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Dynamic responses of AP1000 reinforced concrete shield building
subjected to contact explosion
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Abstract: The reinforced concrete (RC) shield building is the first external defense layer of AP1000 structure. Therefore, the
safety and integrity must be ensured during the plant life in any conditions such as the blast loading. In this study, the coupled
Euler-Lagrange (CEL) method was used to numerically simulate the fluid and structure interaction (FSI) between air and
AP1000 RC shield building. The dynamic response analysis of the 20 contact explosion positions of the shield building under
explosive loads were carried out, and the damage mass was used to evaluate the damage. The evolution mechanism of pressure
and damage mode were discussed. The numerical results clearly show that, under the contact explosive loads, the RC shield
building has the local damage near the explosive point. The damage degree at the same height but with different
circumferential angle are similar, while those in the same circumferential angle with different height are different. In addition,
through analyzing the pressure and damage evolution, the strategy of the different parts of the plant reinforcement was
proposed. These results might be helpful to understand the behaviors and characteristics of the AP1000 RC shield building

under contact explosion and provide valuable references in design and engineering practice.
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Fig. 1  Stress-strain curve of RHT constitutive model
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Fig. 4 Experimental and numerical results of reinforce concrete slab under explosion
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Fig. 5 Finite element model of AP1000 nuclear power plant
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Fig. 6 Peak overpressure curves at point 5
under different element sizes
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Fig. 7 Layout of axial and circumferential explosion points Fig. 8 Arrangement of observation points
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Table 2 Locations of explosion and working conditions

HRVENLE T JRIEDL T8 FRVENLE T8 FRYENLE T8 FENENLE T4
[-1 1 -1 5 -1 9 V-1 13 V-1 17
-2 2 m-2 6 Ir-2 10 V-2 14 V-2 18
-3 3 -3 7 -3 11 V-3 15 V-3 19
[-4 4 -4 8 -4 12 V-4 16 V-4 20
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(a) All observation points (b) Except for observation point 3
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Fig. 9 Pressure curves of observation points of working condition 1

p/MPa p/MPa p/MPa
52.0 20.0 3.694
46.1 17.3 2.325
40.2 l 14.6 0.955
343 11.9 -0.414
28.4 l 9.2 —1.784
22.5 6.5 —3.153
16.6 3.8 —4.522
10.7 r 1.1 —5.892
4.8 ﬂ -1.6 —7.261
-1.1 -4.3 —8.631
-7.0 =7.0 —10.000
(a) =1 ms (b) =3 ms (c) =7 ms
p/MPa p/MPa p/MPa
1.0 0.40 0.250
0.7 0.33 0.195
0.4 0.26 0.140
0.1 0.19 0.085
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Fig. 10  Pressure distributions of working condition 1

044201-8



540 % it ze, S5 AP1000SHM) b 7EHE Al B X i 28V T T A9 AR e 8 1 0 55 4 3]

B 10 BRI B AE TO0 1R R Sy DAL 4K A2 . 24 =1 ms B, FE 257 A5 J o IR 17 R dk i et
PR AL () T Sy Rk b T, P A R B A N 0 0, 1 R R AR R i TRE + 0 Sh A PUE SR T s 24 =3 ms B, #h
i U T HE A B R 2URI LSS, VE AR B 0 B 1 R RE R S, R IR AE T WA LA T T S s Y
=7 ms B, BEUR 0 XSRS SR AR, TR B AIK 2 A (8, i X SRIF B 52 hr I VE T 24 =12 ms B, 454411
FE 7 WE ARV /I, R T 8 (1 4 8 1) FLIR A A B L (5 2R3k B SO0 958 B2 5 24 =30 ms B, HE 77 e {4k 4%
RAAR, i T R (L R A A DR RS 4 b, TR R 7E 2 R AL AR A FL I IX I AR
35 #mfpiE ot

