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Modal superposition of the cylindrical shell under

loading”’

BOT B . R AR P, e AR 1 18] 1 2a By
NI D0 N 2P | A B B 37 T S S o R )
M 7

PO A AR TP A7 AE T AU A0 T 1 i 45 P &R
BRI BB X SRS A S IR 8
AT AR RS, WA 13 Pk

X SCHE AR AR AR AED? R i 45 e i 56 v 0L
o WG K R g (A W D PR b S S Pt /e RR
il 15 e I RS 4R 8l AR R A 4 i s A X T 2 A
) A7 AE 2 ORI AE K LG o ) SO 25 % T 4%
P YL Bl 51 Ak 9 17 A2 3 i B R DL b AT T R E A UL
I, R B BRIV AR 3G R R BT T 12,

N XK 2024 % H 324 %98 (986-1008)



992

AR AN EIR BT R

A —

~” a ™S ” P ,_/ LA . N
3 ’ K & T ‘J," \ \ # K " A \ / . 1 T )ﬂ .
/ A N\ / AN / AN
/ ® / ® \a / ® \
ZF \ E ‘ 2
[ = /& €
> >
< |’ L= L=
| > >
< < <
\ J \ = \ & -
& \ &
\ = - | ,a'/ \ b1 AJ \ N/
* \ “"‘ \ 74 / \ ¥ \ /
) A o y / .V o, y N ) ] -4 )y
N VY . v o -~ ¥ v >
~— ~— ol
a. force perturbation b. fully constrained perturbation c. mass perturbation

13 SElRgsiy b4 8 s B

Fig.13 Schematic representation of the perturbation sources in shell structures'®’

2.2 MTHKMOBSES MBS IE

T 30 o 75 2 52 51 58 4 1 o o 8 1 7
Ao, 5 P 1 3 245 00 O Ji BR G B BXE B SR T L 5
54 OF G012 05 9 D 2 0, 5 9 B %
S E bl BB T L IR R R
Ha Za3ek 2/ BRI 46 B B 4 2 2 0 o R
ORI th T LA A L 3] % 7 R s AL B
5 2 6] 2 15 R A0 0 0 o T 0
L0 454 R S e g B B R

AT B 3 oh 3 B 28 D 5 1 O
.45 0 B S ok e O 4 1 0 o 45 S
Pl 14 B %7, 3L 1 4a 0 I 5% 3 3 it I
B2 F 1 1 4b th T O B B B . TR A, S
2 1 o O 0 0, 5 10 0 032 O W R B
0 P 14D o 9 28 85 00 B 5 B O W0 0 3
7 VT 0 R R X 5 0 7 W 3 S5 0P
i 2 e M A PR e, MG ST 1 4 o
T 3 5 e 0 A 4K G o R e B I X R
R ) 2 T 1 A8 WP W 451 ) 1y — e

25 4573 e R TS0 R G 8 1 0
R T 42 5 48 00 I 5 2 1 RS ) T o A
KB B 2 LI 15 Duffey 552 32 H 19 BEZS 75 i BL 3L
A B 594625 2 L2 O A9 75 1 — 4 %
25 00 2 A T, 24 1A S D 1 21, SRR
2 01 0 1215 845 M L B 97 W 4825 0 I A
A L P A, = AR P 1 4, MR
LR U 14b. T PSR F T4 P I B R
Pl 1 5. e (3 6 i 2 6 1 3002 1 1 51 o B4 T 1 S 0
WA () R — SR RS (£ ) B 2 e 2 i o
B 7 U 72— 4 K 190 5 I 490 B 2 1 7 1
KR 1T I 2 A L BB AR R R £ P

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

]

a. non-axisymmetric deformation

04
0.3¢
0.2+
0.1

0.4+
0.2+
0.3f
04 ; ; : - i

0 2 4 6 8 10 12
time / ms

displacement / cm
o

b. displacement-time curve

0.08
0.06

0.04+

0.027 /
N A\

N VAN —

magnitude

4
frequency / kHz

c. spectrum analysis

14 s S A B 0 B A A B (B AT e 8 R K A 1 TR A

%S%%Q[zﬂ]
Fig. 14

sliding-sliding boundary subjected to internal blast loading™’!

Modal coupling of the cylindrical shell with

S

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

993

o e o
N e o

o
%]
+

displacement / cm
o

047

o I T S S B R
time / ms
a. displacement-time curve
0.12 f
01 |
S 008 J
= I
5 006 P ﬁ\
=
0.04 fahﬂ‘
F,f \\‘ ‘|‘ [
0.02 /NE
0 4 8
frequency / kHz

b. spectrum analysis

Bl 15 Wi {2 A A R T TR AR A A AR T A A
BEMAMBSHEE

Fig.15 Modal superposition and coupling of the cylindrical

shell with free-free boundary subjected to internal blast load-

[47]

ing
MALERIE[R] 5| A A9, W0 IR A A e w0 = 4R Y SR Y
2y 3 Wi O R P = HEAR A B 5 B b 0 A B

Hu 80— B W5 T A0 3 25 T i [ AL R
Fo VAR AR Y | JFL 2 SR e T 25 245 da /N 5 AR R i
S M G R AL PR A A A 2 R T A R 24
MO e e il Bl gl Jy i il LR 6 5 TR A A2k
e AR LR G . HAEDRS S R rh R B, A ARk
gy i A P A7 R A - S L BE 5 iR Sh LA L (B
Wi V7 3o A P O B AT e BN L B 2 AR AR Y A B Y
M7 0 B 1 2 R S 2 Al W O A P BE IR 2 —

Ren 457 755 A~ whif Y i FE 6l 2% 18 T MR 5%
%k - 1T R AE (B R 2y g e w6 R 0 HG e R AL B R A
ARG o AR TO R P A BBl J1 i A2 B
A~ el 205 R R S TR O B SRR R 0 — 2 R AT
Mg o7 3 5 e 58 A ) bR 2R 5 o 5l oy e ) DG R
R, YRR Y 4 82 (RIS T 90 4 7 B8 Ak T T i IR 25
4 18 B2 ) AN A7 AR I, 2l g Ji il SR B S A
2.3 MBRFB[HRENITH

B BE 2 5 o 0 AR 45 44 2 25 7 S AT D B SR RE
Wi N 3R 2 — o A 4 J DU 7 A — 4 R L WF S A Y o
FEVR K 22 SR T 3 A b e AR AR 02l 268 1) 5 A AR

CHINESE JOURNAL OF ENERGETIC MATERIALS

SHL U M A AL O 1 SRR FH B Bl 5 Ak BLER T
SRR A5 L R B 5 2 0T R BT PR AR
TRTEE A VR T W R EDOWAT R S HLE

ST RAT Ry 48 4548 Bl 7 e 10 fie 2o 5 4R 7 1)
HHZ o Symonds A A iy 'OV FE 1985 4F B IR IE TR
MR EWAT N, FFER WA T &S
TRV B b Rt 0 M Al 2k M RN 5 6 T 48 2R
RO oA [ A A7 ) PN A8 A AR 1) ) A ot 2 e A
FH B 58 T, Forrestal 5% 1A Sy [ 95 £ PP B2 T 48
I3 — Y iR S8 M 0 ) 25 AT BE R AR B EDOUAT Ry, B[R] ER
o 2 Pl 6 (Bl e A SR MR R Bl Y b ) A B R ) R
V7 B 1 PN R I AS S A, an TR 16 TR .

Li 5517 5R HI BB 5 43 A1 5 12 %0 4 J [ 25 114 e 5 W
[ R AT TR ABESY 8 R RS A B RE iR
J WA BT AR BB BRI OC R, R BN T R
Wi 20 5% Ak b RL [ B 7E 28 77 PR UK B 22 U5 8 1 n 2R e
23 kAR R ELWAT R, 38 i A B e L A5 SR UE R T
PR ALY e F0 %) 22 S DU DX R, G 18] 17 H IR A
YA B A B R X 38, 1 Forrestal 1E J& Z0 i T B 2 (i 3

1.0

P=90 MPa
0.5
2 P=65 MPa
E
o /\/\/\/
05 0 100 200 300 400

time / us
16 [RIFRAY S B

Fig.16 Anti-intuitive phenomenon of the ring"®
0.015,
0.014
0.005
0-
-0.005

-0.014

final deflection of the mid-point / mm

-0.015

0 50 100 150 200
peak overpressure P,/ MPa

B17 B REA [ 8 W 7 o o 3 0o 4 R 1 e 28 (o 381
Fig.17 Final displacement of the ring under impulsive loads

with the different peak overpressures''*

N XK 2024 % H 324 %98 (986-1008)



994

AR AN EIR BT R

SV 0 A PR A I T — AN R X Li
SN X B R UL AT S 2 B 8 RE RO A R}
PEARE LM i 2L W /R S 800

AT S OOE BROE 52 A 52 B PR Y A A% 1) 1) A1 o
7 AT A FH A O TR ASE 25 i 7 AF 5% oy, R B T 2L
B SR AIF 5 0 B R EOAT . ERIE B TR T Bk
W R E AT R K AR R SR, ke BRE AR R
M 2 W %N T 0.357, 3R 45 3 T 4 BR e A i 4%
1) HF o

T 4 J BU I 75 75 7R 32 DY K AT R i shis
TIAT b B A o T R S5 R Bl g 2 e AL B
B A T I A B B I AR RS B RS ARG AL
B ST IR DUHR 2S48 10 o WA A 25 I 1 — 4k NP
PSRBT | Y Bl X PR TR RN = AR Y & R D R, R
AT BEE A B )25 5 W R A RE T2 48 o DR 4
Fa 18 3h g 2w S HLEE . S B AT R B AF S R A AR
14 d5e 28 A5 T8 0T Rl 5 0 4805 1) A B B8 el 21 A I 38
HIN N PR 75 38 7E 2 D3 R 3 90 R AR T Ji5 2 76 Jin 2%
I PR R A AR Y R ELOWAT S 5 AL 4 BF 5T R 4
PR 25 25 00 B R0 R A R B Y SR OF g — 2P 56 IR
T AR 05 R X 2 K 2y g A e o ) S

3 NMBREARWERTHR

KA FE B KR 2R 00 R R o e
X B RO P AR R B A A 2 T A
AR X A R DL R 2 i e 10 3 B b 5 0
3.1 HHAERKNENE

WO ME 2R A BRIE KR A KR 2 e
2, MKEZ L MR Y 22 7 7RG 3507 A 09 3 JE 4 fr B A
WY & 22 U7 Stoner A1 Bleakney''™™ L M
Cole N Ay, k7 Az 1 o A o o D OB 2 Hh JE 2508
R ER 28 (19 o Victor!"™ % $17E M TR] 1 48 4 2 B0R
H AT ARBRIE K 25 77 £E 0 e 4804 TT LA 36 B 3k
TEREZ I 245 L) | .

