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Design of rock-rubble concrete shield against the combination of penetration
and explosion of warheads

WU Hao, ZHANG Yu, CHENG Yuehua, CEN Guohua
(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: Aiming at the resistance evaluation and engineering design of the rock-rubble concrete shield under the
combination of penetration and explosion of Earth Penetrating Weapons, firstly, a finite element modeling method for rock-
rubble concrete shields was proposed. By conducting numerical simulations of quasi-static and penetration tests on ultra-high
performance concrete targets containing different coarse aggregate types (corundum and basalt), particle sizes (5—15 mm, 5—
20 mm, 35-45 mm, and 65-75 mm), and volume fractions (15% and 30%), the reliability of the finite element analysis
approach was thoroughly verified. Then, using the semi-infinite rock-rubble concrete shield penetrated by the SDB as a case
study, the quantitative influence of type (corundum, basalt, and granite) and dimensionless particle size of rock-rubble (ranging
from 0.3 to 2.2 times the projectile diameter) on the penetration depth was analyzed, and optimal design recommendations
were determined. Furthermore, the penetration analyses of three typical prototype warheads, i.e., SDB, WDU-43/B, and BLU-
109/B, were carried out, and the corresponding penetration resistances of normal strength concrete (NSC), ultra-high

performance concrete (UHPC), and corundum rubble concrete (CRC) shields against the above three warheads were
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quantitatively compared. Finally, the engineering design method for the CRC shield under the combined effects of penetration
and explosion of prototype warheads was proposed. The results indicate that the CRC shield containing the particle size of 1.3
to 1.7 times the projectile diameter exhibits the most excellent penetration resistance. Under the penetration of three types of
warheads, the penetration depths in CRC shield were 0.29, 0.78, and 0.68 m, respectively, which are reduced by 61.8%—69.1%
and 43.3%—58.0% compared to those in NSC and UHPC shields. Under the combined effects of penetration and explosion, the
perforation limits of the CRC shield are 0.55, 1.41, and 1.48 m, while the scabbing limits are 1.11, 2.26, and 3.17 m. Compared
with NSC and UHPC shields, the perforation limits are reduced by 58.5%—61.2% and 43.2%—58.1%, respectively, and the
scabbing limits are reduced by 61.8%—-69.2% and 34.7%-40.5%, respectively.

Keywords: rock-rubble concrete shield; penetration and explosion; perforation limit; scabbing limit; protective design
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Fig. 1 Geometric dimensions of warheads (Unit: mm)
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Table 1 JC model parameters of projectile >l

pl(kgm™) G/GPa A/MPa B/MPa N c M T,/K T/K ¢,/(J')kg"K™) &0
7800 81 792 2483 0.474 0.009 1.07 1793 298 477 1.0x10™
D, D, D, D, D; C/(m-s™) S, S, S, Yo «
0.692 1.581 -3.053 —0.042 2.98 4569 1.49 0 0 2.17 0.46
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Fig. 2 Modelling of rock-rubble concrete shield
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Table 2 JH-2 model parameters of corundum'*!

pl(kgm™) G/GPa 4, B, N, C M,
3 800 152 0.88 0.431 0.64 0.007 0.6
&0 T/GPa oy /GPa Pue/GPa D, D, Fy

1.0 2.62 6.75 3.65 0.0125 1.85 1.5

£3 ZRE HHEM UHPC ik HIC {ERIS 3>
Table 3 HJC model parameters of basalt, granite and UHPC matrix 2"

4oy pl(kgm™) G/GPa A,/MPa B,/MPa N, c f./MPa T,./MPa £ Ein
RilE 3000 3225 0.3 1.73 0.79 0.005 120 6.792 1.0 0.01
PiASEey 2660 30.50 03 1.73 0.79 0.005 154 7.694 1.0 0.01
2N 2500 24.02 03 1.73 0.79 0.005 115 6.649 1.0 0.01
Moy S p/MPa u#J107 p/GPa m D, D,, K,/GPa K,/GPa K,/GPa
xilE 7.0 40 93 3.47 0.1 0.04 1.0 116 243 506
1ERE 7.0 51 126 3.47 0.11 0.04 1.0 116 243 506
e 2N 7.0 38.33 119.7 3.47 0.08 0.04 1.0 116 243 506
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Table 4 Parameters of interface between rock-rubble and UHPC matrix

BRI /MPa  EFBIEE/(MN-mm™)  YISEE/MPa PIMBIEE/(MN-mm™)  IEFRIE/(GPam™)  DIARMRIER 5T
9 1 27 3 5 0.42 )
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Table 5 Cube uniaxial compression test results