B T 1 BB A = B (R OG(E B 0CiE) 31 1(2T) 3B i K)o A T e AR B, LL&S
P B ZE W IR A B3 405 T M P 4R b o BT SR R 7R AT R AR 5 (B 1K B 1, 1T 2548 B 2 0 TR 1 461 45 I
i, AT DL A BR TR A B AR B 1A ST R RN . 2 =5 ms B, B E P 2UR Y
Fk, 1 ) T2 5 1) 245 Ms 806 1 v di s T A AAR, T o B2 A9 7 g 3, KRB VR DX 3 ) 0 A TR O B R, TR AR T
AV VB 0 A X, BT VS MR BT, LIS A TR O 2 25 TR BRBE 7, 5 R B XS TR AT A, 4
TUIE J A4 ARG 158 DX A 1) Ay B, A1 Sy S i 25 0 1 R o ABT 4 R DK B 1) R 6 R [D 8 7 A 6 el )
E 3R BRI R F7, B LA R X 3sk 10 R LA Gl i) PR A T2 2 =20 ms B, 07 ik 44k 6 i ] R A AT TR 95
A0 AL AR, I B AR K o D 1 B R A 43 R T TR 85 A R A RO R, A A TR R 1 B 1 R
A B A, R 4 S R 0 X 8, 2, S50 58 @305 KA i . 7E =20 ms F /=50 ms [A], |~
i 9 5 R DX IO PR AR S 8 o X U B, b o AR A 0 Ao R S SN, N ) U AR B 4 4
W, Ho B O TR B+ A sh b R SR, BN BE BT R TR -, (L 6 y a] DA RS A1 R A A T e
FJRFEA AR IR D) R AR, ) I SRR R X PR R L A B R K Ry 8.295 m,
Wm0 e KK 12.32 m.

Penetrating failure

Shallow failure

(a) =5 ms (b) =20 ms (c) =50 ms
B T AR A

Fig. 11 Damage distributions of working condition 1

P12 g T8 1 005 R 0 i 2, 45 7 4 280
HE A2 31 20 ms I, 4505 5% k2K B RAE 454 ol
1 B 1Y) 88% N 98%. & 13 S T4 1 B}, 4544
JEE M £ 1 KRV BRI A 4 A 5 R AT AL _ 200}
W 8 AKE T AT A O Z5H T AR A5 12 f <
(R . . IS NLE . RS A B oo
ST 4, 5 bR R, R BRI, fE 3 120}
4 T A5 2477 2 1 mm 22 A B TR AR T B S . . . .
VLI AE I A 4 5 (0 BE T EE W 0 0 P
T A A 00 5, 0 A 4 8 S R S R W 43 ) P12 T R
A 0.364 m/s 1 100 m/s?, Fig. 12 Damage mass curve of working condition 1

044201-9



5540 & 15 743

44

0 10 20 30 40 50
t/ms
(a) Displacement

100

v/(m's™)

t/ms
(b) Velocity

80

t/ms
(c) Acceleration

B3 A0 1 I RS | B R it 2

Fig. 13 Displacement, velocity and acceleration curves of different points of working condition 1

A A ) UL RE P R R e A, A R R o R A ) BT [ PR 45 4 9 B o R A5 A T
TR, YOI g K A TR AR A e AR o 3 A 4 40 A o AR AR DX IR B4 23 A, AT L&
B, R RS e iy (9 Ty X v B ) B B UM RE IR, 20\ i ISC ATy 14 00 SR T 30 1) B O RICR,

3.6
3.6.1

A EVRIR AL B R IR E AR S
IR T S MO S 4

Xof g A7 " 7 R )l 1] o B L AN [ B o) ) B2 A B HEAT oA o 1RT 14 D AERRKE KA 50 ms J5 20 Fif
T AL B S M B R A B s R M e . Sl T I, I, V.V, TER i) o0 A [R], $54 47 i Ae

AR/, B KA T AR LA JE 2%; 245l 7] T35 A
T B, AN [6) 25 ) £y B8 A 2403 o it e K AE 46y
21.5% FRpm 100 2 00 0 i B /N, 7R i% T
T, KEZRRE I G R K 1) 0L D AR IR AL
o i H AR PR B I8 U A L DX, AR R A K
FHAIR [ T 5.

