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Abstract: The concrete-filled steel tubular (CFST) column-double laminated slab composite
shear wall is a novel composite structural form for prefabricated buildings. A refined three-
dimensional finite element model was established using ABAQUS and validated against quasi-static
test data. Combined with test and numerical results, the mechanical mechanism under quasi-static
loading was revealed, and the shear slip at the precast-cast-in-situ concrete interface was
identified as the intrinsic cause of composite action degradation and performance deterioration. On
this basis, a trilinear backbone curve model applicable to composite shear walls with a shear span
ratio greater than 1. 5 was proposed, along with formulas for equivalent stiffness and cross-sectional
bearing capacity. Hysteretic rules were established based on a modified Clough model to develop a
complete restoring force model. Validation results showed that the theoretical predictions agreed

well with the test (numerical) results. Furthermore, an interface strengthening scheme using angle
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steel shear keys was proposed, which increased the ultimate drift ratio by 34% and the ductility

coefficient by 26%, significantly improving the plastic deformation capacity.

Keywords: composite shear wall; concrete-filled steel tube; double laminated slab; restoring

force model; seismic performance; finite element analysis
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Fig. 1 Configuration and on-site assembly procedure of the CFST

column—double laminated slab composite shear wall
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Fig.2 Details of the CFST column—double laminated slab composite

shear wall specimen
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Fig.3 Component assembly of the refined 3D finite element model for

the CFST column-double laminated slab composite shear wall
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Fig. 15 Validation of the backbone curve model

| 78

(a) EHERMAH I BT

P 4

b 7

2B T AKX IE T S8 p, . P, PR
FTTI 25 2R 5 P 7 32 30 K A BR e AR 8L 45 SR 1 X
LUAR B, AT UL &t K 22 B A 1 000 i 2 349 7 AE £10%
I Z o KK, K55 IR 8 AR T 3R BE 1T 22
it 2 R 28 8 A2 o S R, A S A 19 s 22 A X
KA A FAIE TR 320 N . AR 15 dn]
VAF th, =9 R i 1H 3Rt 2k 5 308 (L) 5 28
i 2 AEE B WA BAF .

F2 BERMEEBWIE
Table 2 Validation of the backbone curve model %

NG B
K, P, K P K, P,
PSW 1 +9.8  -46 =72 3.6  -62  +36
PSW2 +94  -64 -39  -45  -108  -47
PSW3 +11.6  =3.5  +46  +53  +16.5  +5.4
PSWI.75  +7.8  +84 428  -29 436  -29
PSW04  -12.1  -22 =229 =50 -156  -5.0
PSW7.0 492 =51 +120  +1.9 497  +1.9

108

(b) i [l HL

16 HETEIE Clough B 7Y (1 52 I3 4 5 0 280 288 B A2 8
Fig. 16 Schematic of restoring force characteristics and loading—

unloading paths based on the modified Clough model

3.2.2 i [ELEE

WA F AR iy BUREAE 23 87, 55 5 IE Clough 5 8
HEST AL A B RS R R LR 16(b) |, Bk
PIF54.

TR 12 JeE AR A, TF B2 1 i 2 R G 28R 2 T R 4 i



Tolk# s 2026 4F 55 56 4% K S

2R BEAT N BRAE N 0—Y,—0—-Y,—0, I [ Bt JC Kl
BRI AETE .

FRIN 2 2 3P E A IRAR 2S5, #5420 fin 1 17
DS, D)5 e g 7 v A 4 o 4 ) i A L B
IR FAPER L 10 H ARG R (B4 0—Y,— 1),

B 32 0F A HIZRA> R 2 A Be o AR 1 B BT
WILEE A K, DA 5 I 0 {0 ) 28 22 509% 7% 6 1 A 287K
S (H AR 1—-2) 5585 2 B BE A 128 1% 42 48 1) 2 1 e
=Y, (B 2—3)

