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Fig. 1 Bolt flanged connection structure with hysteretic buffer
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Fig.2  Loop of bilinear hysteresis
fla, i) =ax + (1 —a) Z(x,%) (7)

(A+y)(x-x") -BZ= -8, <0
P (A—'y)(x—x%)—BZ<—B,5c<0 (8)
(A+y)(x+x7) +BZ <B,5=0
(A=y)(x+x") +BZ=B,t=0
Hi , 28 Ay, B HMBRE " N Z=-BIHY
FAXHOE AL AR . B AL IR T A (2) A5 3
BT
K+ 0 Ao X — ok, + @ 50 +ogx, =0
Ky + oty v (0, =%, —x,) + (1 —wiy ) Z = ££(1t)
0+,0+w'yx, +6=0
' =wy roy, Fwy 0, =b(w —o),)/2
W'y =b(wy —w;) /2,0y =b (w +wy) /4
Horp & (o) Dy R A R AL, Z S AL A i IR
WIS 37518 AR N (R ST s B w7 T AT
AR TR ER O A I N R R 4, A
x, =1y +, xg=x" +B/(A+y) (10)
1M, AT ANZ R G R BE RN -

9



238 B h % 5 B % W 2017 445 15 %

(A+y) (% +x,)°/2 Z <B,5=0 2] ' ' : R
——y
2 | Y R 420
[(4 =) Goox)? 4B ] ’ i
Ayl 72p =0 ¥ ]
2(A+y) ’ 2
G(x) = <
(A+y)(x-x))"/2 7= -f,k<0 o
2 2]
— v 56 64
2(A+y) Z< -B,2<0 :
X=%, —% —X (11) (a) RLEE LR BE 1 4%

(a) Probability density curve of displacement

T34, BB FE AT R, G2 vl 1 4 20 AR BROAR

A5 1S AT A T s B e S8 s --=ito |

ifﬂﬁi,fﬂﬁiﬁﬁﬁ%ﬂﬂﬂi\ EAIRE 7. 691
2 BEHLAAL 547

F T AR GE A I O 5 S0 S D 1 2 BB 15
ZIATRR B FR AT XA SR B R GEbE 00
WL 17 45 40 B7 (L m, = 666. 67kg, m, = 333. o !
33kg, k” =2 X 107N/m gl - gz - §3 =1x10 N iF% (b) Prob(:l:iﬁy}%iﬁiiffrvm;ﬁvelocity
AR T RLZ 1T I K O 500008, 15 () 252 K
0.0025s). B3 ZHA BOR IR F R A5 RO A 40 4 5

E—% M%Tﬂ%ﬁ?ﬁﬂ% W%%%%i& A X‘T%%wju% Fig.3  Probability density of stationary response for different values
U 25 2 BB B LR MR ) B 5 o pmaerd

Ky =0.1,8=0.1, = EMSMEIZE D =0.03,
P AL 3 5% A B R KB LE ke, /- =172, 2k
MBS b, =10°N/m. 245538 A 43 9 BUE 0. 5.1. 0.2,
0.2.5.3. 0}, 4 3 firzs, B & 280 A /0, &
530 o 4 (5 R e R S R B R i
ESCI/IN T J5 DL 58 A SRy LR AR 2

U X T 0k @{m:&éﬁﬁlﬂ%ﬁﬁé?& y MRS : : :
M o7 M 23 2% 32 PRSI R, TRE AUk A 3R 7 A 2 *
KA =1.0,8=0.1, Flf A EIH S HD =0. 03, @) Pmbabf::y{%ﬁjﬁiffﬁifsplacement
o M B L W B L b, k- =172, %4k s
RIHE k, = 10°N/m. %t XM RGBS HL v 45 BB
0.05.0.1.0.2, 4l 4 Fir, Bﬁ%é%%& y sk, 7 ]
25 bR o i B 57 A% RN TR AR S AR R 9 B ok BT 2
PRRE SRR | (PG I =2 3, 7 25 WU T s/ .
TR X T XU A i 38 2 i S50 B %o et 25 i iy 4B "
R TE R R, B R PE AR B S8 A =

Px)

)

2.0,y =0.5, =l MRS IS8 D =0. 5, fi XL e .
G PRI EE b &, 7k = 1/2 3P i 5% (b) T BER AR B BE £

b) Probability density curve of veloci
W k= 10°N/m. X W2k 1 5% BB Ay (b) ty ity ty

0.03.0.06.0. 1, 11K 5 fiox, W% S5 B 13K, B4 S8y BURIRMEIR BB 25 0 B
%é Liigﬁi‘ﬁ% E’J{i? *ﬂthfu 7BX T%K&TPL@MB Fig.4 Probability density of stationary response for different values
{%T{r$ﬂl «H(j.},{ElllJ E%Z{}jﬁlj\ jj‘%lﬂﬂ{ﬁ{ﬁiﬂj( of parameter y



%53 1] FIB P R R i AR R AR T 22 5%

& SRR S REATL A 239

Y

(a) LB BE ph 2%
(a) Probability density curve of displacement

204

o
s

(b) TEFERR R B %
(b) Probability density curve of velocity

FS 2808 BRI AR
Fig.5 Probability density of stationary response for different values
of parameter 8

