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a. AI-PTFE material mixture, drying, and sieving

b. AI-PTFE material compaction molding
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[k sintering

/[ machine
I
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d. reactive liner sample
1 M2 R R A AR

Fig.1 Preparation process of reactive liner
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c. sintering of compacted sample
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X & AI-PTFE AR B AR =9 =0.75 mshi,
CRRH PR E KOEANEEL R B 2 RS A/ TR BE
+ (& 5e) ;=64 mshf, “ B0 HT L, 25 AT A
1 AI-PTFE S E 5 | 2 (Y 1R B + % B (18] 5€)
AR IR RRAE A0 8] 6 BT  , #E A o T B 2 L HE
B KE T 2F B, SR LR BE A ) Ah R | A 3R T AR R

a. initial state

d.0.55 ms
B 5  ZERE%E 245 6§ 1A i 4R

R BB =8 . S SCEk [ 22 1P il s ik 2 A
JE W 2 U 2T AR D IO H{E , AS Test A Fil Test B
K U 2k BT AR D4y 5 32.58 ¢cm i1 30.65 cm,
B H43 5 4 9.6 cm A1 9.65 cm . P YR 5 45 S A1
LR ZENT 6%, RUNAK B A RAFHY AT E S M.

Pl 7 Sk 0 A5 1 1 7 I8 B Hl L AT LA R BR AR — 241,
A T 2 v A5 %) W 4 g ke B A — 0, X vl fig
SR R IR BE - DE R M SR AP AR Py AR IR 2,
WA A L D B A /N AR T )2 AR AR B T
. Wk, BIER P, B, LUP, (EHACESE — 2 MR
KA-GIE 2 Py oA 4 2 BORE 70 80808 1) 7 B4 R AR 3%
HR F37KF (3 50e A P, FIP,) o

85 e

1.46 m

c.0.25ms

concrete
fragments

e.0.75ms

Fig.5 Penetration - implosion process in a concrete target induced by reactive jet

a. upper surface of the target
Bl6 iREEL AR L

Fig.6 Damage features of concrete targets
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b. cross-sectional view of the target
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Fig.7 Stress history curves
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TG Pk S A VR B bR SR AR e il Y AR ) 5 R 0 A
B R, e T ORASIE [a] B, [R O oR P AT B A% 1
H -EX 7 (Arbitrary Lagrange-Euler, ALE)J7 k44 ik .
B A 5 1 ST T A R AR ) B B Ry 1 L B S S
AR IS TA] 7 S5 0% 1 SR O A R K R o R T IZ AR R T
P 558 U 5 B AR TR B8 - 0 43 Sy A B B

1) 3% 1 5 U B AL 5 42 81 B Bz < >R H Johnson-Cook
PERHEE I 55 4 Gruneisen RS 77 220 WA T H3

1) 355 P S5 370 458 0 B B M R A0 B Be g R, R
& B Bk K s R B R MR B A B 4
MAT_HIGH_EXPLOSIVE_BURN #1 R #& %27 i
Jones-Wilkins-Lee (JWL)Jk 25 5 #2120, [R] B} £ B8 7% M
S AR BB B N ) ARAS o T U R I R S
TE NI F A= B0 5 F v JLAT IR AR &2 2%, LS-DYNA iy
ALE 7 AR SHFH T 8h 40420, it AR B 520 (= 180 45
TRODR 78 190 955 A S A 17 Ak oy 4 o i A AT TR e 2 . SR I
T M G U AR D) 25 IR A B 1 RS, B MATLAB i
im2gray PR ECHEAT A AL AL B, 51 1] imageRegion-
Analyzer of it 5 5 i 09 ) 1 T AR, B n R DR AR AR R
B2y S A A B Ch) —BUW A4 IS AR IR
R SRR, I E 8b s o

2 78 #3502 AR R 24 RN AR LA R AF 9 ) R
PE,HES 1/4 A BR TR AL I 15 B X FR I AL A BR T
BRG] 8a s o WIS Th B B RIF ST H AR Al
160 mm, If H ¥R 4 IF WA th 2L 80, Pl T 0
ANTHEI ] RE AR AR U 2 300 mm, JF R HE A Sb
Pl f) 8 4 187 Ak ok JC RS i B AR R RS B H
(Lagrange) FLJG , 25 < i 1 24 2B 51 (AI-PTFE) Fi1 8701
2 E O AT E PR W H-BK fr (Arbitrary
Lagrange-Euler, ALE) 5T, H rp /24 i 24 B 8 DL 23 /X
R W, 38 i G B *INITIAL_VOLUME_FRAC-
TION_GEOMETRY #F A7 58 58 i o 17 1 5 I 5 4K
Z A /9 A0 B AR i OC B 7 *CONSTRAINED _LA-
GRANGE_IN_SOLID #4774 o fEidE e AT,
BRI A% AT R 2 B AR L E T 5 R TR RES .
E HE AST AL b 8 Jin G4 - *MAT_ADD_EROSION, L)
S5 R T 0N A2 Sy o DU 42 ) T A D SR i e AR S Y A
B {H 4 0.35.
22 MREREESH

T M 5 O i Y K A2 1 B B SR FH Johnson-Cook ##
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JECT N AR B Ak N AR RGN FL B AT o, Rk = an
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restart
ir reactive liner

e finish time:

TEES .
reactive jet

\ /

symmetry plane

a. Finite element model b.