Xiao 55 "VHIFSY TR ALY HE 24 1 K AR HORE TR 0
e R i (R 520, 5 2 22 KE 25 AR 5 o e i
10 R AL TR 10 24 30 3 77 26 9 8 R D4 PT R i AR A 3 %
PL b f oK b T RE AR 1.9 /5 L o BT EL, Xiao
SRV Ry TE WIS 45 R 1 3T S PR B LTI, 1 9% B ) U
i Gl SR N N IV 1 BT 1 = S U & AN =
W 78 % 25 B AT BR TG 4R KE AR A7 5K e, % SRAE LL 1)
B /NTAET 1.0 m-kg B M TAEIE 2, B

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

AR RIS ERE R AR 25 R R

K 2T ARAN S 0 75 85 DAY 1% 0 8 A 114 s 0 0 1T
g AN ] 7 o 9 A R A B R AR
T AE R SE T TNT 3 25 T8 R0 K o A i 3 o it
P AW BF 9T 3R AR TR 3 25 1 R A FOR wr ik by
PO 3T 3 i A 1 e e R B T BROE AL, BROE
R A FHE 25 B0 o Fan 581 R H R B4
(49 77 %5 R BT A 31 Y TR P TR TR A 24 7 i 1) 19 T
3 VA AP B R A% 1 9 R 4 T O W A, EL B AR TR A 245 5
AL 14 B A AT LG8 TR T A AR TR K 25 5 | AR 1 R G 3
07 K 24 T AR K ki K 281y 52 W0 DL AT 18

B 18 E IR R A
Fig.18 Effect of charge shapes on the blast loading

3.2 BEMEMZIT

TE S bR A B 47 v, M 24 1 8 B 0L A7 7R A
GEME GG O T L KE 25 W) 4G L AT RE A TE A dr 0y
Uo7 T, 52 B 67 B 5 R, 25 A PN SRR A 2R
o RS PR 2 O B R A S TR 2 A Y Bl 2
T N 2 S RN DT 38 R O 5 2 A O 1 R
3 7 ZCRR R OO0 S A o O S I T2 B A S PR A
— KRR TR PO REESATEEZL oL,
FEI19a s s 55 R NIE G ARLEAR A bl R S AL T
FEZG L, G 19b B .

2B AENTE R T MR 205 AR S S K 1 o
d PR ST RS a5, R BRE 2 0 B OR[A], 23 3 e
=N e IR ) AR fk . Stevens Fl Rojas' 7K
YE 25 B AR BB 25 28 N iy oo A8 BF 5T T R 8 Ok
A PN AT B S R 4 R AN TE K 2 1Y O o
25 A NI S5 RO I B K N ) R A AE o i 2 B T
Belov 4" il Stevens &5 " A F 77 45 S R0, Y KE 2
iy 15 25 v vh O 7 BN 7E — 5 09I 0 FE TS LA R L
B R KR AT BB S 24 04 e BE TG OG AL Y
oo K AR K 52 B g O BE 1Y) ik S

[115]

Sttt

www.energetic-materials.org.cn



995

Z-Axis is the Axis of
Symmetry for the
Hydro Analysis

Initiation Point

HE

* z
Modeled Portion
of Vessel

16-in. Port —/
Tracer Points /

(1-35) TOP VIEW

a. eccentric initiation position

B19 ST i i 0ol 48
Fig.19 Different eccentric initiation methods"**’
3.3 BREMMAMBSEREZH MW

SR BP0 5 A R A AN 2 AR A RO R s A o
A, BN A T 1% 22 T LRSI N R AR
B v N TS K AT R A 0 R AT RE 2 i B ] R R
ft=om o HAH GBI TS R B, 25 ds 0 B UM PR S e 2
X AR K AT 3 B 1

BN — 20 BT T TR RE Bk S
W ERIE £ S 19 b i e 23 SR, e B BROE £ 3k 1 H
55 22 BN I 1l W WAL T RO 8k 0 ERAETT R M
T B -JFS AR B - T 8 14 JA] 1) e ALk R A R A A
PR B ] 8 55 007 B, B 2 B Hh BT IR, i it
JO7 2% AR A0 555 TOU o 3 4 e i IS R AT 0 o AR AK
SELIHE B WA T BRI AE AR I AR S B0 A RN
VAR AT Y R A B AR AR L HY/D BB 2
B wi O B TR V% T R, A H/D=1.5 i} ik

a. experimental container image

20 [R5 8 0 ol AL ko0

Fig.20 Shock wave propagation in a cylindrical container

CHINESE JOURNAL OF ENERGETIC MATERIALS

[129-130]

S P S I

1

1

1

1

1

1

1

1

1

1
-®-

R

"‘-<‘A,<.3?'<I|
1

1

1

1

shockwave

)

. 1 p
R R
1
1

b. eccentric charge position

B E KA o M BRI S it F) JL Al R i =2 LU a/b 23 32 M
it i 2% RN, BE A a/b 1 HE K, 2 BN 2 & i
K, a/b=0.5 M, 22 AL A B g KA . X 7 A
Sk B 1B RE JE 258 4%, H/D B9 38 KA T /0 i st Ak 9
SR L i (EL 55 A A H 2 R T ) A I X

XU AE 270k P 20 1 TR AR 0 4R 4 4 L RAE
T RETE 25 4% N S 2% 1 o ol AL 3 o B AR ehl
PR B A AR N BE IS ARG A S A RO R[] N BE A
SRS R B R S M AE LA, H SR b
T A i i P BE A 47 O 78 A a5 Ak 23 3R DAY b i 5 B 07
B 32 3 7 R R R .

FLHE R AE ORI AR ARV TT T AR 25 48 R [ AU
PRGET ) % P S () AR AR A S IR T 5, e BROK 25 A
UK RE A AR 2 T PN A o 7 2 0 FNRLBE L BB A
A0 ) A 2 TR] DAY 18 8 K T B MR 5 A 9 408 0 R

b. the propagation paths of shock waves

N XK 2024 % H 324 %98 (986-1008)



996

AR AL BN EIR KL )T

H AR E 8RO T K%

AR A AR 4 i TR LS R RO PR
BN TT R T TR 0 2 1R T LA KE 25 g S
i 2 AR A 8 1 i AR i 2 AU A5 B T FL R S FE AR R
UADREEZ N e 31 AR /s W | W SR L /A W O D
SRR, BE A FRBE 700 A 6 6 TR oK Bl 2 R
IS, 8 55 K 77 43 B K 20 kPa, W5 {8 88 £ 7 2 T B
8.66%-

THT X 70 % 75 4% 14 552 B LT PR 05, K 2400 4R A e 24
7B 1 728 A AT AT R I 3 i A A DN R R K A
A TR B4 5 i A5 AR A A 3 AN [R) Y B 47 A B DX 3, X 4B e
M) 2 RN A BT 22 5 o TEDUI 25 4% B9 52 bR 1 ]
32 RO PR A AR D T R B A R,
AR LA B4 107 P BRI T S AT 1 00 R B B R By 7 80T

4 BRI F AR S50 B IR ME R

IR ST R 22 Bl T Y R AR 8 TNT JE 25 J 3L
FHE 25, IF A 5 B 25 2 X 38 far R DA K2 2
N SE I o B T RO AN BT R R I R 25 R i
AR YL et St My N R 1 NI U = DIV
P14 o HE 280 007 AL 328 T 1A 85 403 5 B A 4R Y B A G
X4
4.1 BREEGHRIERRN

T K 2 76 %% P 23 o) N 7= A I E R S R ) 5% 48

TNT %25 B W i i 22 591, A A BR 2 Ta] 9 9 4% 4 4n
BI215 7R o B T SR 3y B ks O R DL AN LR
T HE 24 d5 KA AR AE T8 b8 580 A1 Bl 1) 448405, DA B o
A R 1 R L v o R T O T R A R

T KR 24 ) R FH B85 v ) SR A RN SR i i B
(4 BE B, 76 A7 B 2 [E) N 0 A0 0 o i o 8 B 47
22 9 2 kg MR E 25 A TNT K 25 78 K %0 (R A 45 4%
H ) AR K A AT AR T B T O IR R K 2 1 A o
7 R R E RS R J0 43 ) b TNT &5 18.0% Al
62.9% , ik KE 25 A FUG BRAN B E 1R T HERS
JE 77 W R i, DA T 396 5 A B 24 ) PN 3 AR A 1Y) S 45
Jak T o 38 SR T KR 2 RO R EE R MR R T A 4 A
SRR, T H VR 2 RN B Y A L AR A T 1 v
BRAS R Sy ool

HFEXF 3 K 24 /Y B9 , 3 SR AR R A
PEAR T () A H A2 R 25 2% Ok OC TR R AR B SF S K
7 S B JO7 FH P, 560 28 2 (8 45 4 SR PR AR T RN IR . TR I,
B X Y K0 24 M T ) R K A e R SR A&
A Wi 7 1A% K 28 A PR T 25 DA K R T, A E
FEFNARAG 25 K 5 B8 M R W IR (AT Ry HILBR, T A ST
HONRL A A SO VA T
4.2 Rk SFED A9 HE R

AR (1 e o e 2B AT RV R ) BB A R0 DL TR 23, 5%
P sk B T B T B B et AT I B A v R B
(42490, 300 4 T+ BT S SR B A L A A 2 T Ay

B 30
FE kB vp

)

Py 1 e EIE D qu

1l us
10 mm 10 ps
gt 10 GPa 100 mm 1 ms
& 1 GPa { = ~_100 ms
& 10 MPa 10 m
) 0.1 MPa
K b2 M3
o 3 B S R i o

21 K 27 A PR s I P AR A () A [ B B

Fig.21 Diagram of different stages of explosion of a thermobaric explosive in a confined space

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

Sttt

[133]

www.energetic-materials.org.cn



DU AR A 2 B0 D9 P A U AN B A D SR AT O BT 5

997

a. anti-explosive container image

N = g ol —— TNTHEZ

S JETE B[
fﬁﬁ?‘?ﬁﬂ&ﬁ&;“”

# JE | MPa
O a N w bk o N W

1 gy S " .
495 500 505 510 515 520 525 530
B 4] / ms

b. overpressure-time curve

0.50-
045
0.40-
0.35
0.30
0.25
0.20°
0.15"
0.10-
0.05

0

0% 005010 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Bl /s

c. quasi-static pressure curve
22 2 kgl HKE 255 TNT FEHUAR 75 85 b ) 0 i 2 3 pp
Fig.22

sive and TNT in anti-explosive container

A2
—— TNTEZ)

HEFAE S IMPa

[134]

A AEAR B oL L

S AR 450 I8 £ A 56 B e 0 2R 2 WD A 1 R R o i
e e AR T A5 R 0 B 5 2 A7 AR B g
5i 0 DRI I A 2 BB R 1 T 4 S N I AR L
B B B B R I 3 T I T B 45
(] AT BE A7 TE HOARRA 3 SR AL . H A5 T iR 1 R AE
EAE RIS RO ARV o S S L (o N T T
ST FE B A A U N A DGR E B D

ARICERE/R T Fe VR G5 78R K o i 5T 19 S 2%

CHINESE JOURNAL OF ENERGETIC MATERIALS

Load curves comparison of 2 kg thermobaric explo-

B 23 Ml ] T A I A B Al ek g

Fig.23 The joint damage caused by the fragmentation war-
head!"?”!

