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Critical thickness calculation for concrete shelter subjected to
projectile penetrationfollowed by charge explosion
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Abstract: The earth penetrating wedpon\(EPW) employs a precision guidance system to achieve accurate emplacement at a
predetermined depth, after which ascylindrical explosive charge is detonated to induce damage and failure to the protective
structure. Within a layefed«protective structure, the concrete shelter serves as a sacrificial layer; consequently, the critical
perforation thickness, i.e., the¢ minimum thickness required to prevent complete penetration followed by catastrophic failure under
combined projectile’ impact and subsequent charge detonation, constitutes the primary design control parameter. To enable
engineering-level predietion, the coupled penetration-explosion process induced by EPW was rationally idealized as a pre-drilled
charge explosion. Building upon this simplification, a computational method for predicting the penetration depth of the penetrator
prior to detonation was first formulated; then, the calculation formula for the peak stress of the blast wave in the concrete beneath
the cylindrical charge and the analytical model for the wavelength of the blast wave were established, respectively; on this basis,

corresponding calculation methods for the crushed depth and spall depth of the concrete shelter induced by the charge explosion
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of EPW were proposed; finally, a practical and iterative calculation framework for determining the critical perforation thickness
of the concrete shelter subjected to projectile penetration followed by charge explosion was developed and rigorously validated
against a comprehensive database of controlled blast experiments. Variations in striking velocity, depth of burial, charge mass,
charge length-to-diameter ratio, concrete compressive strength and shelter thickness were encompassed by the validation. Results
demonstrate strong agreement between model predictions and experimental measurements across all test configurations,
confirming the method’s reliability and broad applicability. Leveraging the validated framework, critical perforation thicknesses
were systematically determined for five representative EPWs impacting concrete shelters across a compressive strength range of
30-150 MPa and initial striking velocities of 300—400 m/s. The research results can provide an important reference for the design
of protective structures against EPWs.

Keywords: earth penetrating weapon; concrete shelter; penetration; explosion; critical thickness
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PN ik BRI LSS SR, WS FRGHERR, 5 IRRRBE KIS SPIRERA R KT
NI CIE
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oil— fi o1 oi—f& O (oi— fa)— fa gi_ g A fat Q¥
—_— = = — = — d,2 = —
A=28a2 A A-2Sa1 A [1_2,1fdtj_zsu A 20

Oi

DAGZRHE, B ) 95 BN S H e 0K 4k SR AE 3T TR ) B BT B, B iR B IR TR &t L3h
SPPEEE . Kk, BEREPEE n 20T offy MBI, TRBIRE H N nSqy, AR
A fa
201 (18)

FIFA AT (18), FETHE AT M s = AR F R VR 4 2 590 2 75 45 T Ak PRV TR A I AE N 7T (A
X (7)) MK (A A2 MIEELT, Al PR H A RS 2 R R .

3.3 IR TIE

NSRS R AIR B TE 7 . IRRERER PSR R AR IR IR B v BT R A B RS A, A
AR DG T R IR LR QREEEARD RN EIERE (Yang AAEWIKSun %D, i
FLEEZIRNERES (Gao %5123 Fan 26019 AR LERES (Morishita Z5RIFNGuo 25051, Hxf HAHK
SHGHATEERE, VR 1. MHRSETHA 3 2K, 5 1 BRNHESEOEREKE L. iaER
Dy BARGUR my SARRIIERA) CEHED L vo: 3 2 RARAS T ENERAKE L. F4HS
De. ZERUTNT %2518 O ML R OBOE vps 28 3 KNIRBREBH - BFRIREE L% p FEHT
JEBRFE for FRASTIRIRSE fiv TREE TR SR NI E oo FNPRAFE I TE o

R ITERETEREERURE. EHRRAEMNERRAENHEXSH

Table 1 Summary of parameter values for determining penetratioh depthj/crushed depth and spall depth of concrete shelter