8 A7 FRICAE R R BB Ry ¥

Fig.8 Finite element model and numerical simulation method

X(1)~(2):
o,=(A+Bg,")1 +cln&)(1-T") (1)
p=p,C'r+(y, + awkE (2)

LA B, n, e m g MR B & Ry S M AR
& = 8le, NI M IBYERIAE A & 8 1.0,5" 5 THIH
—ALBIRIE ,°C; C,y,,a,S,, S, 1 S, R b4 R B, w g 1A
PR 7S

TG PR S I HE B B B (3 N reactive jet) M
8701 #E 25 % FH*MAT_HIGH_EXPLOSIVE_BURN ##
R W LR S 7 R ATl A, ik K= (3)

E
p=Al - -2 e+ B(1 ——)e*zu% (3)

R,V R,V

R2 NG TESTRNE N B R 8701 BRI S £

Table 2 Material parameters of reactive jet at the blast stage'™

Tand 8701 explosives

im2gray

h;

@ imageRegionAnalyzer

J
equivalent E>
cylindrical charge

two-stage numerical simulation method

F TR R RO B bR B
Table 1

penetration stages[

Material parameters of reactive jet at forming and
29]

p/kgm™ G/MPa A/MPa B/MPa n C m
2270 666 8.044 250.6 1.8 0.4 1
T./K Tom!/K T ¢,/ mesT S

500 294 0.9 1450 2.258

Note: p is the density; G is the shear modulus; A, B, C, n, and m are the

constant in the flow stress; T is the melt temperature; T, is the

room

room temperature; I' is the Griineisen coefficient; C, is the sound ve-

locity; Sis a constant.

X, p HIBEZYIE S ,Pa; A B.w R, R, WIREIT
FESE VRIHRHEREL, m?; BN Pf7 (AR R

ﬁﬁa]'m_So

[31]

Material p/kg'm™ D/m-s™" P,/ GPa A/ GPa B/ GPa w E/J-m™
reactive jet *°! 2270 2310 25.2 797.24 22.58 0.34 19.36
87011 1700 8315 28.6 524.23 7.678 0.34 8.499

Note: p is the density; D is the detonation velocity; Py is the detonation pressure; A and B are the pressure coefficients; w is the fractional part of the normal Tait

equation adiabatic exponent; E is internal specific energy.

TR EE+ R H*MAT _RHT 4 RHE B R AE 45 L 5
)G R T S0 R TR R B A iR TR T Ok 1 A TR BE
R SRAS (B 9) , IF HLi A % 08 T 405 0 A8 H AL
JO7 ARG I A3k R B R AR R s RHT AL Y
SR EETH 7 AR (4)

o, =0,/p,0,&,)="fo(p,F(é,,p R, (6,p)  (4)
K, o, HH— AR RZY Ty, Pa, RIBX WA (5) ;f,
NHURESR L, Pasp” IH— AL T, Pas F ol AR 32
W N T 50 IR TEA L (°) 58, N AFRBBIE N AL s T
RHT# B h SR %, RS HE ORTEBER 1R L

Chinese Journal of Energetic Materials, Vol.33, No.7, 2025 (689-702)

SCHkL32-34],
-1\ "
A p_ 5 + ( A ) ) 3p =F,
F, 3 Fr
- Fl, + 3p*(1 f ) F.> 3p >0
7= Q, Q, (5)
Fof, 3p*(1 A ) 0 > 3p°23p!
Q, Q,  Qif,
0 3p, > 3p’

25 SR L *MAT_NULL #1 ) B2 7 F1 *EOS_LIN -
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AO-

failure surface

= " yield surface
',' > residual surface
/I'
[
p b. .
B9 RHTHAL 58 L Il
Fig.9 Strength surfaces of the RHT model
®3 OB ESEO
Table 3 Material parameters of concrete*"!
plkg'm™ f/MPa G/GPa f f A N Q,
2298 40 16.7 0.1 0.18 1.6 0.61 0.68
B AF NF D, D, P,/GPa P, /GPa N,
1.05E-02 1.6 0.6 0.04 1.0 233 6.0E+3 3.0

Note: p is the density; f is the compressive strength; G is the shear modu-

lus; £ is the relative tensile strength; £ is the relative shear strength;

A and N are the failure surface parameters; Q; and B are the lode an-

gle dependence factors; AF and NF are the residual surface parame-

ters; D, and D, are the damage parameters; P, is the crush pressure;

P_, is the compaction pressure; N, is the porosity exponent.

EAR_POLYNOMIAL R 2 J5 B2 HEAT Hifi ik | & 1k =04
K (6) 7R :

p=C,+Ciu+Cu+Cp’ +(C,+ Cp+ C,u*)E,  (6)
K, p =R KN, Pas;C,.C,.C,.C,.C,.C;.C, N H
FE SLRE  w=plp,—1 . plp, 4 T 5 W) 46 5 R L
185 E, WAL S H R W iR e & L) -m ™

®3 HUMHEH

Table 3 Material parameters of air!*”’

C

0

C
0 0 0 0 0 0.4 0 0.25

C

2

: ¢, ¢ ¢ ¢ E/)m?