T 42 255t 5 1] (2 B 1) S A 12 1E Clough A%
TR ep i D7 S e KAV B 4R T E T o iR ) bh B B AR
TE I 8 I AN L 42 10 5001 0 AR 3 B A T 2 A% 1) TP
— Tz 2N TR S P 5 R T 48 DI e KA B X 4
Hi 2R 05 (AR 3——Y,) 5 — HLIR R 8 1K 38 S 1] i 22 il
2R, B0 T A R R S i, R R B AR
W AR08 (B2 Y, —4) o

PRI S« S5z 1w S 26 A 5 0 1] 240 A [ 4 R R
BOH (B% A2 4—5—6) , 58 18— Bl 58 8 (9 i 11 35, B
0—Y, > 123> -V, —4—>56, J5 L& FAGH
2 A [R] A B0, 3 G 3G RO R A B, L E ik )

W BR A H
3.2.3 i [l AR Y 56 41F

WA BT IR S 2% R0, 43 3% X5 PSW 1. PSW2
55 PSW 3 =AM 44 B A L (91 & 1 B, o 453K
A B RS R B i [l gty 2 15 400 0 36 i 45 S 0 iy 4%
T RAXT BRAGAIE , 25 S 17 B s o AT O o AR AR
R TE IS L SR04 R R TR R AL 1R
TE AR AE R0 4 355 1 A 30 1 58 v 10 P B 5 R B 28 - S
T N 2 6 A I, AR 55X %) ey 28— 17 B i o A A —
o LIRX HCBRE T T HE ST 0 R A AR AL BE A S
2 G B 1 RS AEAR R A 52 A T (R [Tk RERRAIE

4 ETREMEMNREEEREFA
4.1 FAEFH

I SC K 5 07 BT 55 52 g L3 3 A 3 8] 48 R
T AL A Y R S A —— T 5 S DR
Bt & A AW, BRI BR  PSW R BR A7 % A
AR 1.37%, T W B Bt 20 & P 78 IR B Bl
Bk % 0. 35, il il 5 )5 He TR E 1 W] A4 B[R] 7R 2k e D B
FiRA . RIEER G5 &G JZ KV 5010 50 Bk
SHEBR S AR, B S A R R 4R E IR Z Tl
Al T ] 20 24, 3 e [ A A 435 A A 5 B B
THTHR Y SR I R A I 2 R 51 & B 5 VI

1000
750
500
250

|
|
|
|
iy
y
/!
%
~

P/KN
o

-250

=500

-750

1000 1 1 1 1 ]

-60 -40 -20 0 20 40 60
A/mm

(a) PSW1

;A

F | BRI
I G S
L

1000
750 |
500 f
250 f

P/KN
=)

=250 |
=500 |
=750

-1000 L L
-60 40 -20 0 20 40 60

Y] | --- o i
BRI

1000
750 F
500
250

P/KN
[l
1
|
|
|
|

=250 |
=500 F
=750

-1000 L L
-60 -40 -20 0 20 40 60

=== BRI
L S

(¢) PSW3

B 17 PR T ] 2R e 4 SRR L
Fig. 17 Validation of the hysteresis curve model against experimental

results

R e, & R HOKF R B b . Bk,
P T B A A P BY E AE s AL A B T B kA
e RE 1 B A RGEF .
4.2 BRBEEIF@WIEFE

TS T 5 A 0 T I R AR R AR S
be A 2 ST Ak T £ AN BT Y L TR ULRT 18, A
A Ny - R L 50x50x4 £ 40 (Q355B) , 75 4) fifi #7
AW LA 450 mm [ (8] B [ T P R B0 B A
A L, e A2 TR VR B T O B BT [
I, T 2 T AR AR R B B R B R A B DL R
B WORURE B2 o %0 22 2 A AT B i AR
JUT- AR BN AP A 5548

