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A practical calculation method of steel plate concrete walls to resist
perforation from missile impact in nuclear engineering
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Abstract: The calculation method based on the energy method for resisting perforation to the SC walls with tied bars was
discussed. Based on the perforation mechanism of missile impacting on the SC walls, the dissipated energy was divided into
four parts: the energy dissipated by the front and rear steel plates, the energy dissipated by internal concrete and tied bars, and a
practical calculation formula of preventing perforation was proposed. The perforation velocity and the residual velocity of the
SC walls with tied bars can be calculated by the practical calculation formula when the related parameters of the materials and
geometry about the missile and SC walls are known, thus avoiding complex impacting numerical analysis of dynamic time
history. In order to verify the reliability of the formula, the results calculated through the practical formula were compared with
the existing test data, as well as the dynamic finite element (FE) analysis results. The perforation state of the SC walls can be
judged by the practical calculation formula concretely, and the residual velocities of the missile given by the formula are in
good agreement with the test results. To further verify the application extent of the formula, the FE models about 10 cases of an

aircraft engine impacting on the SC walls were established, and the solid FE models and the front closed cylindrical shell FE
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models of the aircraft engine were described, respectively. The results calculated through the practical formula were compared
with the 10 cases of the aircraft engine impacting on the SC wall. It indicates that the deviation value of one case is slightly
more than 10%. In other cases, the deviation values are all less than 10%. The accuracy and effectiveness of the proposed
method can be verified.

Keywords: steel plate concrete (SC) walls; energy method; impact; perforation; finite element (FE) analysis
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Fig. 1 Mechanism diagram of missile impacting on SC wall with tied bars
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Table 1 Calculation parameters of steel plate

W psM(kgm™) JE SR o /MPa FPERETLE, /GPa JEEJE H /mm TS HB IS AR AR B
7.8x10° 307 210 6 11 0.08!")

x2 RRLIHTESH

Table 2 Calculation parameters of concrete

B pe/(kgm ™) PR S /MPa P B THES, / MPa JEREH /m

2.37x10° 50.075 1.9 0.1631%0.238

#3 AXNUHERELHER

Table 3 Formula calculation and test results

P /(mes™) 378175 P,/ (m-s™)
gL B/ mes™) AR AR \ ARISE A
B - AR S . .
CREEEED  (FIERED) CREEBED  (CBIERED
SCS-175-6T 152.4 140.7 1438 pivs pivs 415 343 33.9
SCS-250-6T 147.7 155.0 159.7 KEtE b 0 0 0

K FEAR TR M, T P A IR AT AR . TR E T S BORR 3 SRR BE =, P UL E] T80 SCS-
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Table 4 Material parameters for FE models

20 mm | | 280 mm
L

2 SRR R P-FAE PROCHE A (SCS-175-6T)

RS
FERLS %/ (kg-m™) Jet R5H /M Pa IR /GPa YL /MPa MEL/N A S JRARIN AR
C
ML (6 mm) 7.8x10° 307 210 603 0.3 40 5 0.28
FeET 7.8x10° 345 210 504 0.3 40 5 0.30
TN 7.8x10° 250 210 502 0.3 40 5 0.30

24 A Y i o S N 152.4 m/s B, SCS-175-6T A 85475155 (o Al K8 348 45 SR sz o6 25 SR n 18] 3
o M3 AT, S SCS AR B IRIE A0 53 %8, B AN AR IR IR, Hh 3L, A BROTAC LS, R 5 5
IO aE R — %, MR g B BE N 147.7 m/s I}, SCS-250-6T M AE(E 5 445 S0 Fn s 56 45 S 5] 4 Fi
o M 4 1T LLE W, SEARBEIRIE A N B4, B 78 20k 285, (H2J5 B wedli i, sk 58 7 A
SCS A H, 7EfE o 07 B A K S IE K, A FROCHEZSE 5 90 45 R —3,

(a) External steel plate (test)'® (b) External steel plate (FE model) (c) Rear steel plate (test)!'®! (d) Rear steel plate (FE model)

K3 BN L (SCS-175-6T)
Fig. 3 Failure of steel plates (SCS-175-6T)
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(a) External steel plate (test)'® (b) External steel plate (FE model)  (c) Rear steel plate (test)!'®) (d) Rear steel plate (FE model)

K4 BRSO (SCS-250-6T)
Fig. 4 Failure of steel plates (SCS-250-6T)
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Table S Numerical analysis and test results

