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Restoring force model for steel reinforced concrete
self-centering coupled wall panels

WU Hanheng, SUI Lu, TU Tingting, XING Zixuan, ZHOU Tianhua

(School of Civil Engineering, Chang’an University, Xi’an 710061, China)

Abstract; In order to present a restoring force model and a determination method of the parameters for steel
reinforced concrete self-centering coupled wall panels, the study investigated the failure modes and working
mechanism of the coupled wall panels under lateral loads utilizing cyclic loading tests. The failure process of the
wall panels included the rocking of wall panels and the shear yielding of the dampers. The failure of wall panels was
localized in the dampers, which demonstrated excellent resiliency. On basis of hysteretic characteristics of the wall
panels, the restoring force models were proposed, which consisted of skeleton rules, unloading rules and reloading
rules. Ten parameters affecting restoring force model were then proposed. The skeleton rules were defined by three
stiffness parameters and three strength parameters. The unloading rules and reloading rules were defined by four
displacement parameters. Methods for the determination of stiffness parameters, strength parameters and
displacement parameters affecting the restoring force model were proposed in light of the cooperative working
mechanism among coupled wall panels, dampers, prestressed tendons and framed beams. The comparison between
test results and simulation results shows that the test hysteresis curves are in good agreement with those of the
numerical simulation, and the test energy dissipation is basically the same as that of the simulation. It is then
concluded that the proposed restoring force models do well in describing the hysteretic features of the steel
reinforced concrete coupled wall panels and that the methods for determining the parameters have satisfactory
analytical accuracy.
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Fig.3 Geometric dimensions and details of specimens( mm)
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Fig.6 Restoring force models

WE 7 BN, 72K F g s 45 (0 55) il
TNERE A7, 58 SC— A8 A 00 4 TR FIME R F oo
W B A 5 HE S0 G B e B R e M E P
(A7) I TR ALE , BE 2 EEIE S g
HIR], 52 SUZBEF 10 N, MRG0 R T A

Ny =Fp/2 (3)

BEHRTE 0A BEiZ 11 WL 8 ZE SRR F1(V =1)
YEFT B AR & AR ) AR JE | i SO 1) A5 R Ay o
TE OA B B HICER A TF a7 42 , L S HEZ 32 m] LU
PEHASTE BB AL 54 £ 5 HE 20 2 185 v 07 5 1) 5 £y
FATR, 58 Sk 6, iR 4E LA C 3=, 5 fl 0 5 0 1) A2 T2
Ay KRN

Ay, =H-6 (4)

X H R R

7 EIRTE O mEHE S
Fig.7 Force diagram of wall panels at point O



4510 14

RPRfE, AF . BUNIREE T A 2 ABUBR AR AR TR - 67 -

B8 IEiRTE 0A BMES
Fig.8 Force diagram of wall panels at stage OA

BRI R AN ) AR T 5,2 A5 Y B vh
ANERAHI], 8 LSRR SR 1ok Ny + N S
—AEEREE TR TN Ny - N, ARIERFROE R BE
2 AR AR TR AR ], DUIAE 42 252 52 3] 1) s ) )
FALFE N, + N, N, = N, Fl F, 75 LR B 5] 76
N HEZRRE A ST s SCHCAE TN 7 A3 [ A
(RS [ AT N 6, ARYELE M 12,6, AR A
_NB(L-A-B)(A+B)(L-2A-2B) 5)

12E,1,L
B RS AR Y BEE 5 A S 2 A BE AR ] B
L MHESRR I BE T L B, 1 R PSR

HRAE LT R (B 8) , B AETE 6, SHEAL R 5

H B 0 RN

6})

28,
“A+B (6)

B (5) L (6)IRARK(4) , AT T
A _ NHB(L-A-B)(L-2A-2B) .