Note: C,—C, are the polynomial equation coefficients; E is the initial inter-

nal energy per unit reference volume.

2.3 HEEURIE
[CEEINREARTES ARSIk SR T S S /1
M P 5 3 B 2 5 AR A0 A T TR 439 % s AR AR
PO A% BEAT WS 73 AT . I 10a 45 i TR 2GR B IE R U7
50 mm Kb 5 U R B R LR BE B TR RS ) |
JIE WEE L 2% T B0, A 23 RS RS O 1.5 mm i
TS L, 2 B RIAR BEE N 1.5 mm o 7EPRFF2S
AR RE 1.5 mm ARE AT, dE— 20 i T4

CHINESE JOURNAL OF ENERGETIC MATERIALS

A0 DX A RS XA IR B B 52 o I 10b 4 i T
TE 50 s I I P4 565 i A4 452 00 08 8 it 00 A i 2 X o A%
RET A BLAE , S SRR RAS RS o 2.0 mm i), (=14
TREEE TSk A, 9 5 0 M o DX A% RO SR
2.0 mm, T DX LR A% 352 B 4.0 mm g

7000
—%.gmm
4 —20mm
6000 12 Al
—1.5mm
% 50004 —1.2mm
S
5 4000+
8
? 3000+
T, 2000
1000~
0 T T {5 T T T
10 15 20 25 30 35 40 45
T/us
a. jet velocity history curves
60
501 46.4 46.6
c 077 77
£
5 30
a

3.0 26 2.3 2.0 1.8
mesh size / mm

b. penetration depth at 50 ps

B 10 MRS M

Fig.10 Mesh-size convergence analysis

S5 R 3 IR I 8] 7 2R 3 T R OO K A Y Y I
Z0, A IR SF R Guo S5 R T E
AN T 4 A ) 2 BT A A R AU R T s
T AR R B N HE IR B ] 7 YOG R L R IA AN

1

T =t |1+ e
-1

tO_ta

L=(H- a) ( (7)
K, LR, m; (¢, a) 8 LU S AR bR, FLE
A DA A B (B AL o 5 HA KR msp R p, 43 50 R TR
B+ AT  kg-m”. FIHER(7), 45515
85 L Y T S O S 7 A 3R B[R] 7 3 U R 66 s
BOEAILEE R E 11 frs , 0] LUA H BB A
U A5 38 T 0 M AR ) HEAR AR A AR DL S R A
87 - W G 71 ol =i ) 2w Y NI 2 ) B 87

N XK 2025 % %334 #7748 (689-702)



696 e RN R P

“¥4fif

=30 us =40 ps =60 us =70 us =100 pus
a. shape of reactive jet at the penetration stage

H=106 mm ,\
~

D=295.4 mm

00 01 02 03 04 05 06 07 08 09 10 | 00 01 02 03 04 05 06 0.7 08 09 10
L I @ s _ m

b. target damage at the penetration stage c. target damage at the blast stage

B 11 BE A s R

Fig.11 Numerical simulation results

B 5 e A J I HE— A T 30 D (0 T R 400

H o B B Y 608 mm B 106 mm (5 i 0] e

74.34%) W 142 D 75.8 mm 4 % 295.4 mm (1 "

0 361.2%) . i 22 W13 4 51 37 10 14 290 B B 1 55 05 2 £ 20

R HI % %W Xiao % M A i g |

S B A B PR 12 K He TR LA R g

o2 BUETREUH B MR R TR HAE % D 5 1K1 . |

A&, B KA 4 10.4%. 100 B
Vel 13 24t T T U 75 7 I (R 4 501

BT L, 2% T2 I WA A R R 5% 22 93 51 O 12.23%, —— ——

. . " . = P I failure depth(H) failure diameter(D)
5.43% *ﬂ37.35 Yo o ilﬂjjjfﬂiﬁ:i?ﬁ AEU\ SV, B B 12 (A SR i 4 B 1
N T E IR E 7.4 MPa, I B S S I RN 37 S U A 5 Fig.12 Comparison of numerical simulation and experimen-
L AT RE S IR R 2 . (AR R AL tal results

50 20 12
—test —test —test
m —simulation 5 —simulation 101 — simulation
84
« 307 © () ©
: : g6
Q. 20 a 5] a 4
101 . 2
] 0
0-
T T T ; r -5 . r y : . 2 v r r .
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Tlus T/us Tlus
a. P, b. P, c. P,

B 13 FUEB LSR8 W s R

Fig.13 Comparison of stress histories in numerical simulation and experiments

Chinese Journal of Energetic Materials, Vol.33, No.7, 2025 (689-702) A A AL www.energetic-materials.org.cn



TR T AR 190 — PN R A T 2 T B TR B b 1z O R

697

I A ) I R AR 9 B A R B R 2 i T R
LU K R AR I, ORIk 5 5 A2 I R P IR 3 L IX
3  AE DB AL B AT e B — IR URERT . 3 A B E R
4 o bR I R I A SR U IR R AR AR WL T A
1B RE 155 P A R IBE 18] 4 AR 58 4 O . 4R, SCHR[17-40]
P T P S O A K B L R S R o ol A
PIAR G, AR B 18] 58 B, i 00 45 A Jk b 4 Bk B4 o

