 9 9
PR 3 309 R E 5 08 o0 A B B, /N T e I AR
WERR A B AN 26 7 i e v sh 3
3.5 SEEUNES T IE EE R AR

R PR 5 MR S0 G A T [ JBE 458 R B0 SR AR A Bl Y 5
M B, 5 G T 1M 16,587k, BRI A 18T (7]
JEE 45 Z2 K004y % B 4 0.05,0.10,0.13,0.18,0.27, 35
ARERYEAT (5 B 53T, S8 1 0 2 30 P4 38 4 T R
LTIy LA AR A il 26 an 1B 21 iR .

F P 21 AT A5, M5 450 G 45 T (] S 482 R BB K, 5 —
R A3 A A6 2 TR I PN L fE T I O R e ¢ L
JIN U5 B P A 2 T D BB il 5 T [ R 4 R BB K
WEAR B B 2 By kB PR SRy B i THT (] R 48R R BN
R, MR S0 ISR RE 7 A2 I R K, T IR R
OB A e PR O T T R R, R A
W B 75 5 S e ARLHE T S A S S B SOG4 T
Vi) JEE 4 2R 308 K, WE e w5 T V) AP 6T B2 floh g K,
B R ) R S A T R IR AR AN B AN R S R A

210422-9



Fa43% H2 i

#HoR

2022 4F

JR 2 MR S0 A T I JEE 45 R HIORR /]S R R B B B 7Y 5
KA LA A BRI AS A A R A B N A —
AR S A THT [ JBE 458 3R B8 [ (A5 SR AR AL Bl B AN
Bo R Rt — BT AR 3 1 P IR Bk A T
Ji1] JEE 48 2R B0 W8 A s s 1) R i LA, B i T ()
JEE 8 2 B Wik ® M 0.05, 0.10, 0.13, 0.18, 0.27,
0.36,0.58,0.80, iz A C A AL HE47 05 H. 50 B , A 3
N B 4 T T R B TSR ) LA 7 A it 2 RN B
Sk T e £ R oy ) R 22 AL 23 TR .

102
—=-005 —v018

1.00 ——0.10 027
0.98 ——0.13
0.96 |
0.94 |
092F |\
090 F |
088
086}
0.84

0

1 2 3 4 5 6 7 8 9 10
Number of cycles

Fig. 21

initial preload during plastic deformation loosening period

Variation curve of ratio of residual preload to

under different friction coefficients between thread mating

surfaces

10! 102 10° 104
Number of cycles

Fig. 22 Variation curve of ratio of residual preload to
initial preload in the whole loosening period under different

friction coefficients between thread mating surface

1 22, (8] 23 W] 45, 4 8 2 i 5 T () JEE 468 AR AT
0.05 % 0.18 I, FE 82 R KB /N | B ¢ LU /)N | 18 Sk
T8 % ff1 BE K, R AR FA B BR 2S5 R A, IR ok G T
[F1] JEE 48 R BUAE 0.18 & 0.36 B, BE 82 RAGH K, e & 1
(B /)N, BB S TR B f R R MR AR WA Bl B AR o B
A, 2 BB Sk 5 T ] R 458 R RUTE 0.36~0.80 i, B 452 R
B, SR 26 LU (B K, R K e e A B /N | R R
Py Bl N 25 5 kA, i DL B Ay BT T AR 7E — o X [E]
W A7 TE — A BE 48 R B0 B AR R A B e AN 5

Rotation angle/(")

10 10% 10° 104
Number of cycles

Fig. 23

different friction coefficients between thread mating surfaces

Variation curve of bolt head rotation angle under

R U UE T R SCHEN . Hy B 22,23 )15 IR Ak G
T (1) PEE 458 % HIOBR R, % AN 3l 3 9 O 1t 2k 3 4
ST A A U R /D | R R R BONT B R B Bl 1 5
M) S AE 2 Pk 1Y, AN [m] R 45 AR R0 IXC ) P % SR AR A 2
REARN, Y KT — el )5, BEERAE K,
e 2 LU A A, MR S T e AR R DN L R A B B AS
B R
3.6 RIOEERIIE

R B GG O BB B X R R B Bl 1 52 e LA L a8
HIT ST 8 57 19 i o0 BB 25 43 00 7 10mm , 40mm , 80mm
A W IT R AT 07 F A3 Hr, e SRR ), O [ O o0
R B Bl TSR ) RN G 105 ) LA AR Ak £ dn A
24 Jr 7R, SCHR 25 ] o A Ta) O o0 282 £ £ T R A 32 42
SEAG R SRR L R A 1R 25 s o

08F
06|
>
04|

02

0.0 | v

10! 102 10° 104
Number of cycles

Fig. 24 Change of contact state of bolt head contact surface
and thread contact surface under different eccentricity

distances

Sy BT 25 [ RE R A LAR 2648 . A K 24
AR i Lo B AR I8 R M Sl S0 R e A Bl 40 A A
2y i B 1A 45 X R R AL ) B2 W A i O B K R
ANHS Bl PN LT e A, e 2 L (E ) R
PR Bl HA D) e e o O BE BB, A N i 7R 3R
2 S5 A0 32 B A D L 3 REOBROK  BR B0F JiR ES B R P 32