6E,1,L
X — AN S AR B RO (V = 1), A5 PA
TN
V,,=1+H=2N,B (8)
B (8)ICARK (7)), AT IS BIBEH 04 BNl
FE K, N
PO 12E,1,L
" Ay H(L-A-B)(L-24-2B)
3.2 NIESHK,
Bifi 2 KT for 2k B 38 0, B AR I S B A
At Al S HEZR S () A8 TE AN FE- U0 08, 76 L £ 0 1)
Bl b 3 AR 7 B — A B fA o, N 9 (a) PR,
FE SUBMUE AB BeiIMil i 28I 0 Ay, USRS 1 6 + @
A Ay B RN
Ay, =H- (0+¢) (10)

(9)

M T HE AR AR — S S HE SR B ) B i
POGES , W BF A R 3T % T o5 — BRI BF I v
JIRE SN Ny o R o358 A A 5438, U 3 A3 (b
K BN SHERE LA F, 5 S B350 2 5 R AR fE
R BT | E S FEREAR Y BT 10 F, FERE
BB n WA 9 (a) BT, SRR AR FR RS
HE ZR TR I 1555 i T 3 s T A 45 1) A8 98 33 S
8, F1 8y, , HH T N AR R FRIC AR, WSRO 3 A3
A 6,00 8, F1 8, FIZE{H, /I

3p:6h1_5hz (11)

WNTET 9 (b) Bz, FHONE A e AR 5 335 Al B A

o MRRN
8, = Hp + sin ¢~ Hg’ (12)
B (12) A (1), 1115,

[0, —0
¢ = ])lH b2 (13)

RILTA(6) LMY 5, F 5, SHEA RS
(L EHEA 0 (RN

0y +6),
“A+B (14)
A (13) L (14) A (10) , AT 7%,
AWB=M+ H(d,, -9d,,) (15)

A+B
FRARE s A, TN ) Al R 6, 5 U I {E
FIRERA
F o =F +6PEPAP - + (61)1 _6])2>EPAP
P PO H PO H
R E A, TN 3 5 4l e I
WNE 9 (a) Frs St B B35 428 5 AR RE 4% 10 35 1)
N ARG LRI C 2 FERE AR 1Y Y ) B B 2 6, S 5
AR LML /A o Z MRSE R A

s1=2- ¢ (138 )= c1emy ()

(A +B) /72 JAEREAR (BT U)) Ho0 2 5 A rh ol 1Y
FRES .
FE SCRERE AR BT I W BE ke, WUIFE RE 4% 1O 55 )
F, AT RIEH
F, =k, =kp(A+B) (18)
B (13) A (18) , AT,

(16)

61)1 _‘Shz
Fy=hdy=hy [~ (A+B) (19)
TE AB Bt 3 H A — AR S IR (V=1) ,
Y IR I
VH =1 -H:NzB+an(B +§) (20)
BRar(19) . (20) ,N, N
H —nk, JH(8,, -8,,) (A+2B) (A +B)

N, = 2HB

(21)



- 68 - S NS D A N - ¢

5555 4%

WK 9(a) s  MEZLGEZE N, FFAERTE , F6
T AR B R AR IE 8, A1 S, PSR AR
N,I*G, + N,ABL*G, - N,ABLG, F,L*G,

8, -6, =
e 96E, 1,1 96E, 1,1
(22)
N,ABLG, + N,B* LG, +2N,AL*G
Oy +6), = : : ; : : : (23)

96E, 1,1
X G, .G, G, .G, .G GRS EL, Hnl ik h
G, =8L* +35B°L —24AL +29B° +8A° +2AL
G, = -51L +8B + 544
G, = 1117 +584B +59B* +194* —30AL - 4B
G,=8(L-A-B)2(L+2A +2B)
G, =71’ —25BL +20B’
G, =17 —4A”

Bz (16) . (21) . (22) F1(23),8,, +8,5
8, —8,RKikN

(24)

B (25) . (26)IRAZ(15) , TS B BE 4 AB
BWIE K,
Kw:L: A+Bl 1 (28)
Avs  HR, +BHR;
K R R, AMHINSEL, AT 2K
o [(G-4C,C)T G
R =D, 2