3 MK

3.1 R B R K S
T 13 IRk A R EE UL, X 3 S R AR -9
FRAEF T IR BE b i B ) B AT oA . P14 i

P/MPa f
500

400

300
200
100

a. (=24 ps

P/MPa
200

160

c. t=45ps
B 14 35 PSR AR I B B =

Fig.14 Stress contours in the penetration stage of reactive jet

R AT R D B S R E A 00 3
7 15 3 b 00 TR ) D A7 4 9 2 10 AL AT
FE1 150 S S 12 B0 B 4 bR VA HE ( D), ) Ak 9 17 3
1 2 2 18 0 5% P 5 19 2% 32BN TR 29 66 s, X
7 A4 VR B 60.8 mm. [ 74200 B B R
YE D/NT 60.8 mm bR A3 40 AT . 1T LT L BRI
3 A R D 7 9 0 0 52 45 B S0, T )
RIS R MR . % D /N T 20 mm i ) B KB
Sy 95 7 o o 9 LT A0 9 P L R R g 2 R
15 30 08 M A 1 = T B A

CHINESE JOURNAL OF ENERGETIC MATERIALS

SF VAR BORAR v L ) AL L B =24 s I 5T
UL S V0 i L2 TR -, A 52 B T B A T B e TR L T A
JO7 AR B = X o I R A O AR A R R T R B
B R R B Tl el D S i 8 - el D D O 1
AE A (B 14a) o Bl R 0T B2 30, 565 0 A= 100 3k 2
WA, 75 t =35 s I, 5 3 4= 1013 2 2 221K T IR
e R O o IR S O S TR B 5 T AT Ak
T AR IR DL g i I 2 S AL 7R P
2 BROE 1Y 1SR B (18] 14b) o Bl A5 12 19) 3 B2 4k 22 T
ek, T I S0 e o TR 5 S5 S 440 1) B B G0 L 7 € =45 s
It =60 s B, R EE L rb n] LT S8 00000 380 93 4> 4 1 I
S S e PO A B3 | BB o O B D s = A
X2 14c fE 14d) .

P/MPa
200 3

d. =60 ps

4 D, 20 mm i e % R e BB R
HETHEASGE o M, R o iR 2 R B B G Y
W BN AR, 5% 32 B2 R 8 25 07 7 i DRI I Sk A
fih e 2 v PR XA IR S AR TS R B o B 3 2SN
J7 I X S B 3k s gauge , 2 R F7 3% 7 T (B B
1) s B, 5 0 Sk 0 0 9 25 g s DX B8 0 i, e 43 D00
N ) GHE B R A (BB 1), & 15b iR . 5338
IO 77 30 AR LE 55 0 ke 940 A1) 7 285 o PR DX 5 A
EAE T SR . oAb ZE B B 1 v, s B g i A
T £ 3 0 1 ) A R 4, A R AEURIM Gold

N XK 2025 % %334 #7748 (689-702)



698 JAE W R, EaREL, A A
30 3
—10 mm |
—20 mm |
2.5 "
40 mm |
20 —50 mm :
& I
© 157 27 |
o .7 !
s 1
1.0 :
1
1
0.5 1
1
/ :
0.0 . :
20 30 40 50 60 [
T/us

a. the stress history curves at D,=10~50 mm
15 (0 BAS [ 3 A 1 17 g Bt

b. the stress history curve at D,=40 mm

Fig.15 Stres history curves at different depths in the penetration stage

SFEUTE B T BB R A o TR R A W B T %
PG, 3 3 2 DA O S O S AR 5 A LA A
Hh R A RN D A S R A AR RO A I AR A
O R T S W N EOh A A PSSR ) S A LR @
SRR P K 16 HE— B T AR R
JEE 40k G 19 B ) £ 4300 I 0, B B T 8 40 T ) o e
Wl 2 TR D, 3 i 2 7 38 hn o 3 2R O B R
TR B2 B, S5 04 90 3 B AR AU, O K 90 5 0 O
T ] L Y A
3.2 WERMEBRK KSR

P17 D 3% R S AL A R B BEIR B5E N ) 2 BT o
T AP AR BIAE R, S5 VRS RAE =66 s AR MR IE X
JOE N B T XS A TR B AT AR T A IRAS (B 172) ¢
2 % K Dl R TR BB i YR B b R TE AR A A o S R AR
o5 S B 10 3 gk TR AR AR DL T3 382 ), 7 % [] I o iy 4%

penetration-induced

stress waves

17 3G PR R AR B B ) =

Fig.17 Stress contours in the explosion stage of reactive jet

Chinese Journal of Energetic Materials, Vol.33, No.7, 2025 (689-702)

35
R stage 1
304 07 stage [l
254
» 201
=1
= 154
o] B2
5_
0 T

16 D,=30~50 mm Ak # B B A 2845 1 i fi)
Fig. 16 The action duration of lodings in two stages with
D,=30-50 mm

fECE7b) o BF AR 13 FC R BT 9K I IR 28007 T 48 X N
J3WRTT5, O OB A A A R 6% 3 00 I 2

3
blast-induced

stress waves

Sttt

www.energetic-materials.org.cn



TR T AR 190 — PN R A T 2 T B TR B b 1z O R

699

(K 17¢)
(K17d).