210422-10



a3k 2

BYYIAE A T AL 23 R S WU AR A B AT D S FG I S A4 B AR AU 52

2022 4F

TR A O 7 A SR A v ik £ R 23 A A T G A
f10 2 (T R A T T 7 /0N R TR BOR A 22, A% e fih T 1)
L DEEPART AN SR SR 7 e o v S £ S o T R s
BB A MR AR A Bl B AR B K A

—e— [ =40mm —e—L=50mm
+ L,=60mm —+—L=70mm

100 L,=80mm

85t

Ratio of residual preload to axial force/%
Nel
W

80—+ L 1 )
10° 102 103 104 10°
Number of cycles

N
(V)]

Fig. Loosening degree of bolt connection structure

under different eccentric loads

4 % it

A B 5T T BV B B I e e A S 1 RN R
AN Bl 40 Y IR R R B AT O S L R, A
R

(1) A WE AR % 422 25 ¥ v 5 U1 3 ff 25 18 48 ) I
iU I 3 R0 A R R R T 22 FEAE 1.32 ~ 1.44 B, 82,
T B e AN 25 Ty I A 5 B U0 3804 W AE — 2 B, AR AE —
W46 7505 T3 e B, S0 4 05 T /N T i S
ARSI FRE G s W, R Z 2 DT A s 4

(2) 4 W28 ) Tl N 7 KT A4 RL i B )
BF, B ) 28 o i {8 8K, B A TR O RN s 10 ) L
T B 2 R, e 2 LU B/ I AR A B 25 ) R
A, (E A B Bl 4 78 Ak B AR TEOR B JF TR SR A 5T )
2 I R AL, MR P Bl R 38 R A SR 5 IR AR ) IR T
BN 1/ A RLE IR L ) B A AR AR 1A 2 87 1)
L=l RN R R NG R O W R (EN N o8 VAR
R WA 2 KM 5 2 R T46 2l SHEL I B2 AR #A 3
LR WA BN, I Z A S AN 28 D e SR Sl o

(3) Dt U BB 225 75 58 1k 45 3 30 R e 7 s 50 30 7 A4~
i Bl B B D3 35 5% R A A 3 5 i A5 A A o P B OKC
WRAR AN B B Ty KA — i RN AR AR — A SR S0
AT ) EE AR R EE L (AR R B AR B KA
JEE 52 72 BCAE AN 7] DX [) P X B2 AR A8 Bl AT O 1Y) 52 ) 2 AN
[ i), M — e S, B 48 R B0 K, IR R A Bl B AN
Ro kA DL bR Ee 0] (8 A0S F T AR I8 i 42
ShR A AE SRR RN B AT O Rl A R AR LA B

— NS HME e i — LR R
BOM R EZ ARG LT LR AT
PRI S R 298

[ 1] Ibrahim R A, Pettit C L. Uncertainties and Dynamic
Problems of Bolted Joints and Other Fasteners[J]. Jour-
nal of Sound and Vibration, 2003, 279(3) : 857-936.

[2] ML, e, B &, % T IHRIB R P
I 22 3% 00 % B R AR 0 M J7 ik R ST D). BRSO
2021, 42(2): 431-439. (Al Yan—ting, LI Chuan—xi,
TIAN Jing, et al. Study on Sealing Characteristics of Cas-
ing Mounting Edge Based on Annular Plate Theory [J].
Journal of Propulsion Technology, 2021, 42(2) : 431-
439.)

[3] w4 R, H &, % &6 maEZrErfr ik x
RS AERE W [T]. HESEROR, 2018,
39(9) : 2068-2074. (Al Yan-ting, YANG Ce, TIAN
Jing, et al. Influence of Nonlinear Characteristics of
Joint Surface on Dynamic Performance of Bolted Flange
Connections [J]. Journal of Propulsion Technology,
2018, 39(9): 2068-2074.)

[4] BkRET, EAE. Gz KPR EREN 54582
WO BRI BE S ma L (). HEEEOR, 2017, 38(2)
424-433. (YAO Xing-yu, WANG Jian—jun. Influence
of Load and Structural Parameters of Aeroengine Bolted
Connection on Connection Stiffness [J]. Journal of Pro-
pulsion Technology, 2017, 38(2): 424-433.)

[ 5] Junker G H. New Criteria for Self-Loosening of Fasteners
under Vibration [J]. Society Automotive Engineering,
1969,78(12): 314-335.

[6] Yang SM, Yoo S H, Gi D S, et al. Loosening Analy for
Fastening Screw of Automotive Door Trim Parts[J]. Inter-
national Journal of Automotive Technology, 2016, 17
(4): 671-679.