] (29)
_(G3-4C,C))7 + G,

R, 2¢,

3.3 NIESHK,

TE BC B 3t 9FERE A% 59 U IR, F FE R A% 7K
HRYBT € O F,,, 518 AB BEAFRZ: 39 ) F
R ( Z WA SR A RON ) |, HE 5 BT U1 AR T R A
Ko WE 9 (e) s KA th Jy 8 SR N, TR
i8S 1 V=1 MFERTR A i B 5 P ] 258

. . . VH =1 -H:NgB+anV(B+A) (30)
8, +8, =D [(62"46163>2 O 05y ‘ .
v 2¢C, HEZRZEAE 2 5000 B T 3 8 1 A ) 58 [ AR T 43
5 s (C; —4C1C3)%+C2 (26) BN 8, M8, (FE19(c)),RKIT AB B, 8,5 + 6, Al
Y o 2C1 5])3 —51)43f%:25$j§l
X €, .C, .C; D, M, F1 M, HHHINSE, HaT k0 s _s _N,L’G, + N,ABL’G, - N,ABLG;,  F,L’G,
- (1 L A, )2 BT 96E, 1,1’ 96E, 1,17
R P
H (31)
2
o (A P2EAM,) CHM, —2HBFWM,) | 5 15, < NABLG + NBLG +INALG,
=+ =
2H°B b3 b4 96Eh]hL2
272 2 2 2
nokHM, (A +2B)" (A+B) R, TR (15)  HEHiAE BC B RS A5 T
4H B AN
wC
H'M; —4F, H'BM,M, +4H’B*F} M.,
C, = > (27) H(3,; +0y,)
4H°B A\xczﬁ"‘ H(5,5 =dy,) (33)
D :Hz —nk,H>(A+2B)(A+B) 3 2 b T (16) , 7E BC B, T J7 /7 () T
: 192E,1,1> HB 1 {E F, N
LG, +ABL*G, - ABLG, (8. -8, )EA
— _ b3 w /) EpAp
1 96E, 1,1 Fy=Fp+——7—— (34)
_ ’G, BRA730(30) ((31) ((32) ((34),8,; +6,,58,; -
* 96K, 1,17 |
[H2 FoH(B+ A ] 3G, + ABI*G, — ABLG,) — F,BHI*G
by + D) ( p 2~ 3) = Fy 4
5b3 _5b4 = 2 (35)
96E,1,L> (HB - E,A,M,B)
[# - nF, (B +§)](ABL(:4 + BLG, +2412G,)
8, +0,, = (36)

96E,I1,1’B



%10 N

, S5 RUNIREE L A 2 A BUBSR AR W AT - 69 -

(b) TR A7 53 AR T 7 3 P

i way it

O,

B9 IHRTE AB B BC RRE
Fig.9 Force diagram of wall panels at stage AB and stage BC

K3 (35) ((36) TRA(33) , AT LUF:

S35 BC

1 A+B

BC = A T 37
BRI K, WX (37) . Aye HS, + (A +B) ./HS, (37)
K S S, M NS B
[H—nF ( +%)](ABLG4 + B LG, +2AL2G,)
S =
! 96E,I1,L’B
(38)
[H - H(B +—)](L2 G, +ABL*G, — ABLG,) - F,,BHL*G,
52 = 96E,1,I> (HB - E,A,M,B)
3.4 BEBHV, (R TN 3 7 A = 6,
WE 8 Fran, X — ik i 5 HE SR 22 a5 46 _u [ : (42)
F1 Ny =N, =0 B (BRI N, = N,) , 55 M T 4%, IF I k, (A +B)

URREATE | LIS 220 R SRy 3 A 5 428 ) RS 4 i, D) g — {0 358
B BT REE R S N, + N, SRR TR 1A F o %,
B H
N, =N, =Fp/2 (39)
HEST AR A R IR A (39) M
(Ny +N)B _FyB

“TH T H (40)
3.5 EBESHV,
B UCRFERE S I R 1R 4R A, 4 AR RE A I

8741 F ARA (18) , AT AAS I FERE A% IT 4 i ik
I S AR BRI £ @

X (42) A (16) 1338 B sl TN T {H
.