2y Jy 2 LB B R V) R A et RS BT
M TE RS B A 22 AT A T RTHEIE . AR
KT A CHR A, #8715 UK 2 40 70 W0 12 100 R g A o
BB BT (9 30 45 T A4 S A S LB

5 EEMBMBRSR

R TNl R PR A5 A% 5% AL 5 5 PR B A s e AR
2 45 e i S8 A05 10 8 oK, SR TR AL 1 R By 47 R R 4
T &5 4 1 0 5 1 BB % 4% K B B S0 B 1Y R i A i 2R
JOK 6L TR R 2T 4 55 52 5 B AR 235 A8 B 0 B 4 4 e R
TR SR
51 HAEEEGHEBERR

B N 20 22 70 £ RIF IR C & X P42 &
ARG RR 25 e (0 R KE AR B0 BE ) (£ e RHPE BE LR STRL
N g g% g7 2R AR S AR R OB OF R T K &
FgElee,

Fedorenko %5 " & 8L, 7E JLATAH LA AT $2 T, 1: 4
BN 193 M REJEHE N, B LT 4 2 G MR BT R A 2
To WIS (4 RST80T 2 4 7 28 58 5 X2 52 T 25 45 it
PR BE G 3 R T VNIEF B98N BIA BB
BAEASHEILE & AN %R N R 0 A 4t 98 58 )
K I A 2 4 2R A 1) 28 58 5 08 i 2% 4 R
FEAE g ey )y X, IF B 958 0y Jy [ BT 25 R 3, 1M
BROE S G 25 f %R T 34 5 8 B g 58 %) )5 =X, O HL 4
ZER) T IR BT R T 100 W\ — SR BRE B
ARG G M BB AR, R BT AR 4
W 28 R i o AR T SR AAT O . H PR HA
AR Z ) P AH B EE SR L N 2 A MRS 4 R N 2

A et A 2024 % H 324 %98 (986-1008)



998

AR AL BN EIR KL )T

[ B JBE AR BE L W 3 I 55 0 R K e R AR A A Y
RE AT AR T e AR TR AR T o X T B i fif
FHRS B 2T 4 525 25 s, WO B I T el g 28 Uy KR
R 5 FA ) A2 R g 48, HL e £ R IE 2 8 A O 40°
FEAi e

X R A B B O 24 R A T B B A JE 2T 4
AN AR BB AR AT A R R
HNERET AL 24, W Bl 24 BTR o Bian S UBESY T AEN
PR BT AR T R BR /2T 4R BOE b 23 254 i BUR P RE
e BUR A BRAE N N = ZE v A e, BT LAA BL AR 3R 0
21 4 v (9 7 A R g S D 21 E B RHLE o i AR TR
F1% o T R DRI 22, £ 4 TR Y O SR AL A I il LR R A
PRIBER: 3 Fh e 28

KT LY A A R BT 2 01 17 A Bir
B, EBRABBNW LT, G 462k 2 7e 840
A W RSV B 15 0 T 25 2 30y ik ol 0 K R 75 2
TE TS 27 4 19 FE 52 N i b — = W) 6 s A, OF B
GJE NS B L YRR R Z IR T 1/8 1 fiE
RCREL 1E 3 7 Je il S oy e et

AT X T A Y S A A TR T iR

Bl24  ZFH 5 4 5 B0 JCHORE A

Fig.24 Failure pattern of fiber composite vessels

[165]

2T 2 R B3 2T 4 X T M A A UM R BE B2 R B BT 5T,
I T AN [) 2 4 77 16 19 1 27 P BE 22 S AR L 5
P T HUB A IR A gt R Bt B . 7RI
SETE DL T, BEHE £ 4 2 A bRk I R 58 A A A A fT 2
Ay m i JE il kR E RN RA4ER S &
Ja JZ B4 5 T R AN R iR A A2 5 A A T A
J a0 18 25 Fr R o ESE SO B A L Oy
HLIERZE GRS R T &8 WA kA
RO S NS R R R S R P P e v R R S S
BEGLUR A1 R B2 A R AR Bl i AR v 2 5 A
iR o A NN o= G o R -2 S A S
I

TN 2 G5 i e IR T K A A AN 2 LT A T K2
Ji iy, 2 — 20 T FOA R 5 Y AR SR B kA JE R 2RR
R B G TR AR B AR L AR YRR S A
) I SR Bl g i R JLAT AR e DL AR K A
L KR LA G SR A S A A R R R AR DL S 2 )R 2
A EL AR BRIR S A L | 2 HUbR 75 A9F 50 L 28 11
SR Al B (R G e A WL BE S o R R (A
—HREK

. J Jm\‘\

a. 302g

25 ASIA] 2 dE TNT A 25 05 IR B8 £F 4 I A 7c oo AT 17
Fig.25 Central section of glass fiber cylindrical shell imploded by different equivalent TNT explosives

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

b. 188 ¢g

[79]

S

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

999

52 RFEESHERS

R IR 2 [ P9 S0 S AF O %S 1) — il L BTk B R
BA A AR A M Re 0 S n] 8 C 1 4 S 00
RIS OB R WY R IR B AL S Y T K
A BAEF A MBI AT R R B 3 1 R
AR AR BGONE , o B R B 2 B I AR 5 Y 3 i
It gf HORA B B A N Kk R, SRR
TE 38 2 A T BA L W RE R ORE ), HATE &
Rl - R AN (7 R R 7
Fa T B e A5 2 TR AT, O 3 B UL T A B
PERE MBI A R BT RE T

SRR AE 0 A5 25 4 1) 05 47 L HR AR B AR T R i
REARR 1007100 RIS T AN () R A SR 23 X B
E BT R A BE B9 2 WL, e BRI 2 B R 84 0 BEL 0 T 47 4 1

a. 3 mm

B 26 %IR8 A R

Fig.26 Effect of the polyurea thickness on the failure pattern of the cylindrical container

FXE T 4 Jm A A AR IR AR TR B 3h 2 J1 244708
SRR A5 R R o M RE B 4P R RE RN 5 S5 R O BIE S S O
%%, Z R Z UIREE G Wi I 45 4 B9 B 3o HLER AR AL BT
W FTERANIIE . RN IR PR R A R T, il
T ST A R T2 o3 W R R T A AR BT L8 7R A5 A
(3 1 2w N ALBE AT A R R Bt A TH
RE Y A 5 N 52 e DU e s M WT S e it 1 i — D O BOR
STRFTIGE A SR JH A T R T A A Y Gk A 58
R0 K T R A T T R s T 245 A 3l 2w S ) 0 M
TR TN A 5 %, AT NS SRR A5 245 Bl 3 45 R 0 L gk 40
Il R A B AR

6 HitSRE
TE 5 BE R BRIV KE 1 22 47k, 5 BE R R 110 2k A
AE 2R A N BB O AL B |50 sl B er VR R 25 M B9 ) S AT

N Je AT I ST 07 ) o PO A AR SR AIE T R A
Aol % Jts o 1 800 R GER B IR

CHINESE JOURNAL OF ENERGETIC MATERIALS

AEAH B BN . Jiang 551 R BUR IR IR 2 R 42 I
PR FeF 22 [8] (4RG3 0 6 SRR A2 5 5 e O UMM B A 4
B A A Z R R 1 AN A AT e S A R IR TR
ESEENF ML ERAR .

Tian 88 BF T T B R0 42 I8 -2 4 52 5 se k4
PN R A T 8 2 o L R R B S 4 T A [ 2R IR R
JER B RE 7E B a5 2R, IRl 26 iR o BESE R WD, R
iR B9 51N BE B e AR 55 I A A2 5 S AR TE IR R P i
R A 2R R A A AR A A A R R B
RE , 7 )2 1] WE 5% 2R K BE 6% A 2803 1 42 J8 PN AT B0 T
B, A8 AN 2 W R K BE 4% R P9 R ORE I A2 B
S HETE R R R, R PR A AR I R A Sl
DL AL BT P A1 2 TR T U R B AT LA 4R O 2 e ik
AT 1 E

[193]

TE U 75 v DA F A8 e 1 1 A b il ol R B D
R e = A~ B B, 48 X0 2 Aoy 1940 000 280 1 R X ¢ i 4%
A 1) 8l 285 0 7 S EL AT S i A X I A K
G IR RSB I BES S S HLBT I B TR A BT
PRA TR BT BRI 2 ) T — Y IR R A Y | Ak By
X B TR R = ARSI 14 R T R o AR S SL AT ALY o
O MR TR R S8 73 18 718 UM 25 AL FE R K A VR T 3 )
S O AL B Y A L, A RE AT RS A A T A A
K S50 00 850 L VA A0 B 47 540 73 M i it e E B i K 2
A Vi RE B 37 44 R H B A B0 15 B 4 AR ok T
Z R PLIE A PR 2T B0, BUOR RS A 4
PAT 4 J7 T -

(1) 78 5 2800 45 22 A W7 47 0F 5 v, ik 355 RE A
FHRERKE 55 o it 3l g 22 55 22 BHA 28 SR A, T BERS
P AR K AT 23 A7 R4 AL 2 ) I ) 4 B 2R R O
JET AR HFTET A A B2 6] A 3R e A 25 45 e R I 2 44
KRN BB 5T, 32 2R T Fe VR e A SR AL T2 B BTk
Tor e O AR E BT IR (EL S S M PRI P B2

N XK 2024 % H 324 %98 (986-1008)



1000

AR AN EIR BT R

1 < J 45 1) sl 78 B 4 61 R A Al e AR BB 5
BREIR , Jr 0 IO T 3 e F 245 0BG A <10 o Bl 47 245 4
SB35 B AR DG B 1 DA T vk 9 AR

(2) 5 1% K B 37 2% 4 00 B4R 45 44 1 2 fiE — 1R 1k
BEiF st xR SR AL M RE B AT R R £ 2 2
NREE G B a5 BB TAE . B TR S 3R 2
B 3P 2 AL A Bl 2 T 24 A D A AL B R G T A
AT RE P B R BE RO T A 3 45 DR 2R X B 4 1 E Y
M o A S e T T A A 2R A A 58 A0 A%k I e Hh T A
FE Y B0 T 45 #2285 e 07 B9 20 B T SRR, 455 N T
B RE 7 12 52 BBy 47 45 A0 AR A B T AR BT R e AR
[l 3% K )7 7 00 1) 5 Atk F 52 K 3 A s T E T
#PERE

Bt B TR B | B L A R SRR B X8 S
AR AR b AR BB SR S B o

SE
(1] BN —, KM, XDEHE, &5 . B IE 2 48 A BT 5T Be e L ()]
MBS bk, 1998, (3): 1-6.
HU Ba-yi, LIU Da-min, LIU Guang-zuo, et al. Research and
application overview of explosive containers[J]. Bomb Blast
Waves and Shock Waves, 1998, (3): 1-6.

(2] Broi¥, SEFE . & S 08 A 2 2 B O i R A iv Ak )]
i E R, 2003, 17(4): 295-300.

DUAN Zhuo-ping, LI Yu-bin. Design of blast chamber for
break out affair and its life-span evaluation[]]. Chinese Journal
of High Pressure Physics, 2003, 17(4): 295-300.

(3] FBHEAE, MBBLIE, PRITAS, 55 . BTBE J= 50 B J0 X 22 45 MR K 1

RELSR TS ()] M-S vili, 2005, 25(6): 506-511.
ZHENG Jin-yang, DENG Gui-de, CHEN Yong-jun, et al. Ex-
perimental investigation on dynamic response and fracture
characteristics of discrete multilayered thick-walled explosion
containment vessels [J]. Explosion and Shock Waves, 2005,
25(6): 506-511.

[4] ZHENG )Y, CHEN Y J, DENG G D. Recent progress of explo-
sion containment vessels methods for design of explosion con-
tainment vessels [J]. Journal of Pressure Equipment and Sys-
tems, 2008, 6: 185-198

[5] H=Pt. BRserdesd & AR B M A 4 A28 SR [ D . b
A JERE TR, 2017,

GAN Yun-dan. Deformation and failure of the glass fiber rein-
forced composite cylindrical explosion vessel [D]. Beijing:
Beijing Institute of Technology, 2017.

[6] RYZHANSKII V A, MINEEV V N, IVANOV A G, et al. Failure
of cylindrical glass-epoxy shells filled with water under inter-
nal pulse loading [J]. 1978, (2) :
283-289.

(71 25005 . SR 2 R U B B i v B PEREBE S (D). & 75
BT RS, 2021.

Li Peng. Research on anti-explosion performance of polyurea

Polymer Mechanics,

coating and its coated explosion-proof tank [D]. Qingdao:
Qingdao University of Technology, 2021.

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Sttt

FRE . R R IR EREATE[(D]. B AR

%, 2023.

LI Jun-nan. Researchs on anti-explosion properties of metal cyl-
inder coated by polyurea[ D]. Nanchang: Nanchang Universi-
ty, 2023.

S MR A RIS X 0 TS B R S R e R E R 1 B 1 EL
FE[D). KV HERHERY, 2017,

ZHANG Guo-dong. Blast resistance of sandwich cylinders
cored with gradient aluminum foam under internal blast load-
ing: numerical study [D]. Changsha: National University of
Defense Technology, 2017.

TR . A B K AT o R U TR SR St A T 30 2 o 7 % HG A AR
PEREZ HAREALID ). Kb HBRER AR K, 2017.