[ 7] Takashi Yokoyama, Marten Olsson, Satoshi lzumi. In-
vestigation into the Self-Loosening Behavior of Bolted
Joint Subjected Rotational Loading[ J]. Engineering Fail-
ure Analysis, 2012, 23(1): 35-43.

[ 8] NassarSA, Yang X J. A Mathematical Model for Vibra-
tion Induced Loosening of Preloaded Threaded Fasteners
[J]. Journal of Vibration and Acoustics, 2009, 131(2) :
9-21.

[ 9] Yang XJ, Nassar S A, Wu Z J. Criterion for Preventing
Self-Loosening of Preloaded Cap Screws under Trans-
verse Cyclic excitation [J]. Journal of Vibration and
Acoustics, 2011, 133(4): 13-41.

[10] Pai N G, Hess D P. Experimental Study of Loosening of

Threaded Fasteners to Dynamic Shear Loads[J]. Journal

210422-11



Fa43% H2 i

#

¥N

2022 4

[11]

[14]

[15]

[16]

[17]

[18]

of Sound and Vibration, 2002, 253(3): 585-602.

Pai N G, Hess D P. Three—Dimensional Finite Element
Analysis of Threaded Fastener Loosening Due to Dynamic
Shear Load [J]. Engineering Faliure Analysis, 2002, 9
(4): 383-402.

Ser BR L, kS, BAZ ST, AF L 0T DI T I v R X
B A M SN AT N RS RS (D], SRmEOAR
2020, 49(11): 203-211.

Keon-Hee Baek, Nak-Tak Jeong, Hee—Rok Hong, et
al. Loosening Mechanism of Threaded Fastener for Com-
plex Structure [J]. Journal of Mechanical Science and
Technology, 2019, 33(4): 1689-1702.

Ivan I A, Ericer A B. On the Iwan Models for Lap—Type
Bolted Joints[J]. International Journal of Nonlinear Me-
chanics, 2011, 46(2): 347-356.

Ahmadian H, Rajaetoryti M. Identification of Iwan Dis-
tribution Density Function in Frictional Contacts [Jl.
Journal of Sound and Vibration, 2014, 333(15) : 382-
393.

Mignoleiit M P, Song P, Wang X Q. A Stochastic Iwan—
type Model for Joint Behavior Variability Modeling [ J].
Journal of Sound and Vibration, 2015, 349(15) : 289-
298.

Li Y, Hao Z. A Six-Parameter Iwan Model and its Appli-
cation [ J]. Mechanical Systems and Signal Processing,
2016, 69(8): 354-365.

LiY, Hao Z, Feng J, et al. Investigation into Discretiza-
tion Methods of the Six—Parameter Iwan Model [J]. Me-
chanical Systems and Signal Processing, 2017, 85(18) :
98-110.

Lacayo R M, Allen M S, Brake. Updating Structural
Models Containing Nonlinear Iwan Joints Using Quasi—
Static Modal Analysis (1.
nal Processing, 2019, 118(34): 133-157.

Mechanical Systems and Sig-

[20]

(21]

[22]

[24]

[25]

[26]

210422-12

Izumi S, Yokoyama T, Iwasaki A, et al. Three=Dimen-
sional Finite Element Analysis of Tightening and Loosen-
ing Mechanism of Threaded Fastener [J]. Engineering
Failure Analysis, 2005, 12(7): 604-615.

Izumi S, Kimura M, Sakai S. Small Loosening of Bolt—
Nut Fastener Due to Micro Bearing—Surface Slip: A Fi-
nite Element Method Study[J]. Journal of Solid Mechan-
ics and Materials Engineering, 2007, 1(11) : 1374-
1384.

LIU Jianhua, OUYANG Huajiang, PENG Jinfang, et al.
Experimental and Numerical Studies of Bolted Joints Sub-
jected to Axial Excitation[ J]. Wear, 2016, 11(21): 66—
77.

LIU Jianhua, OUYANG Huajiang, PENG Jinfang, et al.
Study on Self-Loosening of Bolted Joints Excited by Dy-
namic Axial Load [J].
115(4): 432-451.
Poowh, XA, TIRT . JRSNAM T IRGEUE
IRALIE A ) R BESE L) ] MU TR 2= 4, 2019, 55
(11): 138-148.

Foksg, XV d A, X540, 45 O R R IR R
B A R RA S AT TSR], HLB LAR A4, 2018,
54(14): 74-81.

Fukuoka T, Nomura M. Proposition of Helical Thread

Tribology International, 2017,

Modeling with Accurate Geometry and Finite Element
Analysis [J]. Journal of Pressure Vessel Technology,
2008, 131(23): 191-204.

WA S . BRECE M BIe SR M. SR, .
g BREREORSCER T AL, 1984

Sopwith D G. The Distribution of Load in Screw Threads
[J]. Institution of Mechanical Engineers, 1948, 159
(31): 373-383.

Wi i °F- B0 W, AR BRSCRI RS 2 A6 L
HELJ]. LA TREE4R , 2010, 46(9): 171-178.

(% %% A5 B8L)