Kl 18 IR D,=110~140 mm &b R 77 Bif 7 iy
2, 0] LU 32 S U AR 00 R e, 2 A K R T U B
Ik ZH, N T B R A AE W IR o R N ) U
G| PPN 11 50wl VA s N B A o % (N = e
P W AE N B s v, (E S R R R B
N 7 R G BT IR AR AR L X AT AR R
IV =R AR R (B N I N P O 14
HEAT 53 M7

TE =150 ws W, 20 0 77 9% B 3 AR 1 &

160
—110 mm
——120 mm
1204 130 mm
—140 mm
& 80
= penetration-induced
[a
40- stress waves
30 60 ° 90 120 150
T/us

B 18 JRIEMBUREE D,=110~140 mm 4k 15 Jy i 2 i 28

Fig.18 The stress history curves in the explosion stage with

R T 53 B AR 400 B BEOGE I P SR I R KR RN T D% Y s
M), SR FH PR 5 30 B 4003 Pk S R R AR B B 1) R AR
ERCI e =8 i o ) A B (O DA S 7 = X
F R JTIC R S5 2) B AR B A5 G L A S R AR
S 0 N2 3 o ) A R A I T
J HEAT PR A DL OB 0056 % DL 181 19) , 3 5345 21 9 B
JIIE R S, T ol B0 A UL 5k v i e 2 AR R
AH I .

BRIE D, 110 mm A1 120 mm B94L S, 5 S, i
M2 an &l 20a fir R, o 1 5 8 LA, BT IE 4R M) 45 PR I
ZI IR 2. 0T LLE AR TS, S, Y I U B
I, AFL I8 3] 0 (g B[] B L 5 2 O IR O S TR A
AR B + & A= W) R B 3, DA T AE TR e 9 AR R
Bt X s L A5 AR R N T B AR AL AR e R v R AR
B9 B S R S H 55 TS, BN Y IR . S A TR BE 2
I 4 00 8 A5 T o 52, e BN g I8 A 4
Tt PR S, i U #) K B ) B AL 8] 20b i — 2B Xf
Fo 1 S, H S, 75 A R R B Ak i) 1 Ty e, T LA LY
D,/NT 200 mm I, S WA I 3 /N TS, W35 22 e R
BF, S, S, 1Y 1.47 1% o Bl G I 7 A% 46 BE 25 Y 1
LI ZEE BN 2 D,=225 mm B, W # i I

D,=110-140 mm (B S A A A
explosion
\::--:’_:, > ——4
penetration-nducedstress ( | (|
waves
geometric model > S,
19 J5 k2 1 B (A0 5K
Fig.19 Numerical simulation strategy for Method 2
240 450 8
— 10mm, S, vs | e
2001 ﬁgm? ol : 6 L
~Ctomm s, 3501 4
_ 1o o 0% 4 -
< 120 3 = 25013 = —
= : a 200] % = 2 o,
' < e
. “‘ w \ 0 mm
(RS 1001 1
401 . W
a4 U\ ! 501 e -2-,"»»140/ """""""""""""
04+ L‘,-..----"\;VVWMW»“\:& 0 | Bkl
10 20 30 40 5 60 100 150 200 250 300 350 400 100 150 200 250 300 350 400
T/ps D,/mm D,/ mm
a. stress history curves b. peak stress c. growth rate of velocity AT

B 20 S S, YR g B AR AR N ) AT AT XS L

Fig.20 Comparison of stress history curves, peak stress and AT of S, and S,

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2025 % %334 #7748 (689-702)



700

JH 2 I B, B, R

R LRSS, S, BB R S R R R R
AT, Hat B AR F .

S,-S

AT="—""X%X 100% (8)
S,

Kb T T, IR S, RN S, W H PR i B 21

Kl 20c s T ATHEER BE D, 19248 (L JLEE 7T LA
B b S L S AL R AT B KA 7%, SR, Bl
IV 0% AL 4% BE BN, AT IR BN, 2% D, 24 335 mm
B, AT 200 1%, UL S, Al S, 1Y 15 4% i B S A — 5. 3l
b RSB RT LR B I T I AR V) 23 X IS S R K
T30 7 A Je 5 ) 5 A5 5 i S TR DAY ) K i {1V
PR AR, L 7 30 A% 96 3 J bR o X S 1 T 1 2R R
2, D, KT 335 mm B S 4= 180 B B A 5 455
a] DL Z AT

4 %t

PAFR ST 1 R S0 A= 0 A KR B 5/ T TR B b Y
IAPART: % QA = I IS O 1 R/ TR R =
ARATE TN 7 I R R B IR 25 R A B 5 ) S 2 5
WEEESL T P B BOSUE R Y, O 2 Tl g ol 2R AT T8
HE 5 5 o0 A 1 R S U AR 1 AR K I B A L 7 T A
No EZEIBMT

(V) JF & T3 1k 5 0 4= 488 i B 1 0l 58, R
PVDF s Jy & A I A5 1 16 R 5 i 7 T TR 58 £ b Y
JS7 3RO, IV 7 B AR 2k S B 2 e B G, R T R A
AR 5|36 9 T 0 90 5 8 K IO T e e A T R AR

(2) ) FHEE I 3l B0 3 o 90 e S 0 42 100 - PR g o e
A3 Wy BOBLALL 38 i B 45 R -5 i 90 45 SR R AR AE (T
S} G A ELAR ) AN ) (A FE B, B R T AR M AR
Y2 BB IR (R R0 B TR 1 5