Hi=nSa1=n

Hf AR Yang %5081 Sun %7 Gag 4¢3 Fan %[ Morishita 2550 Guo %51
HELACHE Ly/m 0.227 0.035 - - - - - - -
B AR EAZ Dym 0.100 0.020 - - - - - - -
ZH kR R mie 3567 017 - L L .
IRATTESE vo/(mes) 365 566 - - - - - - -
KJE Lo/m 1.190 0.02 0.550  1.110 0.561 0.561  0.034 0.044 0.05
st H4& DJ/m 0,098 0.01 0.098 0.098 0.112 0.112  0.034 0.044 0.1
Eg TNT Jfi & Qgkg 12.8 0.054 6.4 128 102 102  0.051 0.113 0.8
PRI vpKmes™) 6825 6825 6825 6825 6825 6825 6825 6825 6825
P p(kgrmid) 2440 2340 2440 2350 2330 2480 2368 2402 2320
FAYLUE R f/MPa 133.5 39.5 1335 537 517 1040 468  84.8 40.2
@fiﬁi FraA YU R f/MPa 6.2 2.1 6.2 2.8 2.9 5.0 24 3.7 2.1
HNE B IGHE co/(mes ) 3956 3576 3956 3632 3624 3836 3604 3758 3579
P ug/(mesT) 4623 4571 4623 4577 4576 4606 4573 4595 4572
TR LA R T Hy/m 1.40 0.5 1.4 26 062 056 0.1 0.1 0.15

FEAHLUR Hp/m 0.75 0.23 0.86 1.6 0.31 0.28 -- -- --

T RN THEE, AR S BRI RIS T AL 2 A 1, TE e 24 MR R R N6 Dy P
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HIZ% 1 AR, ARSI M FHR A E . 2GR (IRARED) . HZG i, B KA. R
et MRS R R, AT S AR WIER BT 550 SRR BE o RO IR AR SRR B 55 A AT
SMIE. MM | WRAREE S I5A 3.1 WA BTN H R 3.2 R iR 5k, W
It AT A R RIG AR MR B . IR AR IR LT A R, H S IG 4 R AR L L3R 2.
MR 2 AT A BT SEI7%, & RIS M RRAIR R « AR B AN R BRiR BE T S 5
SCMME ARRR Z AT 15%, W& BT

MR, SL AR B EAR IR BE T B0 ISR B T R NE N R SR T ik, 1R
W RAFMRADIE L . B2 IR . RZG e, R RKAREE . TRBE L ORISR R, B R B
AEEPEAN 2 [ A -

® 2 HEERSHBNERAILL

Table 2 Comparison of analytical predictions derived from the proposed formula against eoefesponding test data

?E’ﬁ&ﬁiiﬁ%gfg {%ﬁﬂ‘&?fg/m Eﬁ$ﬁéf§/m %iﬁﬁ%fﬁ/m
Byl

Hy/m SEPE A H, SCME TS SZIAE THEAE H
Yang %0] 1.40 0.70 0.69 0.16 0.18 0.12 0.14
Sun Z&(71 0.50 0.23 0.20 # 0.07 # 0.09

1.40 0.86* 0.86* 0.11 0.10 0.19 0.20
Gao %5231

2.60 1.60* 1.60* 028 0.30 0.21 0.24

0.62 0.31* 0.31* A 0.22 A A
Fan &5

0.56 0.28%* 0.28%* A 0.14 A A

0.10 -- . 0.028 0.031 0.036 0.038

Morishita Z&(50]

0.10 -- -- A 0.037 A A

Guo %151 0.15 - - A 0.055 A A

e RN TR MR EE ST BT AR OO BRI A AR S o RN R ANR B R SERR AR AR “H”
R U VR T BRI T, TE i BRI O PR R B A R SR S, “A” RoRIREE IR D RS, vk
I PR oA B0 T FEE A 2 A P Sl
4R IRFEERTES

BT 1 ah e g o VR T S 2 IR AITR BT S 57, HEE &5 3 1L IR Hh s g e
VR FH T VR 0 2 PR R B AN RE SRR BE VB 7, AN i e g HA VR i ot AR AT AR I T 5 I SR
FE S AT 732 ] S8 i 18 5 AR (1 e 5 ot S w5 P RS PR AT IR, B fE R 5 Fh LAY th g
F ok VR Al 1R R AR E B 2 I 5L R R AT
4.1 EBEIRFREE

HHE 3 (b) AJ%n, Al T TR EE L 2 R R MR NE B Im AR S Hy, BRIIREE Hyy R
WEIRFE H MR IR Hy =FB - 4, W RRA:

Hcr:Hp+Hc+Hs (19)

Kb Hyw HAH AR EAR (D, (14) A (18) HisEs A K EARSHCE 325, &1t 13 Fh,
TR 1,

TSR, T RBIEE H, EFRHAAR (7) 50 48 i 70 5 2 15 5 i NS 18
RiJ) o MIATE (120 VHRARNE R 4 i BT830 5 2535 1 T I (R A B, 7 EE TS e 1 58 2 5 R 1
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SR TR 34 2 I T ) 28 BLRPE S S,-0.5L, BV 22 O 1IR30 23 5 P el M ARV IR FE o ety My AR AV R P T
HEARIE AR (D AT E P2 EE EAR (19 FARAEE), A (19 M4 F
B e, WG He NFERE. DRI, TREE 02 51 500 AR 7 R AR ETE (Predictor-
corrector method>21) #HATIFE, WK 5 Frs, BAEACPERW R