PR F e e, L R Al el s B 1T L R [R) B )
AR, 25 F TE BB R R JS R = &,
1S Fias o ] LA Wb T HE & BR, 76 3% 5 1)
JE . RFER AT, & 05w X, &
JZ IR DX 30 T R R 47 I o 34 AR KRR B 1Y
ARARLE o At it ) 3 B2 TR RE A G i A R

R |
400 + o
300 /-\I-
=, = BT
£ 200
—
100 - v
1 2 3 4
0 1 1 1 1
0 90 180 270
BI°)
B 14 IR[RNSh i B L S R 2 A B AR U Ay
B4 I T 2R

Fig. 14 Damage mass curves with different axial
and circumferential explosion points

044201-10



5 40 & Wiz, 5. AP1000JFEIK T b 1E He Ml Ke aer a8 E 0 T B ARzl o A %4

(a) -1 (b) -2 (© 13 () -4
B 1S S [R)ER ) F RE R UR AL B A 451405 =

Fig. 15 Damage distributions with different circumferential explosion points

ZE Lk, B D AE B AR KE T B AE R R, B T AR R B AR TR A AL e BE DX R AN ) B o A 7 A 1
P 0 2 SR AR, A b B o R L O TR B o R AR A A 2 AR DN, 4N T AR R B A AL
BT B, B e A RE L, AR A% B R IX 8 4% I D/ S
3.62 TR#h&EE. HMEIRE A K

BRAE VTV AN Rl 1) ve B L A ) B0 ) ) BE A BB o 25 S5 (AR 1) A B 09 T 1. 5.9, 130 17 2K
B o ph T A A R 1 L A [ A 1) A R A A% 25 SN, T DA B R T O R A ] 2
Foo & 16 4% THLAE 1.5, 10 ms =ANF 20 1 Fnas v fk = 18]

M =1 ms B, B 74 AR IR X8, HLE 7 DU IS R KPSl AR, 453405 X 38 2 22 AR 1) Ky Kl 1)
W AR, AN [ % i) T 000 A4 10 g I8 e A JE BH B 25 5, S R e R LA Bl ey P e 3k 3

24 =5 ms BF: T80 1 AR 33 LUK SE 7 1) S ARG FR, 00 S5 B 7 AN FEXFFR, L6 8 5 fi 1 38
A 0 2R D TG 9 B4 I R T A A R VAL DX R U ) 1 L DR, AR IR 0 R 32 B A
FH; B0 13 09 15 8 R 06 3 HE B0 7 8 R0 IX 38, 0 J8 VR A 17K S B 4507 Tl 552 B0 X R ) 6, 6708 (L HH B
FEK AR 1) HhoC Ab s TG 17 BN I R S R R R DX, L SR TR A O 1) A 450, X T BT
FE S5 IR v (14 52 0 220 S 06 S B0, R T I B B DR SR AR R T 1.5, 9. 13 R IX
BT R AT E

M4 =10 ms B, T00 17 B840 s k2, H RS0 1 i A i 9 R, 58 LR R S KE o F
KA FpC DX, 07 7 I8 A5 49 B0 K AR 1 30 B A R b ) 8L 3 R g B, B2 B, A B )
TER T R

FH AN [ ) 2 A g 1) 08 0 YAk R P DA 2 22 SR o 1 497 23R 14 Jr =4 o8 5 4 1 e R P B Y
FE G RE DX IR AT A4 DX i 2 1 2 ) B A 365 e /K AR XSGR AR, T /K AR 0 30 S BELAS 1 g % i
R, 237 R kA, 7 ) A g 2 1) A5 S5 LA ] 7 %

