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Parameter identification and experiment of bolted joint structure

based on response sensitivity analysis approach
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Abstract: A sensitivity analysis approach is proposed for the identification of bolted joint models using
Bouc-Wen model, in order to discover the contact-friction energy dissipation properties from rate- inde-
pendent aspect. Firstly, the parameter identification problem is simplified into a nonlinear least squares
problem which can be solved by gradient algorithm, and the gradient response sensitivity analysis of
Bouc-Wen model is carried out. Then, the hysteretic response of bolted structure is studied by finite ele-
ment simulation. The Bouc-Wen model parameters are identified by response sensitivity method, and
the effectiveness of the proposed method is verified. Finally, based on the quasi-static experimental
study, the bolt-connected structure model is calibrated and used to predict hysteresis curves under other
loads. The results show that the Bouc-Wen model can not only avoid the strong nonlinear and rigid
equations caused by the discretization of the traditional Iwan model into Jenkins elements, but also can
effectively characterize the hysteretic response of bolted structures.
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Fig. 1 The influence of y on hysteresis loop



51 BEAERS, A5 L TR N R AR Ty VR 4 SR He A A SRR B SR Y 123
(a) p=0 (b) p=0.5 (c) =20
1.5 i T 1 O 10
o : - S 7—7
g g 05 / g 05! Rl R <
“ 0.5 /// /// Q? / s B / /
<§ 0.0 ) / ~§ 0.0 g <§ 0.0+ / ‘x
= _10), _~ = / = /
~15 —_ Loy — -1.0 _
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
Displacement Displacement Displacement
K2 BB xR aE PR 5 m
Fig. 2 The influence of B on hysteresis loop
(a) n=2 (b) =4 (c) n=10
1.0 : 1.0 1.0 .o -
g | 8 8 £
& 0.5 4 & 0.5 & 0.5
Q A Q Q
= 0.0 / = 0.0 2 00
2 05 / / 2 -0.5 2 -05 ;
E‘ ) ) // %‘ y E
10/ _____— -1.0/ _ | -1.0¥¢ A
-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0
Displacement Displacement Displacement
3 ZHn XR IR
Fig. 3 The influence of n on hysteresis loop
Ht, Bouc-Wen A5 Twan A (137 =] 1 Hrp
LHAMMINE, H BRI A5 A fE dz(1,) dz(1,)

2 Bk RIS HOR 5

FIH =4EA FRoTfi B, A CHE T Bouc-Wen
MR LA RE ST . ik, N7 56 TIRAe i e 450
SR H AR pREL

2.1 HBEirRE#E
Z BRI [R) 8] U3 25 Sk — A AR R M /N 3R
etk @, ElSH2s8a e R, 13

(2)

ming(a),
aeB
1

g(a)=D(R=R,(@)) W(R~R(a))=]| &R, (a)

i-1

Horb BRI BB T 4750 R = 2(x,) e R,
=1, 2, 3, -, n RIS A B2 R T 1] 0 17 S 56
¥ R(a)=[z(x)eR]. i=1,2, 3, -
Ry TR (D Ja A5 B R B g5 |-, AR
FERE W INAL %R
2.2 iESENA REE T E
ALk B pr eR E AT LU 2k A0k A7 oK
HOGHAE Tl i T S5 @ e e — i Ak At
T Sa, fi15g(a+8a)RATHEMI/N. ¥ RIEa
B4k HE A T — By Taylor JEFF I Z W = v I, 5
(8a, a)=|6R(a)- S(a)sal’, (3)

2
>
w

, n

m

da, da
S(a) = : (4)
dz(t,)

e
M RE5% 22 6R = R — R (a). 3R A% L R 650 S
WES(a), MR IR RS, 5

02(za) _ 0f(2) 0z 9f(2) (5)
da 9z da da
Hrp

afa(ZZ):_'yn|x(’5)||z|nil_,37l96(l)|Z|nilsign(z), (6)

af(z) _

da

x(t)
—z|x(t)Hz|"7] . (7)
—x(1)|z]

~yz|x(0) [z +Bx(t) 2| In(]z[+107)
AL )E B A bR RABE AR ARG E /Y, Mt
77 25| A Tikhonov 1ENIfLAbEE, HI
min gla. oa),
g(@,8a) = |8R(a) - S(@)da | + A da |’
(8)



124 iR R (HARRRARRD (FR9E30)

%63 4

Hrp 2= 0 mIENA LS4, B A LUT KR
ikzl
da, =[S(a)'S(a) + A1 'S(a)'R(a),
a,,, =a; +da,, (9)
Hp T, A= 0N IENSE, HEH
B 6 R BN TR A BT & Sa,, AN SR FH Ll 26 5
INEAEZEA, 8 A (a).