27870 TR v /(ms™)
AR TV (mes™)
BRI S i FRITASH SEE
SCS-175-6T 152.4 BeE s 28.7 33.9
SCS-250-6T 147.7 :20) 20 0 0
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S I FP be, T A A BRI TSR A A, AR A AR 4 o NUAN A TR B 5 B BT 2
B, 5 REURS B b AR A5 I B 51 28 R, A B WE AR BT 28, UM AR SO T Ay AR A Ol 0, T BTG
TAE. ARSCAFRA 7k, i d B v BT, R kA o, Rl R P K 1 nys FOBTTEAE,
%Ahﬂi’if? D)5 25 S B v+ 1 /s, 0B B 2 S B ORG f B AS . /D S RSk B4 S L 126, 127 mis
T 48 o 0 X R A AT ) U Al T TR R AR 1 B 15 Ol o Y JE o V=126 m/s B, BUAR AR TR
TR A AETLEE, Y v=127 m/s I, A2 T BLEF, I 0 LG DU B TR 36+ 3% (SCS-175-4T) 11 28
FER 127 m/s. [ 6 45 M T A T URE AR B R 126 127 m/s I AR (4 R N R M 4, AT AR Y, BT 4 R

(a) v=126 mv/s (b) v=127 nv's

K5 ORI dE R U AR B 145 (SCS-175-4T) JE A 8 i i L
Fig. 5 Rear steel plates failure shape of SC walls at different impact velocities (SCS-175-4T)
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R AR5 g — e k% Fig. 6 Velocity-time curves of the missile at different impact
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B RTFERE Y 5 LRl 2 3K

#6 VNIRRT ERERERI

Table 6 Comparison of perforation velocities of SC walls

TR/ (ms™) WE/%
i AR R BIEE) AR CGFIERET) A RICHHT KRG IEMET FZIERET
SCS-175-6T 140.7 143.8 148 —4.93 —2.84
SCS-250-6T 155.0 159.7 161 -3.73 —0.81

4.3 XAl ABHHLIES RNRR B S o A

Ph b 00 A iy s AR BN L B/, X TR AR R B 0y RALA SIHL, BT 45 R i SO AR TR 35 1 45
B bt R A X OR A G AAT, T2t — 0. B CHLRSIHL 2 AL . Bl i BAE = &
FEREASML. E RS R . T RIS 2%, TEVTAN CHLR SIPLEE 4% 2 4 7e i n] R & AL
AT A B, AR SCHEA BROCIE T ol L& Sl AL 2 1) 187 Ak A 20 58 A A R0 i i S P ) [0 A 5 0
PR TALAL, AR A R SRR R SIPLT i R S L AR | TREE RS A A 5T g
BE S BRITIHH S5 Rt AT 6 b, e BT 10 Mt AE AL, B 7 AL 8 435k T4 C5. C6 1 EHLE Sl
A RRICHEAI DL K T80 C6 A A BROTALAY, HoAth T4 A A FROTEC A 5 T4 C5. C6 AL,

10 A T30 AR BRE A7 FROTAS AR 34 2R FH SR BTG, XA R iz 4 7 43 ) SR T 72 BRI AR BT, SRR
Wi S5 TREE - PR TR A SR 52 0, SRS BU PR TR B 15 04 B2 A SR 1 Sl T Al X, R D ] A
Jrial EREINZI A . 2 B g T RN SRS SRS e, FEORHE S 4.1 A FROCE AL — Bk %) S A
L, TRV AR A T 0 3 RR, 10 R TAC TR BR T80 C1, C2 BEAATR BE - A 107 0 AR 1) 0 A% )R 34 4%
25 mm 534k, HA 0 TR BE A 00X I AR S 23 1) X RS FEABE 28 v 8 IX a2 I 7 25 mm 224, J 320 )
b R 1K . BT A R SHLA BROTIN S /NS4 25 mm 75 AR 4

SoF 3L 50 7555 AS K R R SR MAT_PLASTIC KINEMATIC Fifi 8l i Ak 4 80190 % Sl AL A A4 A 50 2R i
MAT_RIGID Wit BRI, A BROTA AL B A FI S 5R] 4.1 715
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(a) Case C5

Cylindrical shell simplified model Sectional view of cylindrical shell simplified model

| 3000 mm | | 3 000 mm

(b) Case Co

7 T C5. Co CHLEZINIABRITHR
Fig. 7 Aircraft engine FE models of cases C5 and C6

10 Fh T AR R FB A TH RS RO 3 7, Hoa Tie-bars s
TRSHCH: T SRR 34 57 K o, B A ==
KK h=0, BIFE 7SR R EE YN 10 mm; B
B A (PSR EE Sl 50 MPa, HUPLIR R IHE N
1.9 MPa, % &2 350 kg/m®, X H780 i 1] 5 200 mm
HAR 20 mm, JE R 345 MPa. fihisk it
{300 MPa, H 4k SCHik [17], X799 5 S8 22 5L
@=0.16., XF 7 5 i ki[5 H< BE 4B IF R4 ¢=0.6. Wi
AR e, B 0.3, #id 4 SCHik [21-22], X Hi A 5
s Ak R B 1.2, SNAR AR BE R 10 mm ., JiE iR G
B 307 MPa, % 7 850 kg/m’®, #iPE & 210 GPa,