H 17, B Al K A7 R Rl ) 2 L R TR A 1) 0 B B, BRI RR E 25 SRR, T UZR o R 8 R
[l ) 7o L AR R) A 1) A BE 1 8RR Y von Mises [ J7 2k, An1& 17 T o AT LUK B, 76 32 fid o K 1o 2 1
FHF, von Mises Jij J7 44 52 SRR IR 52 , 3K J2 Y 285 A4 7 32 17 7 I8 A T s R 67 RS T 22 AN [+ g g 37 5
Ay, BIFRAL von Mises W JJIEAE i R E)IMER KBTI 17, 9, 13,5, 1, T4 17 A4 von Mises i JJiE K
T H b B 1) T R PR R R U A 2 DX SR A £ A R R A5 B KA R T A A SO, N T I A R
TR IR G RIZ, MELAFEREC R B0 . T4 9 A9 von Mises I {H > T.% 5 1) von Mises fi{H > T2 1 #Y von
Mises WE{H, J2& F1 T 25 P4 RS 0t Jin 4= 24 0, 25400 St DA JEG 30 [ 52 A B bk o T 1000 13 B R A SR Ao AR T
FEOR (0 JUAT T AR, AE 4R S R B 5 oAt T80 R EA R bk, SR NI A A, T2 13 9 von Mises
N AREAN T T8 5 FITH 9 /Y von Mises W I IR {E 22 6] .

044201-11



=1 ms

(e) Worklng condition 17

55 40 % B’ 5 i 5% 41
p/MPa p/MPa p/MPa
315.40 3.694 .
277.40 2.263 0.8
239.30 0.832 0.6
201.30 —0.599 0.4
163.30 —2.030 0.2
125.20 -3.461 0
87.22 —4.892 -0.2
49.19 —6.323 -0.4
11.16 —=7.754 —0.6
—26.87 —9.185 -0.8
—64.90 —-10.620 -1.0
=1 ms =5 ms =10 ms
p/MPa p/MPa
62.470 5.228
46.240 3.602
30.010 1.975
13.770 : 0.348
—2.461 : -1.278
—18.690 —2.905
—34.930 —4.532
-51.160 —6.158
—67.400 - —=7.785
—83.630 -9.412
—99.860 —11.040
p/MPa p/MPa
20.910 3.0
10.030 2.6
—0.655 2.2
—11.440 1.8
—22.220 1.4
—33.000 1.0
—43.790 0.6
—54.570 0.2
—65.350 —0.2
—-76.140 —0.6
—86.920 -1.0
p/MPa p/MPa
63.720 4.0 5.0
55.970 3.4 42
48.230 2.8 3.4
40.480 22 2.6
32.740 1.6 1.8
25.000 1.0 1.0
17.250 0.4 0.2
9.507 -0.2 —0.6
1.763 -0.8 -1.4
—5.982 -14 2.2
—-13.730 -2.0 -3.0
(d) Working condition 13
p/MPa p/MPa
10 6.50
7 445
4 : 2.40
1 0.35
-2 i -1.70
-5 -3.75
-8 —-5.80
—-11 -7.85
—-14 -9.90
-17 — -11.95
-20 ) —14.00

P16 AN [ dal e g AR RS 75 140 T AN A5 403 A1

Fig. 16 Pressure and damage distributions with different axial explosion points

044201-12



540 % it ze, S5 AP1000SHM) b 7EHE Al B X i 28V T T A9 AR e 8 1 0 55 4 3]

—— -1 (WD)
L —— -1 (W5
0t 10 (W5)
P —— TM-1 (W9)
) F — N-1(W13
6l —— -1 (W5) 8 (W13)
g —— 1I-1(W9) £ 6
= —— V-1 (W13) =
S —— V-1 (W17) e al P
2 L
_2 1 1 1 1 0 . 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
t/ms t/ms
(a) Working conditions 1, 5,9, 13, 17 (b) Working conditions 1, 5,9, 13