109



=
o
B
&
=
hut
=
b
H_
=
=
B
o>
=
E
o
=
A
B
=
i
A
i
o
dr
=

?%E
i
i

i

GLLIGIEE
JRbeER )z
E L’_l';It}'_l_ =

A ANIE=

o e o e e ey

AR A

i

B 18 BT IH I BE e 5 5 J I U A2 1 0t MY i i s

Fig. 18 Schematic of anti-slip enhancement detailing at the precast—

cast—in—situ concrete interface

DU PSW 1 Ry i, R FH IR 858 4= A 1 Jon 56 4% it
(ke #E )5 A 130 S PSW-M1) , I @t 37 A PR Jo s 7l
T Je B 48 43 A, B L R0 B 5 R IR A PSW L it
X, S RIC B TR I3IME 19,
£3 KHEPSW-M15PSW1 /1 4aExTEE

Table 3 Comparison of mechanical properties between
PSW-M1 and PSW1

S FAEERIEE e MRfr UM MRBRIE AEE
(kN-mm™)  #/kN kN /% EX4e
PSW1 101 572 702 0.37 4.33
PSW-MI 106 603 762 1.84 5.47
T +5 +5 +9 +34 +26
BE /%
800 -
PSWI |
sok o CHAIZ )
o PSW-M2 |
400 - (FARIZ)! §
z 2
= 200}
= ol LA
I%_ /
= 200
PSW1
—400F AT T (i)
=7 > |
sy » PSW-MI
~600 |- R
N i [@GHEIIIEEP)
_800 1 5"' 1 1 L ]
60 -40 -20 0 20 40 60
T4 7K RS /mm

19 RXfF PSW-M1 5 PSW 1 [a] 1 BE X 1L
Fig. 19 Comparison of hysteretic performance between PSW-M1 and
PSW1

N 3 RT LU - 5 I A R 7 40 42 T
WG B2 8 /N (24 5% ), ¢ B Ff1 4 Bt B 5 %k B g 55k o b
By B 32 J1A4T R s A PR B 7 2 42 T2 9%,
BEWRIE h o IRk 58 Y S W BR A RS ) FTE E R HL
Gy SR T 34% M1 26% , 3 W% 7 %8 0T I 3 el 4l

110

A 57 7 BE SR AR Y fig
4.3 Hity FHERME

MAAT BR T AR A B ST A% (1 20) 8 B2 2 B
5 3] 1 NPT B HEE T DT iR R B AL A 5 ) s
YRR Ak R

+1.000x10!
+8.333
+6.667
+5.000
+3.333
+1.667
-2.384x107
-1.677

-3.333
-5.000
-6.667

-8.333
-1.000x10"

VA

L.

M {E27.0 mm
(PLFEF11.00%)

(a) i PSW 1

IEE33.75 mm
(PiFEF11.25%)

+2.000
+1.667
+1.333
+1.000
+6.667x10"
+3.333%x10"!
+1.788x107 f§
-3.333x10""
-6.667x10""!
-1.000
-1.333
-1.667
-2000

R {#33.75
(PLFE£11.25%)

i {E27.0 mm
(BEFE11.00%)
(b) X F PSW-M1

B 20 B IHIRBE L& & FURKSF AR X A S XF LA mm
Fig. 20 Comparative analysis of horizontal relative slip(S ) at the
precast—cast—in—situ concrete interface

D) 75 P 5 J5 02 TR Bk b ST 4R A T T SR A AL
BT Y 2 2, 7 5 TR B D) RS DX i 4 /DN 4R o
TEATC BT SRR O, T B AR T 1R

2) T il W B K - A A IS D B R, 3R
B 07 g A 336 B A A DA RS SRS B L R RE AR A T
FEIT R AR

3) W A S B A TR R TR A SE A  AR
A TR AR S S A 1 A LU AL R, 4
B BT A5 2H SRR A 2 1) 4 P 9 28 JE R W] 4R T«

25 b SR 1 A6 B9 5 T 5 5 58 8 A B T xE



Tolk# s 2026 4F 55 56 4% K S

JE L 2 0 TR A A AT AR T A RE SR T AL
B 3 S5 A 5 SR PR IR I B 6 A 5 O R Ak, R R A
Th T H I T fifh 2 0 E PR K P, A B B TR
JO7 R 5 o

