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M B T B 1 RE 3 08 A AR AR 4L, A A BR T4k 4 ABAQUS # 37 CSCS A Mt A, Fha AR T T
CSCS 4 G Maal A1 7 1 e A 28 4F F R AR SR ML RN 22 57, JT 42 11 CSCS 414 H it rh 8 B 1 24 =X, LAY
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[ Th i BE H=300 mm, YR EE 5 REEA 70 mm, TRESFIEES S Q345 WAk, JE AN 3 mm, XA HIfERT, &
SEHE T A A Al A TR, SRS T 0 5 T R R TR, SRR P L UK . B B TR R, S A
PEFHFET Y, KN 25 mm, H 42N 3 mm, FETHE A BIEE S 110 mm, Zhia B 58 101 mm. A PR 5
CSCS 4 & M AE 2 3o A v 9 25 P R, A R it 0 A1) A 02 G e i A, e A U0 e 79 R 245 9 79 , s
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Fig. 1 Dimensions of CSCS
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Fig. 2 Concrete pouring process
1.2 #RH4%gE
K H €50 1R EE LI AN TR IRSS, [ A HEE 3 He ] sF 4 150 mmx 150 mmx 150 mm A9 B 3E 47 41
5, ISP 50 B 4351 A 49.1, 52.1 il 56.0 MPa, V1441 K58 & & 52.4 MPa, #¥E GB/T 228.1—2010
CA T8 A R AR B0 Y00 AT T 3 A A v AR R 1 G o A 56, T A BT B SR B 4 i A 466, 467 Al
453 MPa, “FE 4T Hi8 5 A 462 MPa., HA A4 fHE P o A8 22 i B 2k A, W3k 1 frs .

=1 MHEM
Table 1 Material properties

Material Modulus of elasticity/GPa  Compressive strength/MPa  Yield strength/MPa  Tensile strength/MPa

C50 concrete 30 52.4
Q345 steel 200 370 462
A2-50 stud 200 210 500

1.3 A&

He K0 A AR NI S A7, O PR UE S H B0 B AP, BTt 10 SRR D ] 5 SRR It CSCS
LA AR 1) 55 B 1 [, GRS MR TECR T B AE L TNT 42y, 2508 5 kgo €
TNT K25 [ %€ A2 0F PO sl BJ7 0.5 m &b, fEBIARKE &3 5.4 m S0 H i [R] e BE AL i PCB T g 15 J8k4s,
FHLAIE s B A e o s v R T T e ) AR i R il . S84 il 3 B

-

Explosion center point}§ ‘\ PCB ptessur sensor o
Yoe— —
) — » —

h
5.

e ——

K3 B
Fig. 3 Site layout
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JIF % o DNIEL 4 T LU HY, R S 00 TR 00 L 1 3 i 4
5, WAL R LA, DEIREE b £ I Concrete dehiscence
T I AL 3 o St A 5 S A G 2 A B
X A2 T A A B i i -5 P A bl e A Ak SR
AT RIS ARSI 5 AR R ISR Al
S5iREE + 0 5 H ok B R, 5o k5T 4 TR
e AR, 3R A AR K A AR T R AR T
Vs O 5 25 E VA 32 L RS S B A e
W] R MBEARIE, £ G A ) At e R e
T AR M B TR RE S ) RS, A :
JEC F A A HP 0 DX AR B B A, A SRR BT IR Bt K4 CSCs AFMBIIEE

——— .
- :‘D‘
= Stud extraction

rR L TR AR AR RIS 0 A MR 1 B R T 2 4 B Fig. 4 Failure mode of the CSCS specimen

&5 K 6 itk o MRS BT LAE H, THE AR AR b b 7 R K ey 280V R 2 AR i IR AR TE, TSR A A o7
I A 330 mmx400 mm (A% B TG, TREE R 38 mm. MR 6 7 LLA Y, JEE S AR R 1) A1 522 506 R0 1y
ARSI R SF R 610 mmx640 mm, JEEFFES TR A HER 200 mm.,