B 17 TR Sl ) 757 BE B RS Y von Mises [ 77 £k

Fig. 17 Von Mises stress curves with different axial explosion points

E 18(a) I T 1. 5.9, 13, 17 M FE v P Aa e 5 i i1 B f i £ o T DA B, $5 M i B & A= 7
[580 A: DX 355 114 463 493 2 B8 K T A e IR AR K A XSk A 40 405 2 B o 5 i o) 50 H, 2 oA O & A A B
] T8 1 BB A A B 5 ™ i, A, ZEARYE & AE 20 ms 5, Bl Tk T T, M0, IV (95 e mi e IX 351 455
R TRE . I 18(b) AT LAK IR, Bl T8 V45 b A% IX 35407 o b 78 2 K, T DR Aty

25 L TIR, Al K e AR AE B R D AN TR il ) v X A 40 R A B 25 o Al e e T
Pl T B0, Bz b KE 2 A el i) T 1T BRP 42,5 mom B2 A s 1 25 O B A R B de R 1l 1 g T D AE AL %
bR B B FLIRRAL T, B8t & A FEH, P LAHE DT AH [R50 TNT A flo b e & 26 6 ) o3 B T 5 FL
AN S AL Z R SN B, R M e DX 4 o o e K

400

11w 70t — 1
—e—TII-1 (W5) /
—— -1 (W9 60
(W9) /+V-1 (W17)
—— V-1 (W13) = /
=50 %

300 -

200 —— V-1 (W17) g Py
40 +
100
/.0—0/"/*—*__‘ 30t
0 10 20 30 40 50 60 0 10 20 30 40 50
t/ms t/ms
(a) Working conditions 1, 5,9, 13, 17 (b) Working condition 17

PR 18 A [ At e g AR VRS 5 ) 45 407 o A ot 2

Fig. 18 Damage mass curves with different axial explosion points

4 &

BF ALt 8h 713 MR ¥ AUTODYN, Xt AP1000 A% & ) F #8422 il X i 484 FH T 19 8 g o i
LA it it AT o3, #E B LR 458

(1) AP1000 #% & R R | D 75 4 i K X 110 oo T . SR I A A7 800 T, 540 0 A JRy T IR, 4544 1Y)
P03 o e e LR R B R IS TR N TR E o DR A LRI 32 815 kg TNT $ kA K oy A2
M, BRIRIX IR LR aAE T, S — R BT R AL

(2) BB U5 AR [ ol 1) w2 B8 | AN [R) A o) R B2 7 A 400 40 e B8 22 S AR/, 7 o AR L B9 B AR i e
I B EE R R AR R BRI

(3) 2 fiph g e A A A T A DX IR ) 468 0 R FEE R e A AR AR AR K R DX IR 2 5 R B2, L & 2 A i )

044201-13



5 40 4 15 743 5 i i 41

o BE A T FLRN A AL Z TR A AL, T D BUCRE DX B 400 40 e e ™

(4) DAZE Ay 1) 98 A0 36 A R 2 288 mT AAR Y, 4 SR 8 e 473 23R 1) 75 538 i o e ) o ) 70 4 11

RE ST, A5 15T DX, ARAES A DX Il i a3 5 A 1) P50 473 5%, KR X3, 7 (] 38 5 28 r] 5 73 24 A1 20 f) i

R
S Wk

(1] Akidikk. dEREBNZE e AP1000 [M]. dbat: JEFBE T AL, 2008: 16-17.

[2]  ROGERS G L, DIMAGGIO F L. Dynamics of framed structures [M]. New York: John Wiley and Sons Incs, 1959: 100-120.
DOI: 10.1115/1.3643926.

[3] BAKER W E. Explosions in air [M]. Texas: University of Texas Press, 1973.

[4] KARPP R R, DUFFEY T A, NEAL T R. Response of containment vessels to explosive blast loading [J]. Journal of Pressure
Vessel Technology, 1983, 105(1): 23-27. DOIL: 10.1115/1.3264234.