PUESR B/ MPa
T4 R Hi 4% mm (SRR — BR2E%
A FLALME
5-20BA15% F3 v 5~20 15 115.5 115.3 (114/115/117) -0.1
5-20BA30% Eqie s 5~20 30 118.9 121.7 (121/121/123) 23
5-20CA15% ZIES 5~20 15 123.0 121.0 (116/127/120) -1.6
5-20CA30% ZES 5~20 30 137.1 138.0 (137/139/138) 0.7
35-45CA30% ZIES 35~45 30 145.3 148.7 (142/154/150) 23
150 137.1 MP
) . a
Q‘&o 0177’?7 —
120
WS
% o £ 90
t 10 mm =
g
Loading & 60 5-20CA30%
—— Test
plate 100 mm Sim.1
Bottom 30 — Sim.
plate — Sim.2
—— Sim.3
::10 mm 0 1 1 1 1 1
1 2 3 4 5 6
Strain/1073
(a) Finite element model (Unit: mm) (b) Stress-strain curve

Effective Plastic
Strain/1073

5.0
4.0 l

3.0
2.0
1.0

0

(c) Effective plastic strain

3 A RITE KB ERE R

Fig. 3 Finite element model and numerical simulation results
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Table 6 Test cases and penetration depths

R /mm
T (g3l R /mm PRFRE /% PRE/%
IR HEHME
5-20CA30% [EIE 5~20 30 99.5(98/101) 101.1(92.3/109.5/94.2/113.3/96.2) 1.6
35-45CA30% CIES 35~45 30 44.5(21/68) 51.6(45.3/53.3/46.9/56.8/55.8) 16.0
65-75CA30% Rl & 65~75 30 48.0(59/37) 50.9(56.2/47.8/45.4/50.8/54.2) 6.0
5-15BA30% E3iwe) 5~15 30 122.0(124/120) 124.8(124.9/126.4/126.5/123.0/123.2) 23

Pl 4a) 25 T SRAARARAY) & R ERE UHPC #EAA 04 A BRCASEARY, JH: v L0 1 R A% B H S350, LA ]
AR HAE 38 3 e 8 £ *CONTACT _ERODING _SURFACE _TO_SURFACE & X, ¥ K4t F#*MAT
ADD_EROSION Jf-5R H 5 K 32 [0 728 o DU 42 il 4= 400 ok e v O AR I s 0 N3, LA B 1 B 50 o 2 W A2 i
Ll o T TP AR RRAR, S 4 S AR, R LA B A A DX (200 mm=<200 mm), Fi
S ) R RS 2 mm (9 SRITHEAT 3D 4HWL AR, EORE 2T R0 AR R R B AR ) 5 IR PR Ry —
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(a) Finite element model (unit: mm) (b) Effective plastic strain contours of projectile penetrating target point O
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Fig. 4 Finite element model and numerical simulation results
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BEARE— A0 1IN, AR B AR AN B 5 B4Ry 5~ 15 mm X a8 2B k8 UHPC SRR R i 37
P R 124.8 mm, 556V BHIR 22 N 2.3%, BRARAHIT A 5~20 mm NI 50, HAR MR ER KT
22.6%.
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Fig. 5 Effective plastic strain contours of corundum aggregated UHPC targets
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Fig. 6 Numerical simulation strategy for prototype warheads penetrating on rock-rubble concrete shields
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Table 7 Comparisons of results for various mesh sizes

) n 1R fmm . BAREE A K /mm i
HefZem i 1R/% R2E/%
2 mm+2 mm 5 mm+10 mm 2 mm+2 mm 5 mm+10 mm
1 108.0 107.3 0.65 320.8 316.1 1.47
2 95.1 93.9 1.26 315.4 311.4 127
EIES
3 103.7 102.2 1.45 317.5 3126 1.54
FHIH 1023 101.1 1.17 317.9 313.4 1.43
1 132.1 130.5 121 327.8 334.8 -2.14
2 1173 115.7 1.36 3202 3259 -1.78
Zks
3 128.3 125.8 1.95 324.6 330.3 -1.76
M 125.9 124.0 1.51 324.2 330.3 -1.89
1 134.0 1343 -0.22 3332 331.0 0.66
2 119.5 118.9 0.50 3423 345.7 -0.99
ik
3 130.4 127.9 1.92 3374 342.6 -1.55
P 128.0 127.0 0.78 337.6 339.8 -0.63
32 HAHRB

FET 3.1 R E A ROAR ]S B 2B eI, 7357 T SDB S BRI B A7 TR R 3 U2 1A BR TR
SR /IN I FAKONE B R, S B ELAR R 25D, B 3 800 mm, JEEREHK 1 400 mm, A kiR E 0.8D~1.2D, &
TR Ly 43%, JN%8 X BGHE 32 H.0 ] SF R 600 mmx600 mmx 1 000 mm Y X3, & 7(a)~(c) 7 B4 H T
NI & FIAE B 2 e TR BE T 32 i Jm AR B0 T 1 . W DUFE e f T I ey ik B Ay, s A S
FER Sk A B i, 35K 55 0 B SR 32 4207 8 fR T 0 0 4R TP R AR ESOREL (0.10 ms) , B S BSORHL A T Jonn ) i
A S M (0.15 ms) B 2 A A W24 (0.20 ms) J2 =2 WIHE T3 X S ALK A e iR BE 3 3221
T H A SRR AR T T A AR, T SR B A, SRR AT e 45 4t IR AR IO, DA KA i Sk o
WA 1 (0.10 ms), Bl SR HE— 2042 A BB, BEORL IR G2 50 m WA &, H & A= 338 (R % (0.15 ms) .