5 & it

1) AT ABAQUS B ¢ 57 1 4N A TR 5 + - XU
B M BT 8 = 2 SR BR T AR R AR A
PO AR 2 Ty (1R 22 <3% ) MRS i (IR 25 <9%) &
SRFERE (IR 22 <10%) 55 G548 b 135 5 U 7k
WaE R A R4, T T KAl A a0 BE
Vi

2) A BY 1 Bl 7R AR JE K OF 18 & s 4T A Rl
Z At BRI R Ay ke B A R OT R
IR AN IR 44~ B B . T 55 05 Be TR BE - AL 1 5Y D)
R IR B G RO R (n 0. 9FE 2 0. 35) Mk
B R BN

S THEHFHERKFTLSHHAEG N
B K 8 Z R IR k. R LE
M7 AR B S O SR AT SRR R R 2R
F3 b5 S AT o 9 AL A B ) K% e K OF 2 4%
A28 ) ke IR =TT Y OC B A 2R S B i A . BN OC
AT 2 A8 A 0 B (E 5 K (B0 =2 18] 1Y 25 5=
ZAE£10% LA, SOIORS BE AT 6 2 TR o0 A7 7 2

4) F FAEIE Clough BRI HE 37 T 21 A 89 g 355 Wt
[LHE ), 25 5 =47 B 42 il SR AL AL B 1 58 B 19 4K
52 R AL AR T A U ] 2R AR R R S R 6
N 7 T B 5 A5 R W) AR AT T RAEA S
59 7 3% A i [0 R RE

5) B XoF S T 55 [ R L 0 AF SN B BT B o
J7 %, Al fH AR BR A RS A 4R T 34%  HE M R BER T
26% o %7 ZE A 3 B it T R R A RN, R
ZRMAE R TR T — R &
AT R IR AR

& % x #

(1] BRIEX, Rokig, BARZ . B AR W50
FHIMI. FE5t: R R AL, 2018.

(2] Fhifl, HVLRE, RRERE, 5. B AT DRSSO T R (7]
Tk s, 2022, 52(11): 1-11.

(3] SE®, A6, B, 5. % I TIE XU & &
YRR EREM ST ], TR #S, 2021, 51(9): 90-97.

[4] FEKE, 048, R, . KT8k 4y 0 U & 45 57 18
PO RE R S 0 9 X 50 9T (7], R 3h Y b, 2020, 39(2)

[5]

[6]

[10]

[19]

[21]

107-114.

A, MAROC, Fpoe, . e LI MO B & 4 5y
TR YERR I S A oY (D). "SR ES M 2 4L, 2025, 46(1) -
61-72.

SRR, XUVE, S, AF A EE IR BB i A 5 P 0L
G R PUREMERE BT A [T ). BN KR AE R (A RFBL 2 R
2022, 39(1): 78-88.

ZHANG F L, WU B, ZHANG M, et al. Seismic performance of
precast concrete superposed shear walls with CFST end columns
subjected to cyclic loading[ﬂ. Structures, 2024, 68: 107142.
R &S BBy s PR R A8 4 B K R B Y
(D] AR AT AR, 2010.

M AR . Bl IR BE SR BT ) 3 R PR RE I 5 B
[D]. Mist: MR, 2015,

FEAE, XD, BREL, A . B R R KT R A BT )
P Pk AE K 90 BT 5 (0] A A A5 2 4, 2012, 33(7) -
147-155.

EL, R, WAL, AL OB S 5 IR 45 ) 2 MR
Wi [)]. i, 2020, 50(18): 1-8.

WU B, ZHANG F L, ZHANG M, et al. Cyclic loading

experiments on seismic performance of precast concrete

superposed shear walls with CFST end columns [J]. Journal of
Building Engineering, 2024, 96: 110527.

AR . IR EE A5 AE SOtk (M. 3. dbat: Bl
AL, 2016.