LIANG Min-zu. Dynamic response and multiobjective optimi-
zation of graded foam cored sandwich cylinder under internal
blast loading [D]. Changsha: National University of Defense
Technology, 2017.

JRBL, BB, BOF, S5 PUBRELR IR IR 2 T AR K LB i AT IR
UG AR A MR A S W AL S ()], TR R 22 SR, 2022,
54(5): 218-227.

ZHANG Rui, HUANG Wei-bo, LVU Ping, et al. Study on the
performance of blast-mitigation polyurea and fracture mecha-
nism of the coated reinforced concrete slabs under contact ex-
plosion [J]. Advanced Engineering Sciences, 2022, 54 (5) :
218-227.

NICKELL R E, ROMERO C. Containing explosions[]]. Mechan-
ical Engineering, 2003, 125(9): 62-72.

ASAHINA J K, SHIRAKURA T. Detonation chamber of chemi-
cal munitions: its design philosophy and operation record at
Kanda, Japan [C]//Asme Pressure Vessels & Piping/icpvt-11
Conference, 2006: 139-147.

BN —, MR, A, .40 kg TNT 2400 KBS 119 9% 3 W
Ko l) ). S by, 2018, 38(4): 918-924.

HU Ba-yi, XIAO Zhi-qiang, GU Yan, et al. Vibration monitor-
ing and analysis of the 40 kg TNT equivalent blast contain-
ment chamber[)]. Explosion and Shock Waves, 2018, 38(4):
918-924.

FRLOME, BN —, THeHE. 80 g TNT M Ak HEZ 2309 BF I ()] AL
LRI, 2011, (02): 41-42.

SU Hong-mei, HU Ba-yi, WANG Xiao-yan. Development of
explosion-containment vessel with 80 g TNT equivalent [J].
Mechanical Engineer, 2011, (02): 41-42.

EOKEL, WIN—, ml . TN R R IE A SRS )] R
FE S whidi, 2010, 30(5): 551-555.

GUAN Yong-hong, HU Ba-yi, HUANG Chao. Vibration anal-
ysis of an explosion vessel based on wavelet packet transform
[J]. Explosion and Shock Waves, 2010, 30(5): 551-555.
BRar 53, WIN—, 2855, A5 . RO A K 25 4 3 3 i iz 19 5 36 F 7T
[ £ T4, 2010, 31(4): 504-509.

CHEN Shi-yong, HU Ba-yi, GU Yan, et al. Experimental in-
vestigation on dynamic response of spherical explosive cham-
ber[)J]. Acta Armamentarii, 2010, 31(4): 504-509.

BN —, KO, Wi B, 4. 25 kg TNT 24k 4 E 728 4% 09 wh iy
FEREWrTE()]. Je3h 5 i, 2006, (06): 43-45+177.

HU Ba-yi, LIU Cang-li, CHEN Shi-yong, et al. Study on isola-
tion of shock induced vibration of a 25 kg TNT equivalent ex-
plosion vessel [J]. Journal of Vibration and Shock, 2006,
(06): 43-45+177.

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

1001

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

el RLLM, W\ — /N A B E A AR )] PR
T.F2If, 2005, (11): 86-87.

LONG Jian-hua,
small-equivalent sealed explosion vessel[J]. Mechanical Engi-
neer, 2005, (11): 86-87.

BN —, X, A5, 5. FLI0HENE 28 f K s 1 78 I 38 e 4
O], K5 ik, 2003, (03): 279-282.

HU Ba-yi, LIU Cang-li, GU Yan, et al. Strain measurement

SU Hong-mei, HU Ba-yi. Design of a

and analysis of explosion containment vessel under hydrostatic
test[J]. Explosion and Shock Waves, 2003, (03): 279-282.
AN —, XIFE, AR, 4. 10 kg TNT 24 54 KR 25 25 19 o o
i [)]. fsh 5 uhidi, 2001, (04): 67-69+101.

HU Ba-yi, LIU Yu, YAN Le-wei, et al. Shock induced vibra-
tion monitoring of the 10 kg TNT equivalent explosion vessel
[J]. Journal of Vibration and Shock, 2001, (04): 67-69+101.
BN —, XU, XDEHE . iR m KA 880 22 P i Bk
HiRE[) ). 22 2R, 2001, (05): 28-30+85.

HU Ba-yi, LIU Cang-li, LIU Guang-zuo. An elementary intro-
duction to the operation safety technology of the explosion
containment vessel [J]. China Safety Science Journal, 2001,
(05): 28-30+85.

N —, FISRS, SKB, 45 B STR AR A S ST A Bl W N B o
ST N R J1 2244, 2001, (03): 91-95+153.

HU Ba-yi, BAI Jin-song, ZHANG Ming, et al. The dynamic re-
sponse analysis of a real explosion-container vessel [J]. Chi-
nese Journal of Applied Mechanics, 2001, (03): 91-95+153.
I, B oe, PR, SF L BRIB R 2R R K s 8 i i K
SR 98 %, 2001, (02): 207-212.

HU Ba-yi, LUO Bing, SUN Cheng-wei, et al. Stress measure-
ment and analysis for a spherical vessel under hydrostatic test
[J]. Journal of Experimental Mechanics, 2001, (02)
207-212.

BN, SR, SRB, 45 BROE M A 25 % 3 3 i B2 A4 55 JEE 53 7
[)]. T#J17%, 2001, (04): 136-139+129.

HU Ba-yi, BAI Jin-song, ZHANG Ming, et al. Dynamic analy-
sis of effective stress for seismic subsidence of pile foundations
[J]. Engineering Mechanics, 2001, (04): 136=139+129.

BN —, RHSIRY , XURH, 2 BRI A48 Y TR BETT U5 ik B H i
D JEF1458% . 2000, (02): 39-41.

HU Ba-yi, BAI Jin-song, LIU Da-min, et al. The engineering
design method of explosion-containment vessel and its applica-
tion[)]. Pressure Vessel Technology, 2000, (02): 39-41.
BN, XU, RS, A5 . Kb A R BROT Ak ke 7 40 ) 9 0k
R[], &3 Sk, 1998, (03): 22-26+90-91.

HU Ba-yi, LIU Da-min, BAI Jin-song, et al. Rectification of
equipment error for pseudo-dynamic test by artificial neural
network method [J]. Journal of Vibration and Shock, 1998,
(03): 22-26+90-91.

AT . 2 A A A R AT AN R PR WESE (D] b
M HITTR:, 2008.

DENG Gui-de. Research on internal explosion loadings and
blast resistant characteristics of discrete multi-layered explo-
sion containment vessels [D]. Hangzhou: Zhejiang Universi-
ty, 2008.

Wi 53 7 BT 22 )2 K R B g e I R R TR T ik 5
[D]. FLHl - #FIT R, 2008.

CHEN Yong-jun. Research on dynamic responses and design

methods of discrete multi-layered explosion containment ves-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[30]

[33]

[34]

[36]

[37]

[38]

e

sels[ D]. Hangzhou: Zhejiang University, 2008.

PSR . it - S iy 3 3 5 20 7 % X 2 1 T 18 30 7 4 Y
FEID]. K KT A%, 2007.

TIAN Jin-bang. Study on dynamic characteristics of pressure
vessels with flat-wound steel ribbon subjected to explosion
loading [D].
2007.

AR DL, ROHETE, WRBB A, 4F . M R AR AR A AR RO DB PR RE AN
ROFROREL) ] M4 5 ik, 2010, 30(2): 215-219.

DENG Gui-de, ZHENG Jin-yang, CHEN Yong-jun, et al.

Anti-explosion

Taiyuan: Taiyuan University of Technology,

capability and scale effect of discrete
multi-layered explosion containment vessels[]]. Explosion and
Shock Waves, 2010, 30(2): 215-219.

RIESE, FERIR, MBER, 45 . B R 2 J2 B 78 4 20 43 A 2R
FHTR 3l i 1o i BE B FE () ). M0 5 di, 2008, 28(4)
324-330.

SONG Yan-ze, TIAN Jin-bang, ZHAO Long-mao, et al. Dy-
namic responses of discrete muitilayered wound ribbon vessels
subjected to blast loading []].
2008, 28(4): 324-330.
RIGEPE, TR, R4, 5. SRR T d 2806 T K
S IR NLL) ] TR S5, 2008, (01): 109-115.

WU Xiao-dan, ZHENG Jin-yang, CHEN Yong-jun, et al. Dy-
namic response of a discrete multi-layered cylinder due to ther-
mal shock[)]. Engineering Mechanics, 2008, (01): 109-115.
AETE, BRI, XESeql, 55 SRS a8 2 )2 19 £ Y sopk
Sy Jyma i34 ) ] W2 2 i (L2, 2005, (12): 1847-
1853.

ZHENG Jin-yang, CHEN Yong-jun, DENG Gui-de, et al. Dy-

namic elastic responses of discrete multilayered cylinder under

Explosion and Shock Waves,

intensive dynamic loading [J]. Journal of Zhejiang University
(Engineering Science), 2005, (12): 1847-1853.

IR IR, R RE R, AOHEE . T~ 58l = ) 28 4 1) W28 1 5 g o
S 3 () ). BT J1 224, 2005, (03): 426-430+508-509.
TIAN ZHAO ZHENG  Jin-yang.
Rigid-Plastic dynamic response analysis of multi-walled pres-

Jin-bang, Long-mao,
sure vessels with flat-wound steel Ribbons[]]. Chinese Journal
of Applied Mechanics, 2005, (03): 426-430+508-509.
WHITE | J, TROTT B, BACKOFEN J J. The physics of explo-
sion containment[J]. Physics in Technology, 1977, 8(3): 94.
XUGSC, Je A2, skPTWT, 45 . i A B KE A SR S S5 ook
JERERTZE )] B M-S piely, 2023, 43(1): 35-51.

LIU Bo-wen, LONG Ren-rong, ZHANG Qing-ming, et al.
Study on the corner overpressure characteristics of concentrat-
ed reflected shock wave due to internal blast in cabin[]]. Ex-
plosion and Shock Waves, 2023, 43(1): 35-51.

BN —, SR, 25, 45 . 40 kg TNT 24 i 5 o B4 00 45 35k 2%
ML) ] R RS H, 2011, 28(6): 9-11.

HU Ba-yi, ZHANG Ya-jun, GU Yan, et al. Calculation of the
equivalent static loading for blast containment chamber with
40 kg TNT equivalence]]. Special Structures, 2011, 28(6) :
9-11.

BN —, o BRIRTT, SRR B D BERRAE A RO R ) i
B T8 244k, 2009, 26(4): 573-578.

HU Ba-yi, LI Ping, ZHANG Zhen-yu, et al. Numerical simula-
tion of characteristic points reflective pressure on the inner sur-
face of the explosion chamber[J]. Chinese Journal of Computa-
tional Mechanics, 2009, 26(4): 573-578.

2024 4 H324K H 98 (986-1008)



1002

HRAE, WA, B\ — L% KL )R

[40]

[43]

[45]

[46]

[49]

[50]

[52]

[54]

R . P 25 ) P A o o B I 3K R P E R S 0 A BT 5
[D]. Bxt: FRtE TR, 2012.

CHENG Feng-sheng. Study on explosive shock wave pressure
test and inner wall overpressure distribution in confined space
[D]. Nanjing: Nanjing University of Science and Technology,
2012.

WIRA, R, B, FARE
REAFEL, 2013, 21(4): 539-546.
SONG Pu, ZHAO Sheng-xiang, et al. Progress
in explosion in confined space[J]. Chinese Journal of Energetic
Materials( Hanneng Cailiao) 2013, 21(4): 539-546.

(6] Py B R KR I T S () ).

HU Hong-wei,

XUSCHE, ki, oy, S BRI M K2 25 P9 K 2408 X T B
HER A SIRE AL .‘Ji%'ﬁ’ﬁ'%{ﬂ”ﬂi, 2018, 38(5): 1045-1050.