6 JEFANAR B
Fig. 6 Failure mode of the bottom plate
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H (coupled Eulerian-Lagrangian, CEL) #&XES 7 . AT Conwep MR FESR VL, CEL 531k BB % B M fff b 5 A%
YEW AL 28 B b, RS A5 1k, THIR0RS BE 8w, T Conwep MR JESL AN IE I T E A G5B 2 77 -
WE 7 fros, A0 5E e R0 R B R 28— 1500 mmx 1 500 mmx 1 500 mm F R Rz 28 <, 3783 1F 7
0.5 m AL [ 7E 5 kg TNT K24, JH g K A 807 in B[R] 152 5 4 0.015 s,

TNT explosive

Air domain

™~
Test specimens Concrete (not shown)

K7 CEL MR EA
Fig. 7 Schematic diagram for CEL explosion algorithm
T RSP (4 100 2% A, AR 0 P S g B R0 B RP-1 R RP-2 278 iR 4T 58 e BCH%, T A A
H BE#R 32 B 25, K AR T -5 P22 s AT, U0 B0 55 SR P i i e Dy 1 el 32 5, R s B A
A R A R JC S SR AU TG FR R 23 U AR -5 M =2 ) LA R A 5 e 6T =2 [ ] Tie 1 490 58 75—
B, MR 5 TR b 2 A P TR T Ak o R AR TR TR BE b, A KO R BT A, XU
R TR R o PR AR folT P08 42 i, 70 1) 07 T 350 bR, JEE 48 DRSO 0.1, 32K r) e P BSE 45 ik

TR E 1 AR £ FH 524K 500 C3DSR (/T 44,
2Pk S TR BT, IR AR A ) , HPE s R RS oK i

CPU model: Intel (R) i5-13600KF 3.50 GHz

g
SERBOREH, T EL Y RIS R ZEHLI AT, Rt = g\ sh
SIUTE SRS I i B K BB U AR R o Approximately 26
R R B S BT SARCIU T A B s) Approximately 47 h
SRS, ALY, AR ) UM INT f § cof
il Euler 8.7C EC3D8 O\ M AERCKONH R 2 —i2f —=—1omm 7 Appiosimiely 1320
TE GBS ) o R SCIRIEE - 2 R U 3452 FH 2T ab = oomm
B e 30 65 4 24 0 4 T 0 45 SR 7 B L o 0 2 4 6 8 10 12 14
5B 78 AR [ R A R 3 R 2 A 8 fimelms

B8 SRAA [l WA ST A 2 i R e A i 2%

Fig. 8 Time history curves of displacement

FiR o ARBFFER A 10 mm BT M, 78 AR 3IE 58 5
W ER T, PR s s AR

22 MR

221 REL

TR BE 5% FH A BR G4 32 45 i YR 558 + 98 P41 43 (concrete damaged plasticity, CDP) & Hl i &, CDP £
RIKHE Lee 552 FI Lubliner 452 $2 ) 9 25 JE A B BT He R BB 22 5, 38 il 453 40 418 A o S T 68 1 W1 B
RER SRR o YRBE T I 7 -0 A8 O R SR FH A g A5 ) Y A 3Rk =X, BRI 3R 2 B

TEREEHE 55 o far 280VE T, TR B8R 0 19 107 A8 2R 00N AN RE 240, (] P A2 38— Jic il o b L 1) 2 0 i
F 758 B 2 t—— 30 138 K & %4 (dynamic increase factor, DIF) 2 BEA4 B B A8 803 . AR 58 R FH R
DN BRIE&E 1 22 51 25 (CEB) Y 25 i AR B - 1R 5 BE DIF 1 82 18028 20F1 Malvar 55 & 1E /) CEB TR %
+HihrsR E DIF #9823 A R

for models with different mesh sizes
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K & NPT TR B R R B fra AIRBE T 0 AR R Salif 1 Bl 1 P00 B 5 fog TR BE 12 0 A8 220 £ ] 1Y
PR IR B ; e MR EE 1 2% R A2, BUE 3% 107 575 1gy =6.150 - 0.492, @ = 1/(5+0.9f.), ful
SEOTRE A RS PUR SR & BURLIR B IE KRB £ W IR EE L AR 3R & 1 3 I BT hi sk 525 £ M IR
BTN Ry SN AR BT L &R EE LS BRI AR, BB A 1070575 1gB=66-2, 6 = 1/(1+0.8f.),
FORREE OB EE