Fo=Fy+EA, [k (A“YB)] (43)

[ PR ARYE | 2R BRI R, TN K
8,0 8, M 8, ZEME RAK (42) 515

8y =6, -0 (44)

b2:H[lsd(A+B)]
BES7 3 (22) ((23) F(44) , RIRAE N, N
384F E I L’H + F LG,k (A +B)*

> T2 (A+B) (LG, +ABL’G, - ABL’G,)

2F,, (41) (45)
Tk, (A+B) W (43) IRAF(45) N, TS K
B (41) A (12) 15 BIFERE 2T 15 J AR A
_4F (96,1, I'H + E,AL’G,) + Fy L’ G,k (A+B)’ (46)

: K (A+B)*(I?

G, +ABL*G, — ABL*G,)



.70 - R

[N AN

55 %

X (46) A (20),V, 0
_AF

dy

(96E,I,I’HB + E,A,BL’G,) + F BL’G,k; (A +B)>

b- K (A+B)* (LG,
3.6 BESHV,
C ABEAR TN 7 F375 35 3] et AR HR 285 149 %68 oy
TE SN I3 WS e 1 R ko 4 FLo USO8 F,,
X (34) \TE N
5. =8 (pr_FPo>H
P b3 EPAP
[FIHL ¥ PS5 F, IR (31) ((32) Al
(48) , AR AR Ny R
96E, ILL'H(Fy, —Fp) +E,AF LG,
ST B, (LG, + ABI*G, — ABLG,)
[, 2 (49) FRAZ(30) , V AT RIE N
_96E,I,L’BH(Fy, - Fy) +E,A,F,BL*G,
©T  EA(L2G, + ABL’G, - ABLG,)

A
TLde (B +7)

3.7 {ﬁ%%ﬂ dpsdG \dlﬂzu dK
RIS 0] )3 59 77 1 2 4 DL S E(d,
dd, M dy) B STCRWNSE B, HFRIB N FERES

-8, = (48)

(49)

(50)

d,=512.20,+26.82p-4.947

15
R=0.925 6 - RIGMH ]

4T 110
dF
15
0.03
B 0.1°
(@) %SﬁdF
10
d=261.36,+18.256-4.977 R
R>=0.947 5 . 18
7 |
AT d,
14

(©) B4,

10 &M=

+ABL*G, - ABL’G,)

+any(B +§) (47)
SRS F SR TN S F o B HEAE, B
B=ﬂ (51)

S8 B T MR AR RERE 15 A AV RE I Y HE
B, &SGR A RS R 6, 3 i 56 W1 H &
W4 MIBSEESE B ML 6,80, R
INZFRPARIGE U A A E] 4 M SE
LMA AT .
d, =512.26, +26. 828 —4. 947
d, =661.60, +36. 548 7. 290
d, =261.36, —18.258 +4.977
d, =1 6566, +93. 818 —18. 770
P 15 G0 B X DL 10, LA T BE &R
BR)AE 0.9 ~ 1.0 Z[], 04 F B iy, ml L

(52)

0 (52) Bt Al ik 4 MU SH S S5 B Al
Feff1 0, IAHIC KR
d =661.60,+36.545-7.290 - 120
R=0.929 1 ) i
Ak 15
AT
< 110 %

(b) 244,
d =1 6560,+93.815-18.770 20
K H . =10. 5
R>=0.909 6 Y R 140
. WAE
o130
dK
120
110
0.03

TS BB (d, d,.d,7 dy)

Fig. 10 Fitting of displacement parameters (d,, d., d, and d;) using the least square method
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