LIU Wen-xiang, ZHANG De-zhi, ZHONG Fang-ping, et al.
Quasi-static gas pressure generated by explosive charge blast-
ing in a spherical explosion containment vessel [ ]]. Explosion
and Shock Waves, 2018, 38(5): 1045-1050.

BAKER W E, ALLEN F ). The response of elastic spherical
shells to spherically symmetric internal blast loading [ C]//Pro-
ceedings of the Third U.S. National Congress of Applied Me-
chanics, Brown University, Providence, R.l. June 11-14,
1957:79-87.

BAKER W E. The elastic-plastic response of thin spherical
shells to internal blast loading[)]. Journal of Applied Mechan-
ics, 1960, 27: 139-144.

RUSCHE . BRIE M E 25405 0 DL 3 R B4 e AL BT 52 (D). bt
BT R, 2017.

LIU Wen-xiang. Mechanism of strain growth phenomenon in
spherical containment vessel subjected to internal blast loading
[D]. Beijing: Beijing Institute of Technology, 2017.
DEMCHUK A F. Method for designing explosion chambers[]].
Journal of Applied Mechanics and Technical Physics, 1968, 9
(5): 47-50.

DONG Q, LI Q M, ZHENG J Y. Strain growth in a
finite-length cylindrical shell under internal pressure pulse[]].
Journal of Pressure Vessel Technology, 2017, 139(2): 1-
DUFFEY T A, RODRIGUEZ E A, ROMERO C.
Detonation-induced dynamic pressure loading in containment
LA-UR-02-0366 [R]. Los Alamos, USA: Los Alamos
National Laboratory, 2002.

BRIk R L)) R S bt 1989, (01): 85-96.
ZHAO Shi-da. Blast chamber[}]. Explosion and Shock Waves,
1989, (01): 85-96.

DONG Q, LI Q M, ZHENG J Y. Interactive mechanisms be-

tween the internal blast loading and the dynamic elastic re-

vessels:

sponse of spherical containment vessels[]]. International Jour-
nal of Impact Engineering, 2010, 37(4): 349-358.
BUZUKOV A A. Characteristics of the behavior of the walls of
explosion chambers under the action of pulsed loading []].
Combustion, 1976, 12 (4) :
605-610.

DUFFEY T A, ROMERO C. Strain growth in spherical explo-

sive chambers subjected to internal blast loading[]]. Interna-

Explosion and Shock Waves,

tional Journal of Impact Engineering, 2003, 28: 967-983.
DUFFEY T A. Containment of explosions in spherical shells
[C]//Proceedings of 7th International Conference on Shock &
Impact Loads on Structures, Beijing, China, 2007.

KARPP R R, DUFFEY T A, NEAL T R. Response of contain-

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

[58]

[65] b

Sttt

ment vessels to explosive blast loading[R]. Los Alamos Scien-
tific Laboratory, LA-8082, 1980.

ZHDAN S A. Dynamic load acting on the wall of an explosion
chamber [J]. Combustion,
1981, 17(2): 142-146
BUZUKOV A A. Forces produced by an explosion in an

Explosion and Shock Waves,

air-filled explosion chamber [J]. Combustion Explosion and
Shock Waves, 1981, 16(5), 555-559.

RUSCHE, SRICHT, 805 %, &5 . BRoTEI ML T 6 R R 3 K B4
). B4 5 ahid, 2017, 37(5): 893-898.

LIU Wen-xiang, ZHANG Qing-ming, ZHONG Fang-ping, et
al. Strain growth of spherical shell subjected to internal blast
loading during plastic response [J].
Waves, 2017, 37(5): 893-898.
TROTT B D, BACKOFEN J, JOSEPH E, et al. Deign of explo-
sion blast containment vessels for explosive ordnance disposal
units [R]. ADB016707: 1975.

A kA, MR, S PR A R SR )R LB A AT 5
D], A E #2020, (02): 28-34.

LI Ying, ZHANG Lei,
perimental study on formation of quasi-static pressure in inter-
nal blast[J]. Shipbuilding of China, 2020, (02): 28-34.

Explosion and Shock

DU Zhi-peng, et al. Theoretical and ex-

A, MR, BRALRE, S AR K A5 5 B A A T O A ) R
WrgT ke [)]. v EALAEEST , 2024, 19(3): 3-60.

Ll Ying, DU Zhi-peng, CHEN Gan-chao, et al. Fundamental

problems in blast-induced damage and protection of naval ves-

sels: A state-of-the-art review [J]. Chinese Journal of Ship Re-

search, 2024, 19(3): 3-60.

Sy, LR, B, AR R T S5 AR R A AR 3 PR TNT 4%

HED] I EMAEPESE, 2024, 19(3): 86-95.

ZHOU Hu, KONG Xiang-shao, LUO Feng, et al. TNT equiva-

lency method in confined cabin based on structural response

[J]. Chinese Journal of Ship Research, 2024, 19(3): 86-95.

SRME T, AT, D R SR R IR S B0 JE B [ R e S B
ASUE R RS () ] B NE S iy, 2021, 41(6): 48-57.

ZHANG Peng-zhou, DONG Qi, YANG Sha.

blast loading parameters on elastic dynamic response of an

infinite-length cylindrical shell [J].

Waves, 2021, 41(6): 48-57.

NG, HAr, b, A PR R AR )0 BROE 2 A R Bl 3

Wi LA ()], S RERTRE, 2019, 27(8): 698-707.

SUN Qi, DONG Qi, YANG Sha, et al. Effects of quasi-static

pressure on dynamic elastic response of spherical vessels un-

der internal blast[J]. Chinese Journal of Energetic Materials

(Hanneng Cailiao), 2019, 27(8): 698-707.

PNET, BEA, Wb, S R S R X BROE 2 SR T Bl

BRI ]. S REM KL, 2020, 28(1): 25-31.

SUN Qi, DONG Qi, YANG Sha, et al. Effects of quasi-static

pressure on dynamic elastic-plastic response of spherical ves-

¥yl

Influence of

Explosion and Shock

sels under internal blast[)]. Chinese Journal of Energetic Mate-
rials( Hanneng Cailiao), 2020, 28(1): 25-31.

B 7 AR AR K R R TR ) 30 2 S ) S B R Y
[D]. 4. dE TRy, 2019.

SUN Qi. Dynamic response and mechanical model of shell un-
D]. Mianyang: The Chinese Acad-
emy of Engineering Physics, 2019.
FELDGUN V R, KARINSKI'Y S, EDRI I,

quasi-static pressure in confined and partially confined explo-

der internal explosive load[

et al. Prediction of the

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

1003

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

sions and its application to blast response simulation of flexi-
ble structures[J]. International Journal of Impact Engineering,
2016, 90:46-60.

JONES N. Structural impact[M]. New York: Cambridge Uni-
versity Press, 2011.

ZHAO Y P, YU T X, FANG J. Large dynamic plastic deflection
of a simply supported beam subjected to rectangular pressure
pulse [J1. Archive of Applied Mechanics, 1994, 64 (3) :
223-232.

ZHAO Y P, YU T X, FANG J. Saturation impulses for dynami-
cally loaded structures with finite-deflections[)]. Structural En-
gineering and Mechanics, 1995, 3(6): 583-592.

AR, R, YRR . AR b 8 7 2 2 )1 (2010-2020) [)]. 4
Ke 5w, 2021, 41(12): 4-64.

YU Tong-xi, ZHU Ling, XU Jun. Progress in structural impact
dynamics during 2010-2020[)]. Explosion and Shock Waves,
2021, 41(12): 4-64.

SLRERR, SRR, KROR, SE L FE T 0 S I ) B S A 2 i A
AT FEHOTEV T D) ] IS ahidr, 2019, 39(9): 15-25.
KONG Xiang-shao, ZHOU Hu, ZHENG Cheng, et al. An
equivalent calculation method for confined-blast load based
on saturated response time [J]. Explosion and Shock Waves,
2019, 39(9): 15-25.

SEMRMI, R, ARG, A5 . BT ) v pA A A A o i A B
S5 )]. B TR 2222 4R (Sl B2 5 TR , 2020, 44
(1): 85-90.

CA Lin-gang, LI Xiao-bin, DU Zhi-peng, et al. Study on im-
pulse saturation of internal explosion load in confined space
[J]. Journal of Wuhan University of Technology ( Transporta-
tion Science & Engineering), 2020, 44(1): 85-90.

DUFFEY T A, ROMERO C. Vibration Modes of Spherical
Shells and Containment Vessels [ C]//ASME Pressure Vessels
and Piping Conference. 2002, 46512: 177-184.

DUFFEY T A, BAKER W E, LEWIS B B, et al. Containment of
explosions in spherical vessels[J]. ASME Pressure Vessels and
Piping Division, 1993, 264: 85-91.

DONG Q. Investigation on the mechanisms of the strain
growth phenomenon in containment vessels subjected to inter-
nal blast loading[ D ]. The University of Manchester, Ph.D the-
sis, 2008.

{58 [ I AR A i e AR B e R ST (D )L AT WU
K2, 2008.

MA Yuan-yuan. Investigation of dynamic responses of the cy-
lindrical explosion containment vessels[ D |. Hangzhou: Zheji-
ang University, 2008.

AE T PR I BT R A AR A A R S AR RS (D). B
AU MATELT R, 2012

NIAN Gang. Study on the vibration characteristics of a closed
explosive container under the action of internal explosive load
[D]. Nanjing: Nanjing University of Science and Technology,
2012.

TR A AR I T S B O T RS A B SRR (D)L &
B . rp E B2 EOR K2, 2007

ZHANG Ya-jun. Numerical studies on three-dimensional ex-
plosion flow field and dynamic responses of explosion vessel
[D]. Hefei: University of Science and Technology of China,
2007.

DONG Q, WANG P L, YI C H, et al. Dynamic failure behav-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[80]

[85]

[89]

[90]

[92]

[93]

e

ior of cylindrical glass fiber composite shells subjected to inter-
nal blast loading [J]. Journal of Pressure Vessel Technology,
2016, 138(6): 060903.

MALTSEV V A, KONON Y A, ADISHCHEV V V, et al. Experi-
mental investigation and analysis of oscillations of thin-walled
spherical shell during pulse loading [J]. Combustion, Explo-
sion and Shock Waves, 1984, 20(2): 97-102.

MALTSEV V A, STEPANOV G V, KONON | A, et al. Estima-
tion of maximum stresses in thin-walled spherical shell struc-
tures loaded by a short pressure pulse[]]. Strength of Materi-
als, 1985, 17(12): 100-103.

BELOV A |, BELYAEV V M, KORNILO V A, et al. Calculation
of wall loading dynamics in a spherical combustion chamber
[J]. Combustion, Explosion and Shock Waves, 1985, 21(6):
132-135.

KORNEV V M, ADISHCHEV V V, MITROFANOV A N, et al.
Experimental investigation and analysis of the vibrations of the
shell of an explosion chamber[]]. Combustion, Explosion and
Shock Waves, 1979, 15(6): 155-157.

ABAKUMOV A I, EGUNOV V V, IVANOV A G, et al. Calcu-
lation  and  experiments on the deformation  of
explosion-chamber shells [J]. Journal of Applied Mechanics
and Technical Physics, 1984, 25(3): 455-458.

RSO . TR TR 43 K 5 % 3 00 2 i i IR M SR IR BT (D). K
W HERHR Y, 1994,

ZHU Wen-hui. Theoretical and experimental study of the dy-
namical strength of a cylindrical explosive vessel[D]. Chang-
sha: National University of Defense Technology, 1994.

ZHU W H, XUE H L, ZHOU G Q, et al. Dynamic response
of cylindrical explosive chambers to internal blast loading pro-
duced by a concentrated chargelJ]. International Journal of Im-
pact Engineering, 1997, 19(9-10): 831-845.