PR, BIFSE T W BE ZR B8 K, o e 285 i) o AR 236 %85
JE SR . TR A R AT S8 A = 1.0,
y=0.1,8=0.1, & M8 Z50 D =0. 03, i1
FER M B W BE LGk, /k - =172, X NIEE
k, 43 SBUE 10°N/m 2 x 10°N/m 3 x 10°N/m, {1 &
6 IR, BEE Sk, WK, R G0 a Ye iy fir
T RIS 3 2 25 M 2R 2 B bR R Pl UG 7 Sy FRLIEEIR S
45 PR WA B 22 /)N , 7 22 DU e K.

A5 53T T L LR P 5 1 L R BE L
ke, /k - X 285 0 Ly ABE 25 285 FBE R AS0I RE l. E LEk
PWRGSHA=1.0,y=0.1,8=0. 1, @ EME~S
W ZECD =0. 03, WL VE S FEWIFE &, = 10°N/m.
XL HE UM B35 AL W BE LG &, 7k - 43 3 BRUEL
172 173 174 00 7 Ji7s AL RS A5 2 B2 eR B 722
A A4 BILAE RS 1 T A~ W ABL R/ N ek A8 | Bt R W)
JE LV AR/, A 00 A L T v T A 00 1) W A T 3
JEEARE 252 5% eR BRI 722 AL SR AN [ Bit o i s I
PR a0 /IN , XL W {1 ) 26 9/ , T 224 EL AR 3k 3] 1/4
B, H = IR,

o, 2 AR v B R R I R R Y
T VR AR AR AR R A e 1 ARE 25 R R R 5 .

Py
w
L

T T T
56 5.8 6.0 6.2 6.4

x
(a) LB MER I BE il 2%
(a) Probability density curve of displacement
35 T
—k=10°
3.0 I - - —k=2x10° |
Y7 I N ) D k=3x10°
2.0
3
< 154
1.0
05
0.0

T = T T T T T = T
08 -06 -04 -02 00 02 04 06 03

y
(b) TR BEAGE 25 B 4%
(b) Probability density curve of velocity

6 Sk, ORI (8 RS 5 0

Fig. 6  Probability density of stationary response for different values

of parameter k,

61 . — b l=12
B -k k=13 ]
k/k=1/4

()

56 58 60 62 64

X
(a) LB AR B il 2%
(a) Probability density curve of displacement
3.0 T
—k k=112
25 - ==k k=173 |
----- kJk=1/4
2.0
a 1.54
<
1.04
05
00

T T T T T T u
08 -06 -04 02 00 02 04 06 08

y
(b) R BEAG AR5 B 2%
(b) Probability density curve of velocity

BT BOENIEELE k , /k - A TR ELIS F R 25 e Lo ML =4 2 B2 A [

Fig.7 Probability density of stationary response for different values

of stiffness ratio k, /k _



240 By 5 B oH ¥ R

2017 4E45 15 3%

2
QU
24
14
0 T T T T T
5.6 5.8 6.0 62 6.4
X
(a) LB BE ph 2%
(a) Probability density curve of displacement
35 . T
——D=0.03
3.0 - - -D=030
----- D=0.50
254
2.0 1
3
S 154 |
1.0
054
0.0 T T r : T
0.8 04 0.0 04 038

y
(b) TEFERR R B %
(b) Probability density curve of velocity

I8 ilisi I D A [RIEL R A4 R 1 AR R T
Fig. 8 Probability density of stationary response for different values

of excitation intensity D

WRAMERGSHA=1.0,y=0.1,=0. 1,3k
PEFEERIBE k, = 10°N/m, $i7 T XL 3505 (1 i TR
WIBELE &, 7k =172, 30058 B2 288 D 43 5 BUE
0.03.0.3.0. 5 W, 4l 8 frzs, bl £ 8 il o J3 44
T, 57 6% T P ABE 254 B R BRI T 300 Ehy LU 72 Sy .

.

A 30 g 0 1 MR A 1) Dl T R A I 2
TEREEE R AR S BERLIE B A T 05 BB, A B T A0
TREHLSY S A R S A W RSBk, B
I € LN 55 2 ) R/ IV A, R 225 1 G b
IZBA 1) 57 1 2 ABE 3 4 B2 R IO 25 0 A R 5 31X
Tt AE A A BRAE 2 1) 57 8% 1T B2 PP bR 252 6 P B
A AR 4 R R R O R e — 2, (H
S s IR BE 7 A B 2 M DU AS [

Z % X #

U 8. JURASER R 22 A 3l ) 2 A
MEgEl M2 e 30 ). K RE B T oR-#, 2012

(Luan Y. Study on dynamic modeling of bolted flange
connections in aerospace structures [ PhD Thesis ].
Dalian; Dalian University of Technology, 2012 (in Chi-
nese) )