2T hgs T LK S AL A X R A
XUNARIR 5E R BL2F sl B . IR AT LUE
NI RSER 5 R Br i 45 Rk ik,

Bi 0L C5 Ml 22 W5 10% LASR, FoAx T 00 22 46 8 T C6 A FRICHI
X‘T{Ey’j?’f 8% [/‘J\ Vq; X{f?ﬁﬁ@ﬁﬁ*ﬁﬁ%lﬂ E‘Jﬁﬁ Fig. 8 FE model of case C6

R, SR T s 3t A 1) (R4 7 e SRS B A 21 1)
DU R B T SO A A R S AU A (4 3SR 45 2R S R 320 245 380 0 BF 2 1 32 5 i o AT 174 JBR0
Fe R BN 25 i SR TE AR 25 /N T 5%, SRR 9 5T 2 Sl I A SR O A A S R TR . DA &
FEHH, X F RHLE BIHIL, A SCH 45 H 087 X R B A DU Al TR BB 1 35 A B B 2R A SR B TR 1Y, i A K
AT TSR A TR E 1 358 A B B 2R e DL SR A TR DU A T 58 1 558 T Jj 2 2 1P Al .

H A PrA% i g i O3 A AR R ], B AR M A A A A R AP1000PY % Ha HL
A, H2 45 R MU BE 454 . 2 18 AP1000 4% B ML 2 K 3% [ 0 3 4% rg, o 22 4 72 45 W TE =X
N7 OURN B TR R B AR AR XU M TR B R TR 1.1 my A9 AR 20 mm., B9 B IR 5 345 MPa, TR
+ PR 58 EE 55 MPa, XF H 8 57 19 542 0 20 mm., Ji il 58 B R 400 MPa. [H] #5475 mm. Dk Boeing
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5 40 % 3K A BRI EE TSP S S RO 101

767-200ER 1) % 3l Bl CF6-80C2P** Ry X} 42, iZ K B LA~ i it 4.35t, HAE 2.5 m, K 6.0 m. X T
CF6-80C2 & s HL, F| FH A SC b £ 1 (4 B 53 28 1 5 A =0 H 5345 2 A 45 2L /2 %5 LA Boeing 767-200ER 14
& B HL CF6-80C2 fifi i I A WU M TR %E + 8 4, & Zh L 51 28 3 B O 205.6 m/s, K T4 CALEA B id
S1 LA K H R R AL B4 A TR R R SR, AT A HE A Sl BU A TR B 8 X T Bl R AIL Kk sl L
T RE M,

£ HLERHES WRRR R+ S R SR AT

Table 7 Comparison of perforation velocities for SC walls subjected to an aircraft engine

B/ (mes™)

T RS EShlEiR/ke ESWLERA/M  ESPLERK/m  IREEREEERE/m WZ/%
AR AR
C1 SN 998 0.5 0.650 0.48 1283 126 1.83
2 5 998 0.5 0.650 0.48 128.3 129 -0.54
C3 Sl 2003 1.0 1.950 0.48 169.9 162 488
C4 5% 2003 1.0 1.950 0.48 169.9 174 -2.36
c5 Sy 4500 15 3.000 0.48 166.9 151 10.53
C6 [+ 4500 1.5 3.000 0.48 166.9 159 4,97
c7 il 8014 2.0 4225 0.98 178.2 178 0.11
C8 Bl 5 8014 2.0 4225 0.98 178.2 187 —4.71
9 SR 17 339 2.5 6.000 0.98 147.9 137 7.96
C10 B¢ 17 339 2.5 6.000 0.98 147.9 146 1.30
5 & ®

0 3 P AR ol XA R TR 5 3 9 B LR, 3R 0 T —FR B S SR A S, SR R K
A PRI RIGEAT T XL, 75 2R

(1) EET RIS 1 OUBIAR IR BE L35 By 53 2505507 vk, g A B2 WU AR TR B 33 ) REHE AR 12>
SRR . e AR TRBE DA RN AR A RE A 4 03, R T T R BV A B R TR Bk L 4 By B
SR A

(2) 2T 05 523 5 A BT 45 0 5 5206 AT BROT AT B 45 SRAR EL, BRI T 00 3345 2R Al 2 s
8 10% &k, HARIILE 10% LAA, SRS H AT 50 & AT {5 19, BEA ROl DU A TR 556 - 46 19
UGB MEAT AR S BETT

G)AEFR AR ZRAE T, CHL A BB AT i £ oA 5200 BT 1A sl 2 i s o PAT ) (B8 7P Sk B8, XA 119
] P X SR AT BRIT I 1% 23 A WUHA i TR 15 - 4 0 L e sl AL o B3 2 S 2 B0 TSR 8 SRR I AN G, SR T T
Ui DA 14 [58 A 7c J sl LSS R AR A 9 B 297 8 FEE S R T 556 R R AR Y, L0 ) B 2 T 32 I 4 LA it o 9
BEOR M FEAI
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