R T ARECE B EACE T, 5 A BF R
i, AR AR Sa | RIS AT REHL /N . S T T
wIZEHLRKESGES LB/, ol A2
Fabw, HEECC9) H iy ARG i 2

a)- g(a+ éa
plon, )= e
_|8r@ |- |8R(a + 8a) | (10)
|sR(a) | - |8R(a) - S(a)sa |
>p.e[0.25, 0.75].

PR TR Ze P AL J5 1Y B Ax e LS R H A5 ek
T . i BT, A B R IE N S E A
(UG E TP AN T 1 4 A N i = B P T 4 P2

TE AR B R A 3 i 4 TE AL

3 A

3.1 BRTESSIRMFHE

RS VT EE M AE TR SZ IR A fr A, AT DA
LR A Bouc-Wen A5 4 32 L BS PUh o WA i 45
45K ROSF N | 4 FF R (Abad et al., 2014) , 7
ABAQUS V- 55 I W 8 1% 4544 1 Jre A IR O &
HABERIANE S R o

WE S A5 R M RL 5 B R 7 830 kg/m®, B4 IR
Rt R 2.07 x 10" Pa, ¥ [n] % 1 £ fil BE 38 R BH
0.3, fl FHTIE 773 000 N ) M 12 75 #1 Sk B2 3% 12
Bt , aniE s (o) i g ae 1 g . i S (e)
JIi, LA fih - PR 45 55 T 100 0 o o A A PR 4 L
e AL T 1R O RRAE T RST A9 0.01 %5 3k
fi) W B85 SR e v — S AR 10 2 1 28 B 5 0 — )
B 5 PRV BOS E  . 1% ABAQUS 5 1] LA HE
SR A2 o — P 4 AL T AR s I i 2k, ELAR AR
SRR . YOG AT N RS IRAE N 0.1 mm B, 1R
P T A 1 i ] i 17 4 51 6 (a) T /R o

[

13

160

K4 ScsmtoitRSE

Fig. 4 Experimental steel plate element dimensions

(a) B LA

(b) THE Syt fn

(c) HEfh BE R BLE

K5 ABRICH;EAR

Fig. 5 Finite element simulation model

% J& Bouc-Wen 5 WU Z 4 Iwan 152 4Y , i F 4
M 7. 52 50 RE VA N AL AL R S BN . BT
BRI S H 2 [ i AR 225K, BI A E— b7k
XA T AR . Bouc-Wen 5 Iwan #5228 [y )4 —
SR 5 N 1, = diag(2 X 10°, 2% 10°, 2% 10°, 4),
I, = diag(1 x 10°, 1, 1x10°, 1 x 10°).Z %1 5
R ME 1208

FETHRIEER, 2l i he, WK 6 fis.
ZE R H N, Bouc-Wen 1 Iwan #5 KU ER GE 1% vH: i 1Y 2

%1 Bouc-Wen ZEiH 45

Table 1 Bouc-Wen parameter identification results

28 A Y B n
pabHIERS 1.323x10° 634.8 970.8 2.0004

#2  Iwan SHORHILE R

Table 2 Iwan parameter identification results

¢, /107
0. 806 9

ZH RO’ X S/10°
paHIES 1.539  0.8073

1.0339




514

PR, AR SR SR 5k A IR HR A A S RO B SRR AT Y 125

TR AR 2 2 JUT Y K 119 42 fink 8 458 i 1] 8 o B HRURA A
SR, Y438 e 1 MK s ) W RS R S G A8 B, A
Kl 6(a)ZE FMAMAT MR, Bouc-Wen £ iy HF
WG LS50 RAEZ R . R, A SCprde
¥ T LA i DN 38 TIC O B2 T B AS: 3 42 B A Y g
SR HE . K 6(c) F16(d)ik— 4 ik T S Kok s
. Bouc-Wen. Iwan R 1) 3% QU S £ 5]
7. 11k, SR TR B A 4y 5 R 2.378 3.