(3) 5 P 65 V7 5 TR W5 b 0] 4 4 M R 2 7 2 I I g
Ji , RL il 98 2 #0 0 rp A% 438 5 Bt R 100 3k 38 I
TR BE v I R 3l 25 N g i DX 22 B T B AT B e
DX 5 5 3l 25 B 3l AR FE e T DX i 48 e B2 S AR
(FLAE T 1) B 55

(4) T8 1R 55 AR 100 5 BT OB 00 B o 4540, T
AR 43 K B B AR U R 3 [] I s 1 R g il A 4% 5 5
AR FE VAR LE , 369 U 5 190 I 10 B AR e A8 0 e {0 )
B R AR T 47 % , W 7 A% 7% 5 39 R AT g v il
K 7% s {025 I SR L DB 335 mm I SR AR TR
FE I B B i 52 0 AT L Z 0 AN T

R R, FIRE AT IR 50 mm

Chinese Journal of Energetic Materials, Vol.33, No.7, 2025 (689-702)

F14 35 1 2R B % 24 A1 C40 TR BE 1 0y 3 6 R0 50 (LA DL %K
8, AT ST B S B A58 5 6 R SR B A 25 RS IR e
i B A DN R 2 RN AR, R R i 7 2 — AP T AR B
Eﬁ%o

S K :

[1] HASTINGS D L, DREIZIN E L. Reactive Structural Materials:
Preparation and Characterization [J]. Advanced Engineering
Materials, 2018, 20(3): 1-20.

(2] SR 3 P U0 A 400 0 10 8 M IR 5 S s BB BF 5 [ D .
AU AERUITOR 2, 2076,

ZHANG Xue-peng. Research on the combined damage effect
of steel target penetration explosion by reactive jet[D]. Bei-
jing:Beijing Institute of Technology, 2016.

(3] Tt , 8% . I SR B AR BT ()],
Rhog  HoARRHE, 2023, 53(9): 1434-1448.

WANG Hai-fu, XIANG Jing-an. Progress in reactive materials
and their applications[]]. Chinese Science: Technological Sci-
ence, 2023, 53(9): 1434-1448.

[4] DANIELS A, BAKER E, NG K. A Unitary Demolition Warhead
[C]//2003 Mines, Demolition and Non-Lethal Weapons Con-
ference (DNLW). 2003: 9-11.

[5] BAKER E L, DANIELS A’ S, NG K W, et al. Barnie: A Unitary
Demolition Warhead [C]//19th International Symposium of
Ballistics, Interlaken, Switzerland. 2001: 569-574.

(6] SR, AL, AR, 55 . 1 P24 40 50 5% A 2 24 1 TR o 1

08 s i )] b B TR 2222 4, 2016, 36(12) 2 1211-
1215.
ZHANG Xue-peng, XIAO Jian-guang, YU Qing-bo. Demoli-
tion effect of reactive material liner shaped charge against con-
crete target[)]. Transactions of Beijing Institute of Technology,
2016, 36(12): 1211-1215.

(7] FRpie, s, WEISC, A . 3% PR A IR e L 40 R 115 0%
YEROS RS [)]. 15 124, 2019, 40(9): 1829-1835.

SU Cheng-hai, WANG Hai-fu, XIE Jian-wen, et al. Penetra-
tion and damage effects of reactive material jet against con-
crete target[)]. Acta Armamentarii, 2019, 40(9): 1829-1835.

(8] H . 1 Ik R e 24 AL 37 Ml B A AW W 5E [ D ). bt b st
BT R, 2015,

CAO Chen. Research on the damage effect of reactive charge
on airport runway [ D]. Beijing: Beijing Institute of Technolo-
gy, 2015.

[9] XIAO J, ZHANG X, WANG Y, et al. Demolition mechanism
and behavior of shaped charge with reactive liner[]]. Propel-
lants, Explosives, Pyrotechnics, 2016, 41(4): 612-617.

[10] XIAO J, ZHANG X, GUO Z, et al. Enhanced damage effects
of multi-layered concrete target produced by reactive materials
liner[J]. Propellants, Explosives, Pyrotechnics, 2018, 43(9):
955-961.

(1] IR, £rb, SE0Ie, & SRR E S IR EE LA 8 &

Btk SR 2R, 2024, 45(1): 135-146.
SU Cheng-hai, WANG Zhong, MA Hong-bing, et al. Re-
search on dynamic damage characteristics of composite con-
crete structures by reactive jet[J]. Acta Armamentarii, 2024,
45(1): 135-146.

(12] sR5, TWEAR, AR, 55 05 T 5 1R 10 409 A The 15 4 B U 280
FERFHEL)]. S T4, 2019, 40(7): 1365-1372.

Sttt

www.energetic-materials.org.cn



TR T AR 190 — PN R A T 2 T B TR B b 1z O R

701

[13]

[16]

[20]

[21]

[22]

[26]

[27]

ZHANG Hao, WANG Hai-fu, YU Qing-bo, et al. Aftereffect
overpressure of reactive jet perforating into reinforced concrete
[J]. Acta Armamentarii, 2019, 40(7): 1365-1372.