(D) R SR BB AIIREE H, RUERREE He, RIS IG SR E HY CRIEE 1 ARNED,
HW R H? > Ho+ He , TS 23855275 B 1 B2 2R AW T BEE S S — 0.5Le = H — Hy -

(2) FIHAR (D, (12) A (18) HHHEIRE H G 1 WKii{E)D; # H™ =H" - Hy— He
o AFIEIEAR, W H? IR PR A5 HY > HY - Hy— He o UL ORTIUR RO I 53 JE 2 i /), UK L2 2
UANETIREN H?, = HY + Hy+ He s 45 H' <H' —Hy— He , YW E TS I S F BER R, 7K
HE 2 WM NE RN H =H" + Hy+ Hes B, FHH" #H" —Hy—He, WA H/2H + Ho+ He, M
MAFE] S —0.5Le=H" — Hy o

(3) T ERIBIRE HY CGE 2 WmbED: & HY =H”, - Hy—He,/ W& 1EAK, W H? Al 5t
JERE: #HHY#H ~Hy—He, WAH" =H" +Hy+He, MIMTRE]S— 08I HE, — Hy o

(4> VLBCEHE, THRRERE Y B j e, j RS 4 H # H! —Hy— He, U4
H' =H+Hy+H:, MNIM32]S—~0.5L=H —H.

(5) HES 1 R NRBMIRE HY = H] |~ Hy—~ Ho 5 A#TEisA%, W H] IR TR /5 250E
FIR, HY 5 H', —Hy—H VP AT Rt 0%, R\ 45| H + Hy+ He— H?, |/H” <0.05, ]
WA H™ 5 H! | — Hy— He 1155

Make an initial estimation of /", and ehstw€¢ H™ > Hp + He

Then, S:—0.5Lez/H? = Hp

A\
Calculate A} using Eqs/(7), (12) and (18)
}
H® = H% + Hp+ He, j20,3,4, Si—0.5Le=H" —Hy 4—

¥

Calculate H* using Egs. (7), (12) and (18)

H + Hy+ He— HY | /H?, <0.05

H_ is the determined critical thickness of concrete shelter

P 5 ) FHASACSEI2 0 TR L 58 2 I 55 R
Fig. 5 Iteration correction procedure to determine critical thickness of concrete shelter

s T S ) SR R A B 5 UG SR T T R e AL S, I
Python 42 i 5 45 1%k 7B LTS5 IR FAC VM AR 7, DR DR T H SRR HE R P (58 T SE B
Mo Wb, 1R HIEAEESE R ERREN, 8 =% (Bisection method) #EATKME, LAIREIE
.

LA Yang &5 J R e 1 3# = Se R AN B X6 o], Skt WA RIS AU SRE I I 32 1214
PRAE T 5 I PR TS R . 53R 1 4 AT S VR B L M R R AR AR A 1 o s 5 R FE A SR 2
HOEELE NN, THERAIRE H, RUERIRRE He, HAE B4 0.69m A1 0.18m; AR5 T 2105 1
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RFMGFEIE H?, 75 82 55 L SRR TR MR FE AN SR L 2 A 0.87m,  H— /N TR AR

AN AAEIREE Z R 2 4 CBIRR AR L H ASES AR IR BENRRRAR BEZ AN, TRIE,  FUA (B L6 A2
0.87m<H” <1.74m.

P 0.87m Al 1.74m 73 IAE Jyia F 40 kAT SRR T BRAN ERR, i N ZACRDRE i AT iR AR A
W 3 Prn, RHFE—ERDHAHBIEREENZIEAE WIG AR E T EES E—&AOPiIm R
ﬁﬁﬁz%%%ﬁﬁ,WW;+%+M—HA:%—%ﬁyWMHﬁ%%W%%R%EE%ﬁEEW
SAHZ L, BI|H + Hy+ He— HY|/H?,
# 3 RBLEBEEMBERFIEREERITETRE

Table 3 Iterative calculation process for determining the critical thickness of concrete shelter