3 800

Buckling Deflection Deflection

\\
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Fig. 7 Penetration depths of three types rock-rubble concrete shields (Unit: mm)
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o7 1R B 4 0 U2 R BITR BE 43 9 R 367.5, 588.1 1 617.2 mm, I T B A7 TR 58 308 392 40 U W 25 40 ) A1
T 37.5% Fi1 40.5%; 3 F 2 HU I 522 08 10 1) AR B A 4 BE A3 IR R BRI T 17.8% ., 10.0% i1 9.4%.

- Fracture

Basalt =<

Minor abrasions and deflection
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Fig. 8 Deformation and fracture patterns of projectiles
#8 TEIERBERLER
Table 8 Simulation results of different shields

T el e ARIAR T HATATR % AR B /mm PRPRERAY KB /mm
0.8-1.2CA43% NI E 0.8D~1.2D 43.1 361.5 1480
0.8-1.2BA43% Py vz 0.8D~1.2D 43.1 588.1 1620
0.8-1.2GA43% 1A 0.8D~1.2D 43.1 617.2 1630
0.3-0.7CA46% ZIES 0.3D~0.7D 46.6 664.9 1585
0.8-1.2CA42% ZIES 0.8D~1.2D 0.4 369.8 1505
1.3-1.7CA41% LIES 1.3D~1.7D 41.9 289.7 1415
1.8-2.2CA40% LIES 1.8D~2.2D 403 275.7 1300

33 RARNREF

T LR Mg R, K9 Mk 8 gk— 451 T SDB R MIE I R R B A k4% (0.3D~0.7D
0.8D~1.2D. 1.3D~1.7D 1 1.8D~2.2D) W] £ H f1 & #E 1 (corundum rubble concrete, CRC ) i 512 1) 4= 11
TR MR TR B . SR 1.2 198 52 7 145 2 A [RDRLAR CRC 8 5L 2 X0 W A AR B 53510 46.6%

T 03-07D “
o

700
600
500 |
400
300 |
200
100 |

Penetration depth/mm

Time/ms

P9 4Fkifz2 CRC JEHZRMGFE (AL mm)
Fig. 9 Penetration depths of CRC shields with four particle sizes (Unit: mm)
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JEAE ™ NSC Fl UHPC #5802 B s 1 07 1k, 45 AR KEAE T CRC 3802 i1 551 28 Rl 35 5 1
HIBIT I
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S33E N T 169.0% F1 134.5%; 5 BLU-109/B fi% 2% AH b, WDU-43/B {3138 i1 88 57 2 458 /0N, {H PR A Sk
TEAR R B K, TEAR BN T v 52 B0 A BH 7 2 i /0N, AR IR FE B R BLU-109/B ik SF#6 4% SDB 3} #84=
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Fig. 10 Penetration depths of CRC shields with three warheads (Unit: mm)
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Table 9 Numerical simulation results with three warheads

(I /m o I S L /m ) I PR 8
e 5 SR R I AR
CRC UHPCM™ NSC!' CRC UHPC'™ Nsc!'® CRC UHPC'™ Nsc!'®
SDB 0.29 0.69 0.94 1.88 0.55 1.30 1.40 3.83 1.11 1.70 3.60
WDU-43/B  0.78 1.41 2.17 1.81 1.41 2.55 3.40 2.90 2.26 3.80 6.30
BLU-109/B  0.68 1.20 1.78 2.17 1.48 2.60 3.80 4.66 3.17 5.00 8.30

RIS A 3 o T R R R A i, SR TR v i 52 38 R A R LR R SRR R E R T &
SER TR BT AR RN BT 28 S B A 1 SR AR IR A, DR, A RORE I 52 R IR KE R B UAS RR IR AE B 4
Wit br. S A1EHE RTINS Y R AL SRR KEVE ™ NSC A1 UHPC 35 5502 111 AL 5T 28 MR I &R
BUSI(ER 9) LR ASCH AR CRC 512 IR, nT A5 3] CRC 3 552 1 4= 001 KE Iifa S 5 28 J5 18 43
SR 0.55, 1.41 Fil 1.48 m, fR VAR KEIG A= E A 400 1,11, 2.26 F13.17 m, 75 ZAMFRULIA B2, th T
PRSP, A% SCrh e AR I 55 5 28 AR 8 AR 50 NSC F UHPC 3 552 H 1 38 K AB .
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T 61.8%~69.1% Fll 43.3%~58.0%, {ZWHEEKEVEH N CRC 52 (1115 5L 51 27 )5 B 48 NSC Fl UHPC 3 3 )2
S HIBEAR T 58.5%~61.2% F1 43.2%~58.1%, IIfi A 3 JE B 43 I FEAR T 61.8%~69.2% Fil 34.7%~
40.5% R T1A S SR A2 M 5k nT T P TR b R SR AR A R Bl TR 3 2 (T
TS TR

3.0 5 10
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Fig. 11 Comparisons of CRC with NSC and UHPC shields
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