ZHANG Hao, ZHENG Yuan-feng, YU Qing-bo, et al. Pene-
tration and internal blast behavior of reactive liner enhanced
shaped charge against concrete space(J]. Defence Technolo-
gy, 2021: 52214914721000738.

GUO Huan-guo, XIE Jian-wen, WANG Hai-fu, et al. Penetra-
tion behavior of high-density reactive material liner shaped
charge[)]. Materials, 2019, 12(21): 1-14.

ZHENG Y, SU C, GUO H, et al. Behind-target rupturing ef-
fects of sandwich-like plates by reactive liner shaped charge jet
[J]. Propellants, Explosives, Pyrotechnics, 2019, 44 (11) :
1400-1409.

ZHENG Y, SU C, GUO H, et al. Chain damage effects of
multi-spaced plates by reactive jet impact[])]. Defence Tech-
nology, 2021, 17(2): 393-404.

GUO H, ZHENG Y, YU Q, et al. Penetration behavior of re-
active liner shaped charge jet impacting thick steel plates[]].
International Journal of Impact Engineering, 2019, 126 (1) :
76-84.

FENG Bin, FANG Xiang, LI Yu-chun, et al. An initiation phe-
nomenon of AI-PTFE under quasi-static compression[]]. Chem-
ical Physics Letters, 2015, 637(16): 38-41.

FENG Bin, FANG Xiang, LI Yu-chun, et al. Reactions of
AI-PTFE under impact and quasi-static compression [J]. Ad-
vances in Materials Science and Engineering, 2015(1): 1-6.
FENG Bin, LI WU Shuang-zhang, et al. A
crack-induced Al-PTFE
quasi-static compression and the investigation of influencing
factors[)]. Materials & Design, 2016, 108(1): 411-417.
MATA, TR, TERME, 4. AR JH-14C {411 25 K5 IR 52 36 2
Wi 7 5 P BOEREALLL) ] B S by, 2023, 43(7): 40-51.
XIAO You-cai, WANG Rui-sheng, FAN Chen-yang, et al.

Cook-off experiment on the JH-14C booster explosive with a

Yu-chun,

initiation mechanism  of under

shell and the relevant numerical simulation [J]. Explosion and
Shock Waves, 2023, 43(7): 40-51.

WU H, FANG Q, PENG Y, et al. Hard projectile perforation
on the monolithic and segmented RC panels with a rear steel
liner[J]. International Journal of Impact Engineering, 2015, 76
(1): 232-250.

LS-DYNA Dev. ANSYS LS-DYNA®KEYWORD USER’S MAN-
UAL [M]. LIVERMORE SOFTWARE TECHNOLOGY (LST) ,
AN ANSYS COMPANY, 2021.

M’hamed Souli. ALE and Fluid-Structure Interaction Capabili-
ties in LS-DYNA[C]//7th International LS-DYNA Users Confer-
ence, Fluid/Structure, Detroit, 2002: 10-36.

Johnson G.R. and Cook W.H.A Constitutive Model and Data
for Metals Subjected to Large Strains, High Strain Rates, and
High Temperatures [ C]//Proceedings 7th International Sympo-
sium on Ballistics, Hague, 1983(04): 541-547.

Olivier Heuzé.Complete forms of Mie-Gruneisen equation of
state[J]. AIP Conference Proceedings, 2017, 13(5): 1-4.
WILKINS M L. Calculation of elastic-plastic flow [M]. Liver-
more, CA: University of California Lawrence Radiation Labo-
ratory, 1963.

DOBRATZ B M. LLNL explosives handbook: properties of

chemical explosives and explosives and explosive simulants

CHINESE JOURNAL OF ENERGETIC MATERIALS

[31]

[32]

[33]

[34]

[37]

e

[R]. Lawrence Livermore National Lab. LLNL) , Livermore,
(United States)CA.

RAFTENBERG M, MOCK W, KIRBY G C. Modeling the im-
pact deformation of rods of a pressed PTFE/Al composite mix-
ture[)]. International Journal of Impact Engineering, 2008, 35
(12): 1735-1744.

ROSENCRANTZ S D. Characterization and modeling method-
ology of polytetrafluoroethylene based reactive materials for
the development of parametric models [D]. Dayton: Wright
State University, 2007.

LIU J, LONG Y, JI C, et al. The influence of liner material on
the dynamic response of the finite steel target subjected to high
velocity impact by explosively formed projectile [J]. Interna-
tional Journal of Impact Engineering, 2017, 109 (1)
264-275.

RIEDEL W, THOMA K, HIERMAIER S, et al. Penetration of re-
inforced concrete by BETA-B-500 numerical analysis using a
new macroscopic concrete model for hydrocodes[C]//9th In-
ternational Symposium, Interaction of the Effects of Munitions
with Structures, Berlin, 1999 (TP064): 1-8.

GRUNWALD C, SCHAUFELBERGER B, STOLZ A, et al. A
general concrete model in hydrocodes: Verification and vali-
dation of the Riedel-Hiermaier-Thoma model in LS-DYNA[]J].
International Journal of Protective Structures, 2017, 8 (1) :
58-85.

BORRVALL T, RIEDEL W. The RHT concrete model in
LS-DYNA [C]//8th European LS-DYNA Users Conference,
Strasbourg, 2011(5).