IR XA ORHREE, 5. /NS TE T R Ik 22 S 4R A5
BORRNIEEAR LR PEAR IR, 58 B 5 PR 85, 2011,38(3) :29
~35 (Luan Y, Liu S, Guan Z Q, et al. The nonlinear
character of static stiffness in the structure with bolted
flanged connection under small deformation. Structure &
Environment Engineering, 2011 ,38(3) :29 ~35 (in Chi-
nese) )

PO BT, B, 5. 3 5 0B (HE) SRR 22
S5 BT S IR S F Y. HiRgh 5 bk, 2017, 36
(2):139 ~ 146 (Lu X, Zhang Y H, Chen Y, et al.
Coupled vibration of bolted flange connections containing
shear pins ( cone ). Journal of Vibration and Shock,
2017,36(2) :139 ~ 146 (in Chinese) )

W AR T BE DL T AR 2 M AR ge ny BE P 2 vk
[F AR 3C]. Wil Wil ok, 2010 (Zeng Y.
Stochastic Averaging Methods for Nonlinear Systems sub-
ject to Non-Gaussian Random Excitation [ PhD Thesis ].
Zhejiang University, 2010 (in Chinese) )

Wikl JURAERMERENL R Gl o SR O 5E [ 1
TAA A S0 ] WL WiVLOR%:, 2005 (Huang Z L.
Dynamics and Control of Some Classes of Non — Linear
Stochastic Systems [ PhD Thesis ]. Zhejiang University,
2005 (in Chinese))

BORAE, Ty W, e, R K. BE AL A A Al S bk
Markov B2 £ 4t B R 250 1. 3y J) 2 5 42 il 2 4,
2016,14(2) ;165 ~ 169 (Huan R H, Ma Y S, Hao Q,
Zhu W Q. Stationary response of stochastically excited
nonlinear Markovian jump system. Journal of Dynamics
and Control, 2016,14(2) ;165 ~ 169 (in Chinese) )
HARAR , DA  AROLEK . AN FEAN 51 2R 4 1) B AL
Il ghy S e, 2017,15(1) :93 ~ 96
(HuR C, Ying Z G, Zhu W Q. Stochastic optimal con-
trol of uncertain quasi — Hamiltonian systems. Journal of
Dynamics and Control, 2017 ,15(1):93 ~96 (in Chi-
nese) )

RIRIE M7, T =K. BEPLAR > T 3 R S Y
W B A BRI 3l oA 5 R A, 2017, 15
(2):143 ~150 (Zhu C X, Liu Y, Ding Y F. Tracking
control for stationary probability density of stochastic par-
tial integrable system. Journal of Dynamics and Control,

2017,15(2) :143 ~150 (in Chinese) )



%53 1] Za YA IR T o A SRR 22 SRS R RS S AL 1L 241

9 Yar M, Hammond J K. Modeling and response of bilinear 12 Caughey T K. Random excitation of a system with bilinear

hysteretic systems. Journal of Engineering Mechanics, hysteresis. ASME Journal of Applied Mechanics, 1960 ,27
1987,113(7) ;1000 ~ 1013 (4).649 ~652

10 Cai G Q, Lin Y K. On randomly excited hysteretic struc- 13 FO0, FF, Fa A AT el () 1B e 2L
tures. ASME Journal of Applied Mechanics, 1990, 57 SERARLR MR, B 1252230, 2015,32(4) 1503 ~
(2):175 ~178 511 (Lu X, Wang P, Wang J N, et al. Nonlinear behav-

11 Iwan W D, Lutes L D. Response of the bilinear hysteretic iour of bolted flange connections containing shear pin
system to stationary random excitation. ASME Journal of (CONE). Chinese Journal of Computational Mechanics ,
the Acoustical Society of America, 1968 ,43(3) .545 ~552 2015,32(4) 503 ~511 (in Chinese) )

STATIONARY RANDOM RESPONSE OF A BOLTED FLANGE
CONNECTION STRUCTURE WITH HYSTERETIC BUFFER"

Jiang Yunzhe' Zeng Yan'" Zhao Zhenjun’® Li Gang' Guan Zhenqun' Zhou Jinhang' TLuo Chao'
(1. State Key Laboratory of Structural Analysis for Industrial Equipment, Department of Engineering Mechanics ,
International Research Center for Computational Mechanics, Dalian University of Technology, Dalian 116023, China)

(2. Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China)

Abstract Based on the simplified dynamic model of a bolted flange connection structure with hysteretic buffer,
stationary random response of the structure under the longitudinal load of Gaussian white noise is studied through
Monte Carlo simulation. In the simplified model, nonlinear springs with different stiffness of compression and ten-
sion are used to simulate the bolted flange connections, and the buffer in the upper part of the structure is mod-
eled as a Yar-Hammond type bilinear hysteretic system. In this case, the rapid calculation of dynamical response
for the corresponding cabin of spacecraft structure can be completed by using such simplified model. After nondi-
mensionlization of the equation of motion, probability densities of stationary response are obtained through numer-

ical simulation to reveal the evolution of stationary random response for different values of parameters.

Key words bilinear hysteresis, bolted flange connection structure, stationary random response, Gaussian

white noise, Monte Carlo simulation
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