[5] HASHEMI S K, BRADFORD M A, VALIPOUR H R. Dynamic response of cable-stayed bridge under blast load [J].
Engineering Structures, 2016, 127: 719-736. DOI: 10.1016/j.engstruct.2016.08.038.

[6] TANG E K C, HAO H. Numerical simulation of a cable-stayed bridge response to blast loads. Part I: model development and
response calculations [J]. Engineering Structures, 2010, 32(10): 3180-3192. DOI: 10.1016/j.engstruct.2010.06.007.

[7]  KELLIHER D, SUTTON-SWABY K. Stochastic representation of blast load damage in a reinforced concrete building [J].
Structural Safety, 2012, 34(1): 407—417. DOIL: 10.1016/j.strusafe.2011.08.001.

[8]  FENG F. Dynamic response and robustness of tall buildings under blast loading [J]. Journal of Constructional Steel Research,
2013, 80: 299-307. DOI: 10.1016/j.jcsr.2012.10.001.

[9] CHENIJY,LIUX P, XU Q. Numerical simulation analysis of damage mode of concrete gravity dam under close-in explosion [J].
KSCE Journal of Civil Engineering, 2017, 21(1): 397—407. DOI: 10.1007/s12205-016-1082-4.

[10] ZHANG S R, WANG G H, WANG C, et al. Numerical simulation of failure modes of concrete gravity dams subjected to
underwater explosion [J]. Engineering Failure Analysis, 2014, 36: 49—64. DOI: 10.1016/j.engfailanal.2013.10.001.

(1] ERIE, R, XUST . 50 20 KE A 2 T el i 22 A 7 (W 8l g R 23 [7). AR A 51501, 2005(4): 20-23.
DOI: 10.3969/].issn.1007-9467.2005.04.007.
WANG T Y, REN H Q, LIU L S. Nuclear power station concrete containment dynamical response analysis under blast load of
general bomb [J]. Construction and Design for Project, 2005(4): 20-23. DOI: 10.3969/].issn.1007-9467.2005.04.007.

[12] PANDEY A K, KUMAR R, PAUL D K, et al. Non-linear response of reinforced concrete containment structure under blast
loading [J]. Nuclear Engineering and Design, 2006, 236(9): 993—1002. DOI: 10.1016/j.nucengdes.2005.09.015.

[13] BAO X L, LI B. Residual strength of blast damaged reinforced concrete columns [J]. International Journal of Impact
Engineering, 2010, 37(3): 295-308. DOI: 10.1016/j.ijimpeng.2009.04.003.

[14] CAO XY, XU Q, CHEN ] Y, et al. Damage prediction for an AP1000 nuclear island subjected to a contact explosion [J].
Structural Engineering International, 2018, 28(4): 526-534. DOI: 10.1080/10168664.2018.1462673.

(151 AR, B 2. YRR AT 20 0E A A9 A TR 6 &2 A s i A Lt 2 43 B ). 48R HE 5 vl 2013, 33(6): 667-672. DOL:
10.11883/1001-1455(2013)06-0667-06.
ZHAO C F, CHEN J Y. Dynamic responses of reinforced concrete containment subjected to internal blast loading [J].
Explosion and Shock Waves, 2013, 33(6): 667—672. DOI: 10.11883/1001-1455(2013)06-0667-06.

[16] MALVARL J,ROSS C A. Review of strain rate effects for concrete in tension [J]. ACI Materials Journal, 1998, 95: 735-739.

[17] BATRA R C, KIM C H. Analysis of shear banding in twelve materials [J]. International Journal of Plasticity, 1992, 8(4):
425-452. DOI: 10.1016/0749-6419(92)90058-K.

[18] KALTHOFF J F, WINKLER S. Failure mode transition at high rates of shear loading [C] / DGM Informations Gesellschaft
mbH. Impact loading and dynamic behavior of materials. 1988: 185-195.

(191 KALTHOFF J F, BURGEL A. Influence of loading rate on shear fracture toughness for failure mode transition [J].
International Journal of Impact Engineering, 2004, 30(8-9): 957-971. DOI: 10.1016/j.ijimpeng.2004.05.004.