JE &%, A, WD . IR BE L PR TR 2 2 Y BRI IR 4 X B R 3
AL ] B S il 2025, 43(5): 1-18.

ZHOU Xin, FENG Bin, CHEN Li. Research on explosion dam-
age zoning and stress wave attenuation law of cylindrical
charge in concrete[]]. Explosion and Shock Waves, 2025, 43
(5): 1-18.

SRR, AR, RS TTHR, S T 2 AR R AR 24 R A A I
5o SRS & AL AT ] JE T8, 2022, 44(2): 334-344.
SU Cheng-hai, LI ZHENG Yuan-feng, et al.
Penetration-deflagration experiment and coupling mechanism

Zong-yu,

of reactive liner shaped charge[J]. Acta Armamentarii, 2022,
44(2): 334-344.

OB Tl 27 e A\ R R A B AR T )20 5 2L . B M S PR T - R
(M. dbse: [E By Toll i hiAt, 1979.

Beijing Institute of Technology, Department Eight. Explosion
and Its Effects: Volume Two[M]. Beijing: National Defense In-
dustry Press, 1979.

ALLISON F.E, VITALI R. A new method of computing penetra-
tion variables for shaped-charge jets [R].
Laboratories, 1963(1): 1-20.

i, FLRENR, D7 %, A TREE b R R R I D I e v R A R
BATSE L)), B HE S it 2022, 42(12): 68-80.

GAO Chu, KONG Xiang-zhen, FANG Qin, et al. Numerical
simulation study on attenuation law of explosion stress wave
in concrete[]]. Explosion and Shock Waves, 2022, 42(12):
68-80.

TAO Sun, WANG Hai-fu, WANG Shi-peng, et al

Penetration-deflagration coupling damage performance of

Ballistic Research

rod-like reactive shaped charge penetrator impacting thick
steel plates[]]. Defence Technology, 2025(2): 242-253.

2025 % %334 #7748 (689-702)



702 e RN R P

[41] RRIEI5R , 4 75 . w3 el b 3T o 2800 B (e 07 2000 ] B Srprl) ] SR AR, 2009, 30(2): 242-246.
i, 2015, 33(16): 65-71. NIU Wen-xia, HUANG Jie, LUO Jin-yang, et al. Measurement
DENG Guo-giang, YANG Xiu-min. Numerical simulation of and analysis of impact pressure of hypervelocity impact on
damage effect of hyper velocity weapon on ground target[]]. concrete target[J]. Acta Armamentarii,2009,30(2): 242-246.
Technology Review, 2015, 33(16): 65-71. [44] GOLD V M., VRADIS G C. Analysis of penetration resistance
[42] ERFIC, FANI, BRAFAR, 45 RS 5000 T IR BE LR i of concrete[)]. Journal of Engineering Mechanics, 1998, 124
FTUERG AN )] R S b, 2025, 45(5): 1-10. (3):328-338.
QIAN Bing-wen, ZHOU Gang, CHEN Chun-lin, et al. Mea- [45] YANG Yao-zong, FANG Qin, KONG Xiang-zhen. Failure
surement and analysis of stress waves in concrete target under mode and stress wave propagation in concrete target subjected
hypervelocity impact[J]. Explosion and Shock Waves, 2025, to a projectile penetration followed by charge explosion: Ex-
45(5): 1-10. perimental and numerical investigation [J]. International jour-
[43] A-2E@T, WV, DHH, & 8 ey diiE R B L vb b R A nal of Impact Engineering, 2023, 177(1): 1-17.

Stress Wave Effect in Semi-Infinite Concrete Targets Subjected to Penetration-lmplosion Action of Reactive
Jet

ZHOU Xin'?, FENG Bin'*, CHEN Li'*, WANG Rui-gi’, LI Yu-chun’

(1. School of Civil Engineering, Southeast University, Nanjing 210096, China; 2. Engineering Research Center of Safety and Protection of Explosion &
Impact of Ministry of Education, Southeast University, Nanjing 211189, China: 3. College of Field Engineering, Army Engineering University of PLA,
Nanjing 210007, China)

Abstract: To investigate the stress wave effect in semi-infinite concrete targets under penetration-implosion loadings induced by
reactive jet (R)), two sets of RJ peneration-implosion experiments were conducted to obtain stress wave data and characteristic
damage patterns of concrete targets. LS-DYNA software combined with a restart algorithm was used for staged numerical simula-
tions of the penetration-implosion process, and to analyze the stress wave propagation characteristics in concrete under the com-
bined action of RJ penetration and explosion. The findings demonstrate that numerical and experimental results showed good
agreement in stress waves and target damage features. During the penetration stage of RJ, concrete failure occurs after successive
loadings of dynamic stress wave zone and static high-pressure zone, with the latter having a faster loading rate but a shorter ac-
tion duration. The concrete damage caused by RJ penetration accelerates energy dissipation, reduces peak stress during the ex-
plosion stage, but accelerates stress wave propagation. Compared with the undamaged target, the peak stress of the explosion in
the target after R) penetration decreased by up to 47%, and the growth rate of the stress wave propagation speed could reache up
to 7%. However, when the depth of measuring point exceeds 335 mm, the influence of RJ penetration on the explosion stage
can be ignored.

Key words: reactive jet;semi-infinite concrete target;stress wave effect; penetration-implosion
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