RS FBUm o M K m fggi !f;ﬁgi A m, MR E%

0 0.8700 1.7400 0.8700 0.4350 1.3050 - -

1 0.8700 1.3050 0.4350 0.2175 1.0875 0.2175 20.00
2 1.0875 1.3050 0.2175 0.3263 1.1963 0.1088 9.09
3 1.0875 1.1963 0.1088 0.2719 1.1419 0.0544 4.76
4 1.1419 1.1963 0.0544 0.2991 11691 0.0272 2.33
5 1.1419 1.1691 0.0272 0.2855 1.1555 0.0136 1.18
6 1.1555 1.1691 0.0136 0.2923 1.1623 0.0068 0.58
7 1.1555 1.1623 0.0068 0.2889 1.1589 0.0034 0.29
8 1.1589 1.1623 0.0034 0.2906 1.1606 0.0017 0.15
9 1.1589 1.1606 0.0017 0.2897 1.1597 0.0008 0.07
10 1.1597 1.1606 0.0008 0.2901 1.1601 0.0004 0.04

“ PR THE .

WRYEZR 3, TIHEA5gh MM W IE BT 50 I S5 B S A BEIE B U SO R, il 6 flrs. ATLL
%ﬁ:ﬁ%ﬁﬁﬁéﬁ S R THEAE N 1.1623m, FIXTIRZE N 0.58%, WSGEERER; M0
KT 50, IEFRRJEEEREMA T 1.1589~1.1623 2 [A], &+ Faw

135

—O— Critical thickness
convergency value: 1.16m

1.30

1)
n

9
S

Critical thickness/m
&

i \//\V»\

Iteration step
P 6 kit B R AR RN B 28 I 57 P2 L T S AR s A0 sl 78

Fig.6 Evolution of the critical thickness of concrete shelter during iterative convergence
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MBI AR A S RN A A PB4 e F v CORTR BRI SR R REN Hy, 4TCR B L AH=H,-
Ho>0 (K3 (b)), JREIEHZATIE, WA RERIUB R SRR G MIIREE
AH<O I, JREE SRR A AT, 2 E B I AR RN AR 2 A
4.2 13 3E

£ 3.3 711, OO HTREE B RAR MR TS50 SRR BT RO IR AR IR B 5057
AT T AR IR . AR 3.3 LRI SRS, FR 1 BRI S B HUE AR
ANZEBSREF?, 15 2R F R s 5B RE T RAE, PRI Z 2 5 BT (A e 45 R 5 ulia g Rk
XFEE S AT B8R S 7 0 Y o - A 5 R AR AT AR B % i R P S AL T SRR RO AT SEVEAE T, L
K4, HEFERR, R4TRBELTEENREL (Hy) FETHNRBRRESRER, 5%&2%
X R TR L REIR R (Ho) 26 AF T IR BT R . 3R 4 AP, BT IR sE
PS5 e 45 R 5 2RI 85 R W) & RAF, W AT 0000 & SR Bt 3 7 et AR PR TR it 3 L =
IR AR B3 2 W I SR

& 4 REMERA U ENFIELER SREEROIIE

Table 4 Comparison of analytical predictions derived from the proposed formulaagainst corresponding test data

R ROEE RRURE BRI GRPRHE \ HEs

K R 45
Hil JRPE Hym  1F54H H, /m P 5E Hym HHRAE Him  Hy, =HytH /M (AH=Hy-H,) Stk
Yang 03! 1.40 0.69 0.18 0.29 1.16 ABE (AH>0) AHH
Sun 25071 0.50 0.20 0.07 0.13 0.40 AEFE (AH>0)  AHEFE
1.40 0.86* 0.10 0.29 1.23 ABE (AH>0) NS
Gao %231
2.60 1.60* 0.30 0.31 221 AEFE (AH>0)  AE%E
0.62 0.31% 0.22 033 0.86 T (AH<0) ik
Fan 2509
0.56 0.28* 0.14 0.30 0.72 TFE (AH<0) BF
0.10 - 0031 0.054 0.085 ABFE (AH>0) ATEF
Morishita Z550]
0.10 -- 0.037 0.071 0.108 g (AH<0) e
Guo 20511 0.15 4 0.055 0.121 0.176 B (AH<0) i