*2 BEIMCDPIRESH

Table 2 Parameters of CDP model for concrete

Expansion angle/(°) Eccentricity Compressive strength ratio Stress invariant ratio Viscosity coefficient
30 0.1 1.16 0.667 0.005
222 W #

BT B AE T, R A REAY ) 2 BB AR Al S SR AR Jist I i B2 7 T, X 98 A A AR A IR 5 4%
SRCEMBL/N, BN T4 B R A FROTH PR S 43 B 22 L 6 s 93 7k (class metal plasticity ) #5471
BV R PREASE P A HEAf T

O 728 23R X8 A A £ Je Al AR IR R W R TR R IR 5 B ) R0 o A IO R A R, A D T
JO7 3 FiJeE At RS B4R T o ASBIESE R F B4 A4 56 S5 DIF 22300

é Qo
= () @
~ 0.04— f,
@ =0.074 - — = 4)

A ERBh TR R BB o MBI AR, B0 s715 f, BB Y JE R B
223 FEHERESHE
2SS RS T B ER
Po= (K_ l)pEm —Pa (5)
K po AR poWINRE ST, BLO0.1 MPa; k 48 A8 5L, B 1.4; E, R 5 T AE & p WS R
J&, B 1.225 kg/m®,,
224 TINTKRESHIE
15 FA BRICHERAE B TWL AR ZS 5 FRE27 3R B K I 10 30 25 0
W\ &y W\ ey, WE
p:A(l_Rl_V)e +B(1 RZV)C + % (6)
A p WBERIE S VI HIHAR E AR FUNGE; 4. BL R, R, i IWL RS BEPIELREH
¥, 4=373.8 GPa, B=37.47 MPa, R, =4.15, R, =09, w=0.35,

23 WEEMERSH

231 BIEE K
BE RIS B 19 5 KA KE 120 0.078 MPa, 5 52 {H 0.08 MPa il 25 KA 2.5%, SR KE & )
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WA SR IR AR TR R — B . Rk, TR BRI CEL A8 K B9 7T L v ff st B 40048 e ool D O 3%
FEA RS B b it Jin 7 45 4 b, X AR SO0 G LA A ()3 P R T S
232 AHBETERKR

P9 25 T B KEVE R 156 5 B (A 0L 405 T 25 A X6 B, k6 0 5 (A 400 45 SR 24 DA 25 il e 3K
&, G AR, BB A7 7E 29 o) T IR BE #0750 RECE B A S5 IREE + &,
FHEIE S5 F9 76 1008 57 1 i T HEIE O A% 3, i AR AE o0 8 s 1 b il TR PR 2 e A R g
Jet AR AT, 3 A B AARAT SR AR5 52 2, BSCIEASE UL %) i A R AR B 342 22 Akt B0 T 5 3 S L 1 T 284, 3 2 I
SR B ASE UL FH 0 34 e 5 I 00 0 AR B 2R 1, AR AR AR I e B0 L 3 T 4 s o ) L B R
B 10 25 H T BA AR 2 IR B0, T AR AR O HH B — A0 50 2 1T 3 v T 50 A e 0 X sy
330 mmx*400 mm, 5 FCEAS L TR 450 405 X AR ~F 310 mmx470 mm A F, %25 9 9.4%; IS T AN B 75 1R
B+ (0% PR KE R AR I /R FE T AR IR B, 080 PO U I ™, RS2 610 mmx640 mm, 5 4
B 5 X IR ST 560 mmx770 mm AH L, 15225 K 9.5%, HH IR 25 1 J5E PR 2 BB AR DL 100 SR 4% 1l 5 A e