(2) Bouc-Wen#5 %4 231 71

1000

Z 500 ¢

2

&

k) 0

g

8

2 f

= —500 | e

—— g

: —e— (i EL YOI

~1 000 ‘ : :
-2 -1 0 1 2

Displacement/10°m

(c) Bouc-Went B ¥ SIGT 72

—A
i
0.7 B
—n
]
= 0.6
s 0.
5
g
g 0.5¢
~
0.4+
2 4 6 8 10

Iterations

271.153 so X 2 H K Iwan Bl — 2 51 15 AE 26
P Jenkins BLICIFERAL A AL, &5 = A RWIYE T2,

T BT AR . 1 Bouc-Wen £ B ¥ H H
FERO RS, BARENITHRERCE., 25 LT
W, A SR A 3T Bouc-Wen HE 7R AT 17 R 0%
() SRSV FE R SRR O I B A R L R

TPk, RENSAR U M FRAE 1% 12 L T 1% 42 A 2R 4 i [
e B FEEURRME .
(b) Iwanti B S 4R 7
1000
% 500
8
2 0
o
8
>
B =00 —o— (i 2R
—— WM
——H) A}
~1 000 ‘ ‘ el
=) -1 0 1 2
Displacement/10°m
(d) Twanf5 78 S Fii S0 72
14+
w 127 ]
2
S 1.0; < > .
2 08 |
g
£ 06 —R
Ay ey
04 5
02" — x|

Iterations

6 Bouc-Wen Iwan &8 1S H0R B 5 Mo #2

Fig. 6 The parameter identification and convergence procedure of Bouc-Wen and Iwan model

3.2 EREELENYEIR

3.2.1 SR SR 304 AREE AR S 0 ELR
T — S SR A FE A 1 o (A TR X M2 82
R n 65 N-m HHL A6, #4491 A — R . il
HH Instron8801 fi] Ml ¥ HE ML it o 57 15 52 B i, IF
T 55 3% 2 5 T T 77 A 42 kB 48 [ g o AR /DN
FEMIREIMAR T, WR AR 5 B L P BE R 23 7 AR 2 fil
7% SR 5% AL e [ MR E 53 %1 0.1, 0.15 mm I Y
TR R o A SCHERT 0.15 mum B 8 57 4 i 7 B34 FF
ESHHER, SRR TR S A E 0.1 mm Y
{57 % i 7 54

3.2.2 SR B 7(a) Fras SEI A [ Ry i £k
R TOUL I RS BOVR A — R, B ERARRIE

K, 38 3 SR A [l e 17 T 2Rt iy — 1 A% 5 T RS Rl
ez E B RER, 5K, =2.826 x 10' N/m, %
FEMRAR I HE L5 A BT P A B AR AX NI, Bouc-Wen £5
RN E R
F(z)=z+K,x. (11)
B NN W N N O A A R (W)
0.15 mm M LI B T RS EHR, S8E R %k
3PN, WA 7(a) B o R B2 G 4
NSE, X —dEdE (IE(E 0.1 mm) A9 9]
MR PR F, HEE R aE 7(0) B . e
BBETE, T SC 50 7 AE A 45 A0 41 S MR AR A Bl 5
BRI, w2 S S i A R, R



126 iR R (HARRRARRD (FR9E30)

%63 4

(a) Wi RIHEAE 290.15 mmAISHR B 4H

1.0

/
z
S 05 7§
Ko}
=
€ 00
2
2
g 05 —— BRI ||
1.0+ L] | —— WA HE
=2 -1 0 1 2
Displacement/10*m

(b) " S MEAE 40.1 mm TR 2H
6000
4000 -
2000

-2 000 |
—4 000 -
—6 000 -

Hysteretic-force/10*N

-1 0

Displacement/10*m

K7 T Bouc-Wen BRI 5015 15 Kot il
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