DUFFEY T A, PEPIN J E, ROBERTSON A N, et al. Vibrations
of complete spherical shells with imperfections [J]. Vibration
and Acoustics, 2007, 129: 363-370.

DONG Q, LI Q M, ZHENG ] Y. Effects of structural perturba-
tions on strain growth in containment vessels [J]. Journal of
Pressure Vessel Technology, 2010, 132(1): 1-7.

DONG Q, YANG S, ZHANG L C. Influence of defect distribu-
tion on dynamic elastic buckling of rings under internal
uniformly-distributed pressure pulse [C]//ASME 2017 Pressure
Vessels and Piping Conference. Hawaii, USA, 2017.

LIU W X, ZHANG Q M, ZHONG F P. Further research on
mechanism of strain growth caused by superposition of differ-
ent vibration modes[]]. International Journal of Impact Engi-
neering, 2017, 104: 1-12.

RUSCHE, SRPERR, RN, A5 BRI R M 7 % 028 38 4 B B A B
o)), b5 ik, 2017, 37(6): 901-906.

LIU Wen-xiang, ZHANG De-zhi, CHENG Shuai , et al. Limit
of strain growth in a spherical explosion vessel [J]. Explosion
and Shock Waves, 2017, 37(6): 901-906.

TREOM, BSOS, XV, 45 . IR R A3 A 2 45 0 72 1Y K L4
[J]. &£ T4, 2018, 39(S1): 96-101.

XU Jing-lin , GU Wen-bin, LIU Jian-qging, et al. Strain growth
in cylindrical explosion vessel subjected to internal blast load-
ingl)]. Acta Armamentarii, 2018, 39(S1): 96-101.

R, gR AR, XUSCHE, A5 BROE HRIE 2 28 15 22 106 H2 Wk Y 8
WKL) S il 2019, 39(3): 93-100.

2024 4 H324K H 98 (986-1008)



1004

AR AN EIR BT R

CHENG Shuai, ZHANG De-zhi, LIU Wen-xiang, et al. Strain
growth of flange bolts of the spherical explosive vessel[J]. Ex-
plosion and Shock Waves, 2019, 39(3): 93-100.

[94] LI Q M, DONG Q, ZHENG J Y. Strain growth of the in-plane
response in an elastic cylindrical shell[)]. International Journal
of Impact Engineering, 2008, 35(10): 1130-1153.

[95] DONG Q, LI Q M, ZHENG ] Y. Further study on strain
growth in spherical containment vessels subjected to internal
blast loading[)]. International Journal of Impact Engineering,
2010, 37(2): 196-206.

[96] HUJH, DENG Y J, DONG Q, et al. Elastic response analysis
of cylindrical vessels subjected to internal explosion[]]. Inter-
national Journal of Pressure Vessels and Piping, 2023, 202:
104880.

[97] REN Y F, DENG Y J, DONG Q, et al. The effect of
quasi-static pressure on strain growth in an elastic ring[J]. In-
ternational Journal of Impact Engineering, 2024 (185) :
104862.

[98] FORRESTAL M J, TZOU DY, LI J. A counterintuitive region of
response for elastic-plastic rings loaded with axisymmetric
pressure pulses [J]. International Journal of Impact Engineer-
ing, 1994, 15(3): 219-223.

[99] LI Q M, DONG Q, ZHENG ] Y. Counter-Intuitive breathing
mode response of an elastic-plastic circular ring subjected to
axisymmetric internal pressure pulse [J]. International Journal
of Impact Engineering, 2008; 35(8): 784-794.

[100]DONG Q, LI Q M, ZHENG J Y.

counter-intuitive response of single-degree-of-freedom struc-

Further study on

tures[)]. International Journal of Impact Engineering, 2011, 38
(5): 305-308.

[101]SYMONDS P S and YU T X. Counterintuitive behavior in a
problem of elastic-plastic beam dynamics[J]. ASME Journal of
Applied Mechanics, 1985, 52: 517-522.

[102] KOLSKY H, RUSH P, SYMONDS P S. Some experimental ob-
servations of anomalous response of fully clamped beams|[J].
International Journal of Impact Engineering, 1991, 11 (4) ,
445-456

(103 ] 3=, sadk, BAE R . T U5 &5 A0 S99 1k 3y J i 17 A 5 3 47
(). B Ty 224, 1999, 20(2): 113122,

Xl Feng, YANG Jia-lin, LI Zai-liang. Anomalous behaviour re-
visited: Dynamic response of elastic-plastic structures[]]. Chi-
nese Journal of Solid Mechanics, 1999, 20(2): 113-122.

[104] SRE:3E, Z4H1, WpHam . ooy 800 7E R S8 M A i S o 30

W o B 5E L) ). A uhili, 2003, 23(5): 420-424.
WU Gui-ying, QIN Dong-qi, YANG Gui-tong. A study on
anomalous response of elasto-plastic plates under impulsive
loading [J]. Explosion and Shock Waves, 2003, 23 (5) :
420-424.

(105 ] 29 0E | A 20 | 28 2L BRAT Jf o7 7242 1) ok i 480 4 FH R A9 3

PSSy LTS [)]. RS ek, 2010, 21(9): 58-63.
LI Hai-wang, SHU Xue-feng, QIN Dong-qi. Elastic-plastic
analysis on behaviors of thin spherical shell subjected to radial
rectangular impulse loadings [J]. Journal of Vibration and
Shock, 2010, 21(9): 58-63.

[106] XB 548, FRHETE, MROTZE, &5 . PIRP S AL R 3 24 /9 10T 17 HR 1 4%
AT SE L) ] 45 B TR 22 4R (A SR B2 R, 2010, 11(4)
462-467.

DENG Gui-de, ZHENG Jin-yang, CHEN Yong-jun, et al.

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

Near-field blast loadings from explosion of two typically
shaped charges([J]. Journal of Army Engineering University of
PLA, 2010, 11(4): 462-467.

[107] SHERKAR P, SHIN J, WHITTAKER A, et al. Influence of
charge shape and point of detonation on blast-resistant design
[J]. Journal of Structural Engineering, 2016, 142 (2) :
04015109.

[108] STONER R G, BLEAKNEY W. The attenuation of spherical
shock waves in air[)]. Journal of Applied Physics, 1948, 19,
670-678.

[109] COLE R H. Underwater Explosions[J]. Science, 1948, 108:
2818.

[110] VICTOR A C. Warhead performance calculations for threat
hazard assessment [C]//Department of Defense Explosives
Safety Seminar, Las Vegas. 1996: 2—-26.

[111]XIAO W, ANDRAE M, GEBBEKEN N. Effect of charge shape
and initiation configuration of explosive cylinders detonating
in free air on blast-resistant design[]]. Journal of Structural En-
gineering, 2020, 146(8): 04020146.

[112] Biise , 9K E 77 . 3T LS-PrePost [ /8 ] JE IR 3 25 18 1 £ ELAF 5T
[ Mg AR, 2023, 48(1): 76-82.

YING Di-tong, ZHANG Yan-chun. LS-PrePost-based simula-
tive explosion with shape-different charging[)]. Forensic Sci-
ence and Technology, 2023, 48(1): 76-82.

(13T RISCHE, SRAEA, BhJyF, 45 . BRI A4 1A% 50 FE 2 25 7 g e 3T

DX 3BT 22 S i S IR BT S ()] MR R 5 eh i, 2013, 33(3) .
330-336.
LIU Wen-xiang, ZHANG De-zhi, ZHONG Fang-ping, et al.
Blast loading difference between spherical charge and cylindri-
cal charge with length equal to diameter at small scaled dis-
tances [J]. Explosion and Shock Waves, 2013, 33 (3) :
330-336.

[114] 2, Tk, EE, . A [ 525K TNT K kg 1 il 3 b
i DAL Ak B S T )], K HMEZG 2240, 2018, 41(5): 461-
464+500.

LI Jin-he, WANG Bin, WANG Yan-ping, et al. Experimental
study on near-field shock wave propagation of underwater ex-
plosion of TNT with different charge shapes[J]. Chinese Jour-
nal of Explosives & Propellants, 2018, 41(5): 461-464+500.

[115]FAN Y, CHEN L, LI Z, et al. Modeling the blast load induced
by a close-in explosion considering cylindrical charge parame-
ters[J]. Defence Technology, 2023, 24: 83-108.

(11620, RN, 220, A5 A = 45 F 68 KE 24 P A5 i 705 2 11 %50
MBS L) ], TR T2 4l , 2022, 41(2): 88-94.

LI Xu, JIAO Zhi-gang, LI Shuai-xiao, et al. Numerical simula-
tion of response of cabin structure to explosive implosion[]].
Journal of Shenyang Ligong University, 2022, 41(2): 88-94.

[117] STEVENS R R, ROJAS S P. Confinement vessel dynamic analy-
sis[R]. LA-13628-MS, Los Alamos National Lab. (LANL), Los
Alamos, NM (United States), 1999.

[118] BELOV A I, KLAPOVSKII V E, KORNILO V A, et al. Dynam-
ics of a spherical shell under a nonsymmetric internal pulse
loading[)]. Combustion, Explosion and Shock Waves, 1984,
20: 312-314.

[119]STEVENS R R. Confinement vessel HE eccentricity study.
ESA-EA:00-008, Los Alamos National Lab. (LANL), Los Ala-
mos, 2000.

[120] 3R WE242, SN —, 25 . IR IEHE N 120 kg TNT 24 5 4% F 2 fof 19

Sttt

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

1005

BUE ST L) BT I3 424, 2012, 29(4): 393-397+484.
ZHANG Ya-jun, HU Ba-yi, GU Yan. Numerical studies on
120 kg TNT equivalence blast loadings in an explosion tower
[J]. Chinese Journal of Applied Mechanics, 2012, 29 (4) :
393-397+484.

121 BRI, WIN—, &% BRI R AU LT 854 i A BRoT 7
Br]. HLbk et S5 i, 2009, (11): 51-52.

YI Chen-hong, HU Ba-yi, GU Yan. The strength analysis of
man hole with yoke of blast chamber[}]. Machinery Design &
Manufacture, 2009, (11): 51-52.

(122 Rk, BRor, RBOL, 56 . IRAE IR 1 X 2 5 DU AR 1 A 1 56 AT
FE0)]. B TR, 2023, 45(4): 14-19.

XU Jing-lin, CHEN-Li, ZHU Jun-guang, et al. Experimental re-
search on the anti-blast characteristics of cylindrical explosive
containers|J]. Protective Engineering, 2023, 45(4): 14-19.

(1237 Bl 2545 . 50 A% 0 T 8 0 2 0 D9 AR A0 o ol B AL BE LR BT 5[ D).
Wemd : ZROE TR, 2021,

LU Jun-wei. Study on propagation principles of shock waves in
explosion containers under negative pressures [D]. Huainan:
Anhui University of Science and Technology, 2021.

(124 ] 2580 G0 PR B M 2458 A o o 02 A% R 4R 4 B AT 35 20 R AT 5
[DJ. #em: ZRIET K, 2022
LI Zhi-min. Study on propagation characteristics of explosive
blast wave and harmful effects of explosive explosion in nega-
tive pressure environment[D]. Huainan: Anhui University of
Science and Technology, 2022.

0125 ] BREE . A 5 P 2 [ 0 8010 ) 0 DR 00 S s HLBR [ D ). &
e o E B2 R R, 2020.

XU Hai-bin. Mechanism and effect of water mitigation on con-
fined explosion loading[ D]. Hefei: University of Science and
Technology of China, 2020.

[126] Z= 3k t6 . 7K A 5 % 10 25 4 3l 0 i B2 23 M 5 S e W52 [ D ] s
RBHE R, 2013.