Equivalent
plastic strain
0.12
0.11
— 0.10

+ 0.09
+ 0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

| Concrete depression |

Separation of steel plate and concrete | | Stress concentration at the support

o A
Fig. 9 Global damage of the specimen

Displacement/mm
88

81
74
66
59
52
44
37
29
2
15

10 R

Fig. 10 Deformation of specimen
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TG P A S 2R 277 AR T, R — R R K T 7 AR U BEIE 1] QR A% 38 ) g, PRIk, BB AR v 9 T
HFTT A R R

PLT 25 T (e A SELA 3 iy 79 00 9 Al 125 v
RrRg I REMZe . AP 11 AT DU Y, HCE AR AL rh
A T A B 5 T e K IMT R O 35 mm, 5 3 a0 44
T F9 A 355 o e R IMT B 38 mm AH L, 1R 2558 7.9%;
TR T A AR 25 A K BRI D 108 mm, Bk AR BRI

Mid-span displacement/cm

Jg 88 mm, 5 iR B 7 R A0 M 10 85 AR A ke e
100 mm *H Hﬁ, ﬁ%%ﬁ‘] 12.0%, :'ZHE“%%E@JE%& —=— Bottom plate

(TR 32 50 4% 1 S 030 405 T R ke, 74 T — 3 Sab e Topsteelplae
SRR KA, AT T 85 R M BE AR TE . ik 3 0 2 4 6 8 10 12 14

R AL 25 SR A X LG T L R 25 M 1 4 B Time/ms

05 FEL P, VTV 5 48 900 5 0 0 M 0 R 0 17 0 HIIT AR

Fig. 11 Mid-span deflection of steel plate

YER T A 2 .
233 REIHmGRR

12 AR EE T AE AR B0 A 5t A5 R 00, MOTRRBE 481405 ) st B AT A B R A, IR S 245 R R 4
INFRLAR R RIS o 200 8 TAT A R K 7™ A e 4 U 9 R 48 sl 55 e AR T, TREE 1 o 900 400 ol e i 284, i
FETS BRI, T3 KE = A b v A, TR BE 2 2R sl 8y U] g, 8O Py s B SRR 2

Equivalent
plastic strain
0.12
0.11

¢ Stress concentration :

0.09 l i...atthesupport £
0.08
0.07 -
=t 0.06 "
= 0.05 ( 17
— 0.04 A%y
1003 0 Y R 492090 Y o e
0.02 : ¢

. .

1.0 ms 1.5ms 4.0 ms
P12 REE LSRR N R
Fig. 12 Equivalent plastic strain of concrete

0.5 ms M, JNE i e B Se A o T 440 i B 30 8 5 Al ) A % T, % v DX B IR A 40, O
A& LY 10 A A 2 ST IR B R AR 1, TR BE T AR AR T AL DA D R T BRI R g BT R 4, T AR
AT TR 5 - bl DB BARCSR 0. Bl B R 35, 1.5 ms B, 300 4% 1 TR 56 - B 405 S 4 (BB i — 2 9
R, AEBIEZ T1R, F 7 1) A QBT 70 3k T 380 S0 BT, O A S8 B A mBE g B v, TR BE R A T
AL PR TR BE - R E— DR, I S TR SR . 4.0 ms I, BRI B ) REE T IR R TR
73, IR BE T IR IR T Aa € , TR BE 1 TE 1 HF A £ Ak s B S (4 17 g 86 vy, S8 B 3T TR Bk + TEHEIE A%
R ZERA, W R E 2 I X B I OIS, i TR BE b AP o B AL, O IH T LA B4
FRALEETT Hoh oo DU B 09 MR, {5 i T 2 B P AP TR 2 R T N S5 TR B 100 B, FRIE TR S
IR EE L WA Z 07, R WLIRBE R0V, TR BE T 2505 9K 78 % .
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24 HEIWIUE