LAM D, GARDNER L. Structural design of stainless steel
concrete filled columns [J]. Journal of Constructional Steel
Research, 2008, 64(11): 1275-1282.

KRR, R, IRRGE, S T BRI S A A R BE L 4 BT
TISRDURETERE AT L], TSR, 2022, 52(10): 146-155.
IBARRA L F, MEDINA R A, KRAWINKLER H. Hysteretic
models that incorporate strength and stiffness deterioration [Jl.
Earthquake Engineering & Structural Dynamics, 2005, 34(12):
1489-1511.

CLOUGH R W, JOHNSTON S B. Effect of stiffness degradation
on earthquake ductility demands [ Cl/Proceedings of the 2nd
Japan National Conference on Earthquake Engineering. Tokyo:
Architectural Institute of Japan, 1966: 227-232.

LIGNOS D G, KRAWINKLER H. Deterioration modeling of
steel components in support of collapse prediction of steel
moment frames under earthquake loading [J]. Journal of
Structural Engineering, 2011, 137(11): 1291-1302.

LU X, ZHOU Y, LU W. Shaking table model test and numerical
analysis of reinforced concrete core walls [J]. The Structural
Design of Tall and Special Buildings, 2007, 16(3): 331-357.
HAN L H, YAO G H, TAO Z. Performance of concrete—filled
thin-walled steel tubes under pure torsion [J]. Thin-Walled
Structures, 2007, 45(1): 24-36.

ZHAO X L, GRZEBIETA R H, ELCHALAKANI M. Tests of

concrete—filled double skin CHS composite stub columns [Jl.

Thin—-Walled Structures, 2002, 40(5): 415-430.

111



JE e, 45 A TR B UL & A AR AL BY 3 3K TR S B M RE AR T E

[22]

112

LIAO F Y, HAN L H, TAO Z. Seismic behaviour of circular
CFST columns and RC shear wall mixed structures: experiments
[J]. Journal of Constructional Steel Research, 2009, 65(8/9) :
1582-1596.

RANDL N. Design recommendations for interface shear transfer
in fib Model Code 2010[J]. Structural Concrete, 2013, 14(3):
230-241.

SANTOS P M D, JULIO E N B S. A state—of-the—art review on
roughness quantification methods for concrete surfaces [J].
Construction and Building Materials, 2013, 38: 912-923.

M, AR, VR XL, S OBUE A BT T i DRR B
YRR TS (). RS, 2025, 55(10): 107-113.
BRI, B, TTLNI, AL BN R RS i1 UL
O 3 8 e RE AR LA T (0] @ SUE M, 2025, 55(9)
49-56.

WAL, 2, TS, . WS4 55 JI R KPS ae 1L ) 1 Re
IR ELT ], A5, 2023, 53(14): 19-26.

[28]

[29]

[30]

[31]

[32]

[33]

rp AR OGBS R B NI S B ER L IR B L A h T A
#E : GB/T 50010—2010[S]. b At . [ 2 57 Tl th i 4t
2024.

JERAE, ZESCH, T, AL BTN ) = EE Y SHE R 05 2R
B HT[I]. TR, 2014, 31(7): 146-155.

D7 E R ER, AR WS LB A TR BE A 4 A 0 A A A R
(7). BB CT AR, 2018, 51(7): 613-619.
European Committee for Standardization (CEN). Eurocode 2:
design of concrete structures—part 1-1: general rules and rules
for buildings: EN 1992-1-1 :2023[S]. Brussels: CEN, 2023.
S R IR BE U A AR AL S B ) e IR R A R R
PERELD ], FA/RIE I /R Tl k2%, 2025.

ZHAO W Y, GUO Q Q, HUANG Z Y, et al. Hysteretic model for
steel-concrete composite shear walls subjected to in—plane cyclic
loading[ ] ]. Engineering Structures, 2016, 106: 461-470.

E, N BB AR TR B A S5 R B S 2
WMl dest: Bhes sk, 2023,