[20] NEEDLEMAN A, TVERGAARD V. Analysis of a brittle-ductile transition under dynamic shear loading [J]. International

Journal of Solids and Structures, 1995, 32(17): 2571-2590. DOI: 10.1016/0020-7683(94)00283-3.

044201-14


http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1016/j.engstruct.2016.08.038
http://dx.doi.org/10.1016/j.engstruct.2010.06.007
http://dx.doi.org/10.1016/j.strusafe.2011.08.001
http://dx.doi.org/10.1016/j.jcsr.2012.10.001
http://dx.doi.org/10.1007/s12205-016-1082-4
http://dx.doi.org/10.1016/j.engfailanal.2013.10.001
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.1016/j.nucengdes.2005.09.015
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1080/10168664.2018.1462673
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.1016/0749-6419(92)90058-K
http://dx.doi.org/10.1016/j.ijimpeng.2004.05.004
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1016/j.engstruct.2016.08.038
http://dx.doi.org/10.1016/j.engstruct.2010.06.007
http://dx.doi.org/10.1016/j.strusafe.2011.08.001
http://dx.doi.org/10.1016/j.jcsr.2012.10.001
http://dx.doi.org/10.1007/s12205-016-1082-4
http://dx.doi.org/10.1016/j.engfailanal.2013.10.001
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.1016/j.nucengdes.2005.09.015
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1080/10168664.2018.1462673
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.1016/0749-6419(92)90058-K
http://dx.doi.org/10.1016/j.ijimpeng.2004.05.004
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1016/j.engstruct.2016.08.038
http://dx.doi.org/10.1016/j.engstruct.2010.06.007
http://dx.doi.org/10.1016/j.strusafe.2011.08.001
http://dx.doi.org/10.1016/j.jcsr.2012.10.001
http://dx.doi.org/10.1007/s12205-016-1082-4
http://dx.doi.org/10.1016/j.engfailanal.2013.10.001
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.1016/j.nucengdes.2005.09.015
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1080/10168664.2018.1462673
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.1016/0749-6419(92)90058-K
http://dx.doi.org/10.1016/j.ijimpeng.2004.05.004
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1115/1.3264234
http://dx.doi.org/10.1016/j.engstruct.2016.08.038
http://dx.doi.org/10.1016/j.engstruct.2010.06.007
http://dx.doi.org/10.1016/j.strusafe.2011.08.001
http://dx.doi.org/10.1016/j.jcsr.2012.10.001
http://dx.doi.org/10.1007/s12205-016-1082-4
http://dx.doi.org/10.1016/j.engfailanal.2013.10.001
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.3969/j.issn.1007-9467.2005.04.007
http://dx.doi.org/10.1016/j.nucengdes.2005.09.015
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1016/j.ijimpeng.2009.04.003
http://dx.doi.org/10.1080/10168664.2018.1462673
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.11883/1001-1455(2013)06-0667-06
http://dx.doi.org/10.1016/0749-6419(92)90058-K
http://dx.doi.org/10.1016/j.ijimpeng.2004.05.004
http://dx.doi.org/10.1016/0020-7683(94)00283-3
http://dx.doi.org/10.1016/0020-7683(94)00283-3

5 40 & Wiz, 5. AP1000JFEIK T b 1E He Ml Ke aer a8 E 0 T B ARzl o A o4

[21]

[22]

23]

[24]

[25]

[26]

271

[28]

[29]

[30]

[31]

[32]

RAVI-CHANDAR K. On the failure mode transitions in polycarbonate under dynamic mixed-mode loading [J]. International
Journal of Solids and Structures, 1995, 32(6): 925-938. DOI: 10.1016/0020-7683(94)00169-w.

Center Dynamics Inc. Autodyn theory manual [M]. Concord, CA: Century Dynamics Inc, 2006.