X Eb AR B0 45 R, B AR 5 SR e PR T AR T AN YR BE ) 1 AR D R RS S AN A RN TR R 16 )
B%, I3 3 i, R0 S5 BEA RIS 2 A F AR A AR T R SHR 2200 518 9.4% A1 9.5%, | F 8t
A5 T AR A B IR 2200 R 7.9% F112.0%, FEVE T S DR IR 220 2.5%. Mt rl UL, 356 45 0 5 500E
FEAUL G5 SR AR X W) B, 5 22 S 705 FEYE B, SIE W B0 A 100 Ak v A A 0032 56 M M 17 B0 /E R CSCS A
BB IR S B

x3 HRERSHERULERONL

Table3 Comparison of experimental results and numerical results

Part Deformation Residual deflection Explosion pressure
Test/(mmxmm) Sim./(mmxmm) Error/% Test/mm Sim./mm Error/% Test/MPa Sim./MPa Error/%
Top steel plate 330%400 310%470 9.4 38 35 7.9
Bottom plate 640610 770%560 9.5 100 88 12.0
Measurement points 0.08 0.078 2.5

3 BHHH
CSCS 245 40 P R 52 R E 80 . BT L SRR S B 8 1 1 5 26 1K) 32 1 B0, AR LT 4 4>
ST 4 4135 16 4 SR T 8L CSCS LA B HMRME REIEAT 43 BT, 2 0L T30 13 4 P
IR, I 3ok 2 TEAR L A 530 110 75 1 14 B o R B A
T4 SHRUTIR

Table 4 Parameters for simulation

Simulated Explosion Top steel plate Bottom steel plate Arch heights/ Stud spacing/
specimen distance/m thickness/mm thickness/mm mm mm
CSCS1-1 0.6 3 3 300 110
CSCS1-2 0.7 3 3 300 110
CSCS1-3 0.9 3 3 300 110
CSCS1-4 1.1 3 3 300 110
CSCS2-1 0.5 4 4 300 110
CSCS2-2 0.5 5 5 300 110
CSCS2-3 0.5 5 3 300 110
CSCS2-4 0.5 3 5 300 110
CSCS3-1 0.5 3 3 250 110
CSCS3-2 0.5 3 3 200 110
CSCS3-3 0.5 3 3 100 110
CSCS3-4 0.5 3 3 0 110
CSCS4-1 0.5 3 3 300 70
CSCs4-2 0.5 3 3 300 90
CSCS4-3 0.5 3 3 300 130
CSCS4-4 0.5 3 3 300 150

31 RIEEEE
B 13 28 T S )R M B B T TR 0 S M A ph P 13 T, M B AT, B b ik
RERL A I, W KRR B R 0.5 1 0.6 m I, TR - 30045 T 0 X 38l ) 30 T 4 B B, 0 M R T R, 7 IR
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e F R N 2 A 248, 520 X OB SV O IR 2, 752 UT S8 B FNAR £ 14k Hh BLBA 2 A4 R 0 B v 24
RN R B, AR RS O 0.9 A 1.1 m I, YR E AR A 405 32 BRI O 2R, g v A5 4 DX I A ek
JIN, R 2T 1] A S RAE R . TR, B a8 e 8 0 198 DA, TRERE 5 v TMT B i T D /)

Equivalent

plastic strain |
0.12 ‘

0.11
0.10
— 0.09
— 0.08

+ 0.07
0.06
0.05
=T 0.04
— 0.03

0.7 m
(a) Blast side

0.02 0.5m 0.6m 0.7m 0.9m
0.01 (b) Rear side
0.5 m 0.6 m 0.7 m 0.9 m 1.1 m
(c) Side

P13 R [RDEE KRR S TRSE L i S5 OB RN AR
Fig. 13 Equivalent plastic strain of concrete at different blast distances
W 5 R B A, YRR B e 58 7 T B B R A, ok R T B R K T A R R Y
I, K K BE A 2 WG, TRBE L 2 A AR Y B2 TR AL B R ek s L, AR R B I 0, g K AR T
FEL R, A AR IR B A L 119 32 T 90 16 B, BB S A A A P TR B - 1) 52 e ke bk o phattml DL, 98 o A 4
PR B AT AR U8/ MR B - 445 N B v T