TE: - RORTRMIR RSB R, 0 RO A AR R s <o B R VR SR A 26 BV
4.3 KRN

SRR b DR T WU R A 2 AR A R A E B 2R 1 SRR — R B i AR A O A #A A ] R
I FH 28 30 UE Rt TR 580 2 I 7R B SE AT 53, 8 7 45 7 BLU-122/B. BLU-109/B. WDU-
43/B. GBU-57 il SDB % 5 Fp i R4 HaH, DL 300~400m/s ¥J3EJE +T 9T 58 E A 30~150MPa [ 7R Kt
TR RARIE R F IR SR, S P HhSR I AT BRI 2 0L SCHR[10,53,54]. BHIEL 7 ATDAE
SRR FE R, I SR BERROK, 3R B AR Ak A 1 DR R B A e T A RO AR TR R
PR, W SR RN, 3R AR v O R R Y R S E BT R AR RE T O TEAR E AR R
Mg B RS Lo R, 5 AhekHha, SDB IG SRR i/, PRI EE A 400m/s FIVREE 58 5
N 30MPa i, IS IEREAN 2.8m, X5 HARRAS e b 0 P RV B A 55 2 ) /N LA KB 301D S AR A5 5
GBU-57 “E gL (WG SRR R, FESARR A EE A 400m/s FIR&E 158 F2 5 30MPa i, I
B EIL 15.3m, NGRS “H N R2T7E7. [HA R, WFR S PR, 5 R E
FTai T VR L s SR R T SR R F B AR A 1 R AR L B AR AR, S A DG A T B A
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Fig.7 Critical thickness of concrete shelter'subjected to five types of earth penetrating weapons
5 HhiEiTE TRATIEER RS EE T EES A FHIEHIXTLE
Table 5 Comparison of the calculated criti¢al thickness with the corresponding public data
TP BRI -
Bl H A N . i~ ¥ y Iig}?g
R - U SRR VIPa B (s) SRR /M HdEkdR  HR{E/m
BLU-122/B 34.5 KaF 5.5~6.1 CHR[55] 42-8.8
BLU-109/B 32:01335 450 2.7~4.1 SCHR[10] 3.0~5.7
WDU-43/B 32)0~138.5 450 2.8~3.8 SCHR[10] 2.5~5.3
GBU-57 eI, BARSREER AT RaTt 8.0 SCHR[S6] 7.7~15.3
SDB AnE AL, BRI ATT RATF 1.8 SCHRIST] 1.5~2.8
5 458

FERG Bt 3 xR Ut 30 S AR AT Je J X RO IBG 45 11 P 7 A D TR L2 2 X ) 2t b, 753 3 ST
Bl R T TR et R R R B AR SRR BT 5535, R B T ISR p R e L 5 R 4R
W B 2p i SR L S AT 57 v, R IRIRIE S, 1T T st 2R Bl 58 T o T VR S 52 )
RN S I R L. EETARMEE T

(1) SR EE LB A A KRR 13 JC I HE i it IR B R IR N RS B T AR Z)
SNFAT M BRI, RS AR O30, 0] FL 2 245 1 KR AUt s 5 AR A AR AR BB 5
PER, T A 52 TR I 30 R AR B2 e SRR, & AT 2 A R AR B T i

(2) #ESL VARG AR IR B PR IR A B (R BEAR R AL AT B, St T
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I PR N E 448 0 WAL S RT3 23 FR B TR B SR Vo

(3) kb T o N VR Gt L8 = IR DR AR B 5 i S ISR 0 RN AR AR BE . TR IR BE AR 1
TREE =80y 2 F, FE3R T 3 TR A 0 VR B - o E AR AR 1 5 e S T B s Ak T 57 %

(4) ZZF TH T BEYERIG M AT IR, RIS (VR i 5t A A 51 28 I YR B S A
WAt R IR B B SEE R 2@ M, e SbsEa 45 T BLU-122/B. BLU-109/B. WDU-
43/B. GBU-57 il SDB % 5 F it R GG H5H, DL 300~400m/s [4]38 FE FT o5 HUHE 58 2 N 30~150MPa [1)7ER
L SR AR AR BT 2R I SRR

TR R M)A, ASCE LR A T 2R AR B RIS R R S B, R R R
WA b SRAR AT TR A (RO I, P TR FL % 24 R B SR SO b 3 S AR AT F R K, DT S IRt 580 %o VR
- B B IR SN B AR ST BT o BE T o SR S S IR AR S RIN A Re L T AR
LR FNRRIE S G 807 T IR Bt 2 B0 R AP BE ) 53R AE 732 A7 TN S0 Bl b s
F ok R VR i AR AN T 2 I SR I SRS A T

TEARFFEH, WA TG« K2 2 W R 24 DA BN Vit L B B2 A R TR ) ER T, 3K
S A A R 340 ) S B Al b 5T o T VR BB JE AR AR A ST OR S R TIO ,  B FR  H AE
R 55 R 2 SR P 5 R b STt T o 2% A 1R SIS IIAE A LR 3 D R, 165 ARSI 1) A 38 5 X — 2K
B4, F3ah, IR AL 7 SRS T 2 23 46 i VR e R AR PR R SRR FE I i
S, T RJE B A S5 R H TR AU RS M SR A S RV E A R B R B o A I Sk T 0.
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