RIEDEL W, THOMA K, HIERMAIER §, et al. Penetration of reinforced concrete by BETA-B-500 numerical analysis using a
new macroscopic concrete model for hydrocodes [C] // Proceedings of the 9th International Symposium on the Effects of
Munitions with Structures. Berlin-Strausberg, Germany, 1999: 315.

HULATT J, HOLLAWAY L, THORNE A. Preliminary investigations on the environmental effects on new heavyweight
fabrics for use in civil engineering [J]. Composites Part B: Engineering, 2002, 33(6): 407—414. DOI: 10.1016/S1359-
8368(02)00034-3.

JOHNSON G R, COOK W H. A constitutive model and data for metals subjected to large strain rates and high temperatures [C] //
The 7th International Symposium on Ballistics. Hague, Netherlands, 1983: 541-547.

VAN DER VEEN W A. Simulation of a compartmented airbag deployment using an explicit, coupled Euler/Lagrange method
with adaptive Euler domains [R]. Florida: NAFEMS, 2003.

BENSON D J. Computational methods in Lagrangian and Eulerian hydrocodes [J]. Computer methods in Applied Mechanics
and Engineering, 1992, 99(2): 235-394. DOI: 10.1016/0045-7825(92)90042-1.

L1J, WU C Q, HAO H, et al. Experimental investigation of ultra-high performance concrete slabs under contact explosions [J].
International Journal of Impact Engineering, 2016, 93: 62—75. DOI: 10.1016/j.ijimpeng.2016.02.007.

LIJ, WU C Q, HAO H. Investigation of ultra-high performance concrete slab and normal strength concrete slab under contact
explosion [J]. Engineering Structures, 2015, 102: 395-408. DOI: 10.1016/j.engstruct.2015.08.032.

LI J, WU C Q, HAO H, et al. Experimental and numerical study on steel wire mesh reinforced concrete slab under contact
explosion [J]. Materials and Design, 2017, 116: 77-91. DOI: 10.1016/j.matdes.2016.11.098.

WANG W, ZHANG D, LU F Y, et al. Experimental study and numerical simulation of the damage mode of a square
reinforced concrete slab under close-in explosion [J]. Engineering Failure Analysis, 2013, 27:41-51. DOI:
10.1016/j.engfailanal.2012.07.010.

ZEAOT B e TR E ST 5 T IR BE LT A IR [J]. R KE 5 s, 2010, 30(2): 220-224. DOI: 10.11883/1001-
1455(2010)02-0220-05.

LI B P. Damage effect of a concrete gravity dam under continuous attacks of guided bombs [J]. Explosion and Shock Waves,
2010, 30(2): 220-224. DOI: 10.11883/1001-1455(2010)02-0220-05.

(TS T9%)

044201-15


http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/S1359-8368(02)00034-3
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.007
http://dx.doi.org/10.1016/j.engstruct.2015.08.032
http://dx.doi.org/10.1016/j.matdes.2016.11.098
http://dx.doi.org/10.1016/j.engfailanal.2012.07.010
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/S1359-8368(02)00034-3
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.007
http://dx.doi.org/10.1016/j.engstruct.2015.08.032
http://dx.doi.org/10.1016/j.matdes.2016.11.098
http://dx.doi.org/10.1016/j.engfailanal.2012.07.010
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/S1359-8368(02)00034-3
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.007
http://dx.doi.org/10.1016/j.engstruct.2015.08.032
http://dx.doi.org/10.1016/j.matdes.2016.11.098
http://dx.doi.org/10.1016/j.engfailanal.2012.07.010
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/0020-7683(94)00169-w
http://dx.doi.org/10.1016/S1359-8368(02)00034-3
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/0045-7825(92)90042-I
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.007
http://dx.doi.org/10.1016/j.engstruct.2015.08.032
http://dx.doi.org/10.1016/j.matdes.2016.11.098
http://dx.doi.org/10.1016/j.engfailanal.2012.07.010
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05
http://dx.doi.org/10.11883/1001-1455(2010)02-0220-05