B 14 45 T SRR KERE B F CSCS 414 47 0
MBS PR R R I . TR, iR | R
RSP AE MR T DO, SRR AN E ] N e
4 0.5, 0.6, 0.7, 0.9 F1 1.1 m B, Ji& HB 4R AR 5% K e S gl
BN 107, 77,58, 2.9 F10.9 cm. SABKEBERIHE T ol
K L1 mitt, REHBILT R R AT . B 5 ) G e m
KEBEBS HOR K, WAL TE SRR KBS BT = ap T Csesia 0o m
SR T o o 6 /0, 5 5 4 18 A K, Sef ., e CsCSka(lim)
5B X R B B W T 22 . M T 0.5 m, 0 2 4 6 5 10 12 W

Time/ms

PR KRR B A 1.1 m B 8 R TR AR 1) 5 e KB — T
BN T 91.59%, TR 3 JCHEKE B B B R s s
%M% *ﬁ Y ¢ j(j’%ﬁ il ﬁE%T%E ° at different blast distances
32 WREE

15 SN R TRl B T TR = 1 SRR e A o R T 1S RT AT 24 HR SR BE R 3 mm B, DA TR
WE 05 32 B BN SO IR Y AN ARUE A 5 mm BN, 200K 1T YR B A 5 X S B YR R A A
/INo JEIE X CSCS A CSCS2-3 A B, To T 40 Al J5E B2 (04 38 0 AN S RE /) 200 e T 1 9 - 2 280 e I ) A2
B, R TR B T RSB TR . XF L CSCS FI CSCS2-4 & 30, JS A9 A 52 JBE (14 189 m %o ¥ o6 1+
F4) 300 A5 TET N T A% T 43405 T S S S DTRR O N T AT AR M A5 R DXk 1 YR R - 1M 574 i AR
JE (R B B G AR /N o TR E AR BTN ARAR ) PR A T AR BRFR S8R, TORE R TS 4L
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Fig. 15 Equivalent plastic strain for concrete with different steel plate thicknesses
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Fig. 17 Equivalent plastic strain for concrete with different arch heights
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Fig. 19 Equivalent plastic strain of concrete for models with different stud spacing
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Fig. 21 Fitting surface for mid-span deflection
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Testing and Numerical Analysis of the Anti-Blast Performance of Curved
Steel-Concrete-Steel Composite Slab Using Headed Stud Connectors

CHEN Yingjie', LUO Cheng', ZHAO Chunfeng'?, HE Kaicheng®

(1. College of Hydraulic and Civil Engineering, Xinjiang Agricultural University, Urumchi 830052, Xinjiang, China,
2. College of Civil Engineering, Hefei University of Technology, Hefei 230009, Anhui, China)

Abstract: The curved steel-concrete-steel composite structure is a sandwiched structural member, consisting
of two curved steel plates and concrete core. Headed studs are used to connect the steel plates and concrete to
achieve the composite effect. This type of structure is promising for improving earthquake resistance and
anti-blast performance, and has been applied in super high-rise structures, offshore platforms, and nuclear
power facilities. This paper conducts experimental and numerical analysis to investigate the damage mode
and mechanism of the curved steel-concrete-steel composite slab. Additionally, a parametrically analysis is
conducted to explore the impact of blast distance, steel plate thickness, arch heights, and stud spacing on its
anti-blast performance. The results indicate that the curved steel-concrete-steel composite structure performs
well globally and retains their structural load-bearing capacity without failure after subjecting to blast
loading. Increasing the blast distance and steel plate thickness can effectively reduce the concrete damage
and the span deflection of the composite slab. Reducing arch heights causes a switch in concrete damage
from compression damage to tensile damage, which is more severe and results in larger span deflection of
the slab. Although reducing stud spacing increases the concrete plastic damage, it reduces the span deflection
of the composite slab. The research results can contribute to the design and applications of curved steel-
concrete-steel composite structures.

Keywords: blast loading; stud curved steel-concrete-steel composite slab; anti-blast performance;
parameter analysis
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