LI Lin-na. Dynamic responses analysis and experimental study
on the water medium explosion vessels[D]. Wuhan: Wuhan
University of Science and Technology, 2013.

(127 72, WAL, B0 PR . L TO0R it P 0 28 2 8 I oo ol 6 280 100
B k3l 5 ek, 2013, 32(20): 35-40.

WANG Zhen, HU Ke, ZHAO Yang. Numerical simulation for
internal vapor cloud explosion loading in dome-roof steel tanks
[J]. Journal of Vibration and Shock, 2013, 32(20): 35-40.

(128 ] fhestbk, WUSCHE , XUAETE, A5 . DAL R R X0 225 4 D9 R e 280 11 2
A )], k3l S ity 2020, 39(18): 276-282.

XU Jing-lin, GU Wen-bin, LIU Jian-qging, et al. Distribution of
blast loading in cylindrical explosive containment vessels []].
Journal of Vibration and Shock, 2020, 39(18): 276-282.

L1290 X0, WRSCHY , 98B o, A . VKR I JR X 75 2 1) P9 BE AR JF 281
1. #4E 5 it 2022, 42(2): 19-30.

LIU Xin, GU Wen-bin, CAI Xing-hui, et al. Blast loads on the
inner wall of cylindrical explosion containment vessel []]. Ex-
plosion and Shock Waves, 2022, 42(2): 19-30.

[130]LIU X, GU W B, LIU J Q, etal. Dynamic response of cylindri-
cal explosion containment vessels subjected to internal blast
loading [J]. International Journal of Impact Engineering, 2020
135: 734-743.

(13T SLARAR, 5, DUIE, A5 . % PA 2 18] DA 8 R 0BT 400 ol 280 17 5 36
WEgE0)]. Bk it 2021, 41(6): 24-37.

KONG Xiang-shao, WANG Zi-tang, KUANG Zheng, et al. Ex-

CHINESE JOURNAL OF ENERGETIC MATERIALS

perimental study on the mitigation effects of confined-blast
loading[)].Explosion and Shock Waves, 2021, 41(6): 24-37.

[132] A F 0, R, WT4, & . GURRMF T ERIE R 8 N FLAL K

Gl WS HWITE) ). KIEZ 240, 2023, 46(3): 252-259.
LI Xiao-chen, WANG Quan, XIE Shou-dong, et al. Study of
shock wave parameters of emulsified explosives in spherical
explosive containers under negative-pressure conditions [J].
Chinese Journal of Explosives & Propellants, 2023, 46 (3) :
252-259.

(13382, IR, MR, 4 . MR AE 25 i fe ROk R BUIRD) ] s
SR, 2022, 52(1): 53-78.

HU Hong-wei, SONG Pu, DENG Guo-qiang, et al. Character-
istics of thermobaric explosives and their advances[J]. Advanc-
es in Mechanics, 2022, 52(1): 53-78.

(134] 5K E &, TG0, HigHE, 5. M2 AR KR 0 Rk Bl

I FoE[)]. 5= T4 4, 2018, 39(7): 1333-1338.
ZHANG Yu-lei, LI Zhi-rong, JIANG Hai-yan, et al. Experimen-
tal study of the characteristics of internal explosion pressure
and power of thermobaric explosive [J]. Acta Armamentarii,
2018, 39(7): 1333-1338.

[135] MURAVYEV N, FROLOV Y, PIVKINA A, et al. Influence of
particle size and mixing technology on combustion of HMX/AI
composition[J]. Propellants Explosive Pyrotechnics, 2010, 35
(3): 226-232.

[136] B, $8°7, FIEN, &5 . Bk kL AER S X & s 25 78

DA 23 )RR R R S e ()] S RE AL RE, 2017, 25(6) ¢
472-478.
DUAN Xiao-yu, GUO Xue-yong, JIAO Qing-jie, et al. Effect
of aluminum size and content on explosion performance of
aluminized explosives in confined space [J]. Chinese Journal
of Energetic Materials, 2017, 25(6): 472-478.

(137 ) B i, WA 5T, 230, 45 . obli D AW BEMR 45 1 I o 5 2R

ST ML TR ER e S B O AR R ()] R TR, 2021,
42(8): 1753-1762.
CHENG Yuan-sheng, XIE Jie-ke, LI Zhe, et al. Damage re-
sponse characteristics of UHMWPE/aluminum foam composite
sandwich panel subjected to combined blast and fragment
loadings[)]. Acta Armamentarii, 2021, 42(8): 1753-1762.

[138] S . 55 ki I X JO A0 AR 22 1) 8 45 B 8B P52 (D] iR
B TR, 2076,

WU Zhen. Research on ship Stiffened Plates Under the Syner-
gistic Effects of Fragments and Shock Wave[D]. Wuhan: Wu-
han University of Technology, 2016.

[139]JINJ, HOU H, CHEN P, et al. Experimental study on the com-
bined damage of liquid cabin structure subjected to charge ex-
plosion with preset fragments[)]. International Journal of Im-
pact Engineering, 2019, 130: 19-26.

[140] sRmE, B, feilght, & B K ol i il 5w i R X e J2 45 4

A S 05 R AR B BF 52 D). R 30 5 okl 2014, 33:
184-188.
ZHANG Cheng-liang, ZHU Xi, HOU Hai-liang, et al. Tests
for combined damage effect of blast waves and high-velocity
fragments on composite sandwich plates[J]. Journal of Vibra-
tion and Shock, 2014, 33: 184-188.

(141 ] 205, R8BS, Peifpdt, 25 il B A0 s B0y 165 40 1T 183205
M 585 3 2 R B B D) 1L I B R K 2 2 i, 2017, 39
64-70.

LI Mao, ZHU Xi, HOU Hai-liang, et al. Numerical simulation

N XK 2024 % H 324 %98 (986-1008)



1006

HRAE, WA, B\ — L% KL )R

of the damage effects of clamped square plate subjected to the
impact of blast wave and fragments [J]. Journal of National
University of Defense Technology, 2017, 39: 64-70.

[142] %, 1%/5‘% HoScE, AR RE ohl BRI A 1R R B

L4 IO S A B B R S AT T () )L R AR, 2017, 5
877-885.
LI Dian, HOU Hai-liang, DAI Wen-xi, et al. Experimental in-
vestigation on damage of glassfiber sandwich structure under
explosion and fragment loadings [J]. Acta Armamentarii,
2017, 5: 877-885.

(143] 205, KRB, Beifgat, 25 vl Bl A ms EE T X 18 3207 BBty gk

PEFEUERAI ). b EALATBESE, 2015, 10: 60-67.
LI Mao, ZHU Xi, HOU Hai-liang, et al. Numerical simulation
of steel plates subjected to the impact of both impact waves
and fragments [J]. Chinese Journal of Ship Research, 2015,
10: 60-67.

[144] £ &S MR 2 dr 20 LA K sl i P52 (D], A
e WL R, 2012.

WANG Li-ke. Investigation of blast loading regularity and dy-
namic response of composite explosion containment vessel
[D]. Zhejiang: Zhejiang University, 2012.

[145] PASTRNAK J, HENNING C, GRUNDLER W, et al. Composite
vessels for containment of extreme blast loading [R].
UCRL-CONF-205423, Lawrence Livermore National Lab.
(LLNL), Livermore, CA (United States), 2004.

[146] M\ —, XU H, Jp e, 55 . B LT 4i 90 58 25 45 1 K J6 R 22 il
ST )]. P 4ESL A R, 2006, (04): 3-6.

HU Ba-yi, LIU Cang-li, LONG Jian-hua, et al. Strain test and
analysis of fiberglass winding pressure vessels[J]. Fiber Com-
posites, 2006, (04): 3-6.

(14718 —, XIGH, Va5, . BRELT e 00 5 5 MR 2R 40

1 WF 5Tk )] MR RESE 5 TR 22 4, 2007, (03) @ 468-
470+433.
HU Ba-yi, LIU Cang-li, CHEN Shi-yong, et al. Research prog-
ress survey of anti-explosion container twined with fiberglass
reinforced composite[J]. Journal of Materials Science and Engi-
neering, 2007, (03): 468-470+433.

[148]ZHOU Y, WANG T, ZHU W, et al. Evaluation of blast mitiga-
tion effects of hollow cylindrical barriers based on water and
foam[J]. Composite Structures, 2022, 282: 115016.

[149]ZHOU Y, XIE Y, PAN T, et al. Flexible materials and struc-
tures for mitigating combined blast and fragment loadings—A
review []]. International Journal of Impact Engineering, 2023,
181: 104759.

(1500 JE, 8%, L, 55 . 2L RS 55 & Wl 45 e e 1 Bl b7 4

fiel)]. HHE S ik, 2023, 43(10): 138151,
ZHOU Yin, HUANG Guang-yan, WANG Tao, et al. Blast
mitigation performance of porous polyurethane-based compos-
ite explosion-proof barrier [J]. Explosion and Shock Waves,
2023, 43(10): 138-151.

[151JYANG L, WANG T, BIAN X, et al. Evaluation of blast mitiga-
tion performance of cylindrical explosion containment vessels
based on water containers[]]. International Journal of Impact
Engineering, 2023, 181: 104729.

[152]YANG L, QI S, ZHI X, et al. Strain rate and temperature rate
behavior of ultra-high-strength 1770 steel: Base for transverse
impact analysis[}]. Journal of Materials Research and Technol-
ogy, 2024, 30: 6858-6869.

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (986—1008)

(153 ] 4, XV, )9, A5 . TN BT B g 0 TNT R A v ol i85 59 By

PPEREL) ). SR %R, 2023, 44(10): 2871-2884.
YANG Lei, LIU Han, HUANG Guang-yan, et al. Protection
performance of typical explosion-proof equipment against TNT
blast shock wave [J]. Acta Armamentarii, 2023, 44 (10) :
2871-2884.

[154]LI M, QI S, HUANG G, et al. Blast mitigation effects of TPU
polymers-based inflated membrane structures under external
explosion [J]. Construction and Building Materials, 2024,
427:136237.

[155] ik, FIels, AL, 5. X b e T R &R -1 Bkt
S5t sl A RLL) ). S T2, 2023, 44(12): 3580-3589.
PAN Teng, BIAN Xiao-bing, YUAN Ming-zheng, et al. Dy-
namic response of polyurethane-hemisphere sandwich struc-
ture under action of explosive shock wave[]]. Acta Armamen-
tarii, 2023, 44(12): 3580-3589.

(156 AL, W1, Whese, A5 . i i B 25 2k 52 b By 57 488 14 16 138 1 b
zhdi?ﬂ’]ur]r“fh (). £, 2023, 44(12): 3909-3920.
YUAN Ming-zheng, PAN Teng, BIAN Xiao-bing, et al. Re-
sponse characteristics of curved fiber composite protective
shelter under the action of explosive shock wave[J]. Acta Ar-
mamentarii, 2023, 44(12): 3909-3920.

[157]ZHU W, HUANG G, LIU C, et al. Experimental and numeri-
cal investigation of a hollow cylindrical water barrier against
internal blast loading[)]. Engineering Structures, 2018, 172:
789-806.

[158] ZHU W, HUANG G, LIU H, et al. Experimental and numeri-
cal investigation of a hollow cylindrical water based barrier
against internal blast induced fragment loading[])]. Internation-
al Journal of Impact Engineering, 2020, 138: 103503.

[159] FEDORENKO A G, TSYPKIN V I, IVANOV A G, et al. Defor-
mation  and  failure  of  different-scale  cylindrical
glass-reinforced plastic shells in internal pulsed loading[)]. Me-
chanics of Composite Materials, 1986, (4): 658-664.

[160] FEDORENKO L G, SYRUNIN M A, IVANOV A G. Effect of
the reinforcement pattern of oriented fiberglass plastics on the
strength of circular shells under internal explosive loading[]].
Mechanics of Composite Materials, 1991, (4): 631-640.

[16T]IVANOV A G, SYRUNIN M A, FEDORENKO A G. Dynamic
strength of spherical shells under internal explosive loading[]].
The Review of High Pressure Science and Technology, 1998,
8(4):302-305.

(162 WA N—, XI-@HL, Wi, &5 . A0S 2 05 21 28 52 45 bF Rl Jag 0 2%
PRIOTEHRIL)]). A48, 2005, (06): 10-12+45,

HU Ba-yi, LIU Cang-li, HU Hai-bo, et al. Development of res-
in matrix fiberglass composite explosive containment vessel
[J]. Pressure Vessel Technology, 2005, (06): 10—12+45.

[163] H = b, skIRHL, 5kFE, & NBIENTRBER ST %L 5

R 6 i v A Sl 25 B R PR D)) SR A2, 2020, 41(S2)
128-134.
GAN Yun-dan, ZHANG Qing-ming, ZHANG Xiu-zhen, et al.
Dynamic responses of metal shell and fiber-reinforced compos-
ite shell subjected to internal blast loading[]]. Acta Armamen-
tarii, 2020, 41(S2): 128-134.

(164 ] BAEE . DR LT 452 & MR A 45 3 I ma REWF5E (D 1. Wid . i
LK%, 2076.

HU Yang. Research on dynamic response of fiberglass compos-

ite explosion containment vessels[ D ]. Zhejiang: Zhejiang Uni-

Sttt

www.energetic-materials.org.cn



PO 2R A 04 1 A K S AN ) 35 g 2 AT O WE O TR

1007

versity, 2016.

[165] ABAKUMOV A I, DEVYATKIN | V, MELTASA V Y, et al. De-
velopment of A595 explosion-resistant container design: Nu-
merical, theoretical and experimental justification of container
design parameters [J]. AIP Conference Proceedings, 2006,
849: 51-56.

[166] BIAN X, YANG L, WANG T, et al. Numerical investigation
on anti-explosion performance of non-metallic annular protec-
tive structures[ J]. Materials, 2023, 16(24): 7549.

[167 ] FEDORENKO A G, TSYPKIN V I, IVANOV A G, et al. Pecu-
liarities of the dynamic deformation and fracture of cylindrical
glass-fiber reinforced plastic shells upon internal impulse load-
ingl)]. Mechanics of Composite Materials, 1983, (1): 91-94.

[168] FEDORENKO A G, SYRUNIN M A, IVANOV A G. Dynamic
strength of shells made of a glass-fiber reinforced plastic [J].
Mechanics of Composite Materials, 1989, 25(3): 425-430.

[169] DONG Q, HU B Y. Dynamic behavior of carbon fiber explo-
sion containment vessels[J]. Journal of Pressure Vessel Tech-
nology, 2016, 138(1): 011202.

[170] 3584, Jed 2%, IKBL, &5 . XUZ 55 bRk A 5 6 14 5k 4 iy

P8 22 5 Ak BB 0)]. S8 Ta2 i, 2020, 471 (S2)
189-199.
WANG Yao-xin, LONG Ren-rong, ZHANG Qing-ming, ea
al. Numerical simulation analysis of deformation characteris-
tics of double-layered metal-plastic cylindrical shells under in-
ternal explosive loading [J]. Acta Armamentarii, 2020, 41
(S2): 189-199.

(171 mAn, #E, KX, 45 . SR MR (AL A K Bl 4 o 1 BT 52

JED)]. & ekl 2020, 28(4): 277-290.
FENG Jia-he, DONG Qi, ZHANG Liu-cheng, et al. Review
on using polyurea elastomer for enhanced blast-mitigation[]].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
2020, 28(4): 277-290.

(1727 % S . W o 2R MRSk AR B R [M L b st Al Tl A
2005.

HUANG Wei-bo. Spray polyurea elastomer technology [M].
Beijing: Chemical Industry Press, 2005.

[173JROLAND C M, TWIGG J N, VU Y, et al. High strain rate me-
chanical behavior of polyurea [J]. Polymer, 2007, 48:
574-578.

[174]SARVA S S, DESCHANEL S, BOYVE M C, et al. Stress-strain
behavior of a polyurea and a polyurethane from low to high
strain rates[J]. Polymer, 2007, 48: 2208-2213.

[175] DAVIDSON J S, PORTER J R, DINAN R J, et al. Explosive test-
ing of polymer retrofit masonry walls [J]. Journal of Perfor-
mance of Constructed Facilities, 2004, 18(2): 100-106.

[176 ] DAVIDSON ] S, FISHER J S, HAMMONS M 1, et al. Failure
mechanisms of polymer-reinforced concrete masonry walls
subjected to blast[J]. Journal of Performance of Constructed
Facilities, 2005, 131(8): 1184-1205.

(177 ] 427 o A O 1 404 90 908 06 b W e BB A T BE3 T D ik P52 [ D .
K5t LR, 2015,

CAl Gui-jie. The design method of the reinforced concrete
plate coated polyurea under the action of explosion[ D ]. Taiyu-
an: North University of China. 2015.

[178] BAYLOT J T, BULLOCK B, SLAWSON T R, et al. Blast re-
sponse of lightly attached concrete masonry unit walls[}]. Jour-
nal of Structural Engineering, 2005, 131(8): 1186=1193.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[179JHA J H, YI N H, CHOI J K, et al. Experimental study on hy-
brid CFRP-PU strengthening effect on RC panels under blast
loading[J]. Composite Structures, 2011, 93: 2070-2082.

(180 BRLLME , LB, LEAkWE, 45 . SRR 1A/ 2 4l 3 i ) fig 2k 52
BB T PEREDEIEL) ] DO /S A AR, 2017, 52 89-92.
HE Hong-ying, NI Ai-qing, WANG Ji-hui, et al. Impact resis-
tance study of polyurea elastomer/glass fiber reinforced vinyl
resin composite [J]. Fiber Reinforced Plastics/Composites,
2017, 5: 89-92.

[181]AMINI M R, ISAACS ] B, NEMAT-NASSER S. Experimental in-
vestigation of response of monolithic and bilayer plates to im-
pulsive loads[])]. International Journal of Impact Engineering,
2010, 37: 82-89.

[182] AMINI M R, AMIRKHIZI A V, NEMAT-NASSER S. Numerical
modeling of response of monolithic and bilayer plates to im-
pulsive loads[])]. International Journal of Impact Engineering,
2010, 37: 90-102.

(183 H =, RIJ1, BB sifPE R O 2 0 Bt i ol M B 9 A (4L
[J]. £ T %4, 2009, 30(2): 15-18.

GAN Yun-dan, SONG Li, YANG Li-ming. Numerical simula-
tion for anti-blast performances of steel plate coated with elas-
tomer[)]. Acta Armamentarii, 2009, 30(2): 15-18.

[184] TEKALUR S A, SHUKLA A, SHIVAKUMAR K. Blast resistance
of polyurea based layered composite materials[)]. Composite
Structures, 2008, 84: 271-281.

[185] GARDNER N, WANG E, KUMAR P, et al. Blast mitigation in
a sandwich composite using graded core and polyurea interlay-
er[J]. Experimental Mechanics, 2012, 52: 119-133.

(186 ] VRl SR AR 3R VR4S & a5 K b oh o B 4 PEREWF 52 (D . dbat: b
LT R, 2015.

XU Shuai. The impact resistance study of polyurea composite
structures[ D . Beijing: Beijing Institute of Technology, 2015.

(1871 T/, ] Gl , MEAS 5 . 2R R4 1 2 5 e 2= 45 440 11 By s 1

AE[)]. TSR, 2017, 45(5): 63-68.
WANG Xiao-wei, HE Jin-ying, ZU Xu-dong, et al. Antidetona-
tion properties on composite sandwich structure with polyurea
elastomer[J]. Engineering Plastics Application, 2017, 45(5) :
63-68.

(1881 RAMy, BIEH:, BICAF . B MR oL 1A I s B hak G 0 248 11 E F 52

D] =85 ek, 2016, 35(7): 138-144.
SONG Bin, HUANG Zheng-xiang, ZHAI Wen, et al.
Anti-detonation properties of explosion-proof pots made of
sandwich structures with polyurea elastomer[]]. Journal of Vi-
bration and Shock, 2016, 35(7): 138-144.

(189 RAM . 2 MR AL A T J2 B Jag WE DU AR PEREBT SE (D). g At g st 3
TR#:, 2016.

SONG Bin. Study on the anti-explosive performance of poly-
urea elastomer sandwich explosion-proof tank [D]. Nanjing:
Nanjing University of Science and Technology.

(190 ] SRBIU . &4 254 By SR e DR VERERT ST (D). 2072 YR B TR
%, 2020.

ZHANG Zhen-zhou. Research on anti-explosion performance
of composite structure explosion-proof tank [D]. Shenyang:
Shenyang Ligong University, 2020.

[191]JIANG Y X, ZHANG B Y, WEI J S, et al. Study on the dynam-
ic response of polyurea coated steel tank subjected to blast
loadings [J]. Journal of Loss Prevention in the Process Indus-
tries, 2020, 67: 104234.

N XK 2024 % H 324 %98 (986-1008)



1008 HRAE, WA, B\ — L% KL )R

[192]JIANG Y X, WANG L, WEI J S. Dynamic response of polyurea XU Jing-lin, XIA Cheng-liang, LIU Xin, et al. Multi-objective
coated thin steel storage tank to long duration blast loadings optimization of explosion container’s multi-layer composite
[J]. Thin Walled Struct 2021; 163(1): 107747. structure based on BP neural network[]]. Protective Engineer-
[193] TIAN C, YANG S, FENG ] H, et al. Influence of polyurea on ing, 2023, 45(2): 47-56.
dynamic response behaviors of cylindrical composite shells un- (195 B . 4k T Stacking 452 7Y @l &5 (19 7K T 8 K 25 45 2l 2 mig 1o 3 )
der internal explosion load [}]. Composite Structures, 2024, [D]. &B: RWFHELR, 2023.
329: 117800. GU Jun. Dynamic response prediction of underwater explosive
[194]) thFAk, EatiE, XK, 5. LT BP AN IREAR LR containers based on stacking model fusion[D]. Wuhan: Wu-
AN Z BAriiel)]. i T8, 2023, 45(2): 47-56. han University of Science and Technology, 2023.

Research Progress on Internal Blast Effects and Dynamic Mechanical Behavior of Explosion Containment
Vessels

HU Jun-hua', DONG Qi', Hu Ba-yi’, REN Yi-fei', HUANG Guang-yan’
(1. Institute of Chemical Materials, CAEP, Mianyang 621999, China; 2. Institute of Fluid Physics, CAEP, Mianyang 621999, China; 3. State Key
Laboratory of Explosion Science and Safety Protection , Beijing Institute of Technology , Beijing 100081, China)

Abstract: The study and application of explosion containment vessels (ECVs) subjected to internal blast loading is a multidisci-
plinary and interdisciplinary issue encompassing energetic materials, explosion and impact dynamics, and vibration mechanics.
The investigation on the internal blast effects and dynamic mechanical behavior of ECVs is an important foundation for enhanc-
ing the explosion-resistant performance of equipments, and the mechanisms of strain growth and anti-intuitive phenomenon are
important scientific issues. The relevant research progress and key scientific findings are reviewed from five aspects: the internal
blast loading characteristics and effects within ECVs, the dynamic response mechanisms of metal ECVs, the complex working
conditions of ECVs, the blast effects of thermobaric explosives and fragmentation warheads, as well as composite ECVs. The
analysis demonstrates that establishing an effective mechanical analysis model and fully revealing the dynamic response mecha-
nisms of structures can effectively guide blast damage assessment and protective structures’ analysis and design under complex
working conditions. Considering the challenges and opportunities posed by high destructive explosives and high-performance
protective materials, this study proposes the fundamental directions and emerging trends in the study of blast damage and safety
protection.
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