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Abstract: An underwater explosion/bubble contains enormous energy, which can cause severe localized damage to structures in
near-field scenarios. To fully utilize the' damage potential of such bubbles, this paper proposes a synergistic impact method based
on spatiotemporal control of two out*ef-phase underwater explosions. The total charge is divided into two independent explosive
sources. By precisely adjusting/their relative spatial configuration and initiation delay time, the interaction between the shock
waves and bubble _oscillations is used to achieve an enhanced and synergistic impact on the target structure. A series of
experiments are corducted to compare a reference single-charge underwater explosion with three specially designed two-charge
configurations. The-results demonstrate that the proposed two-charge scheme with an unequal charge distribution significantly
amplifies the jetting and collapse loads exerted by the primary bubble on the structure. Under the same total charge mass, this
out-of-phase two-bubble configuration achieves a markedly superior impact effect compared to the traditional single-charge
explosion. These findings provide theoretical insights and experimental references for the development of novel bubble control

techniques in underwater explosions.
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Figure 1 Schematic of experimental setup: (a) schematic diagram of the experimental,setup\for two out-of-phase
underwater explosions; (b) diagram of the box-type target plate and its arrangemént,in the water tank.
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Table 1 Table of experimental conditions for two out-of-phase underwater explosions

290, 1 M TNT 2982 [ TNT  JBERRE

T R ES 5 FEIR I 8] 6
kg % g Yorw o
TH—: BRI 20 - 0.50
TH—: WE “#HE5%
10 10 0.53 0.79 0.99
mn I\{R
TH=: WK “JI
N : 10 10 0.51 0.57 1.82
AR T
THIY: WA “HHRi
18.5 1.5 0.51 0.66 1.80

BN T
3.0 BEEMETR

UERR B A A SCHE H I S AR OO K T R E W R b o 7 VA R G530 M S gl SR, B R 2T R 2
T R ER R ARK T RIEIIGAE LM T, RN, FERRPDARLZS I XU IR P R ph b AL 2 AT
AR A% 0 B 7K T B K 0 5 g i N2 R 2 T e o LT 1) 06 EETE e AX/NATEL 20 ¢ TNT ME K
TR RFEAE T L, 3t b I 5 SRS LT R A o S MM SA RV E AR, N e SR s SR KR
PEVE T LR SR 25

B2 A3 25 Tk 20 g TNT 4E/K NRIEVAMSLIG AR, B 2 F 8w 5N AR I | #2855 7
AR A Co I P IR A 58 7 ) P AR I 2, R 2 FH e o o o R Bl A ) o R I 38 M A A X6 % 22
21N 71%, 6 B ZIRS NG AR XS R Z2 8 7.8% » A58 U 1) — S50 1 2 I I bR 1) &5 g e )87 5 PR A 7 1) b
SEFRPER), RIS UER 7 ASCIGH s o] R S AR . A S B A, JERER —d
TE BN A HAR AT X L e, S EE TN A BIR A B ER RN Rt RO
PP ) SR FR T, HAIEE 290 2300 pe. 7E R —ANURIEAL T DL 21 SEAR B i i ik S0l A 1) v i 3
[ B I PR B AR 2928 45 Hz I AR 2 B — NG 555 AN 2 1)), 28R 5 857 <0l
SEAVHEUE I H HIRSINER (EMEHER, W6 . SIETEZ K BE s B ik sz s, X
A T R R IS B T A AR . TG | A B AR A B A . FEREECI R, SEAR O EIR BB
AR JEVE R, RGN, R BB RSB IRBIRE, FLIRSINR R T SR
B, AN S B ZIXM TSR = AN 2 [RIARBIAIER LN 77 Hz, SHREEWER (445
Hz) FHZEZ) 1% Ak, = AN I P I AR T AT NI E, KR RAE TR E R KR
O AR = A PRI R G PR, DA S5 E IR B I A2 i BH e Al . fE SRR RIS R e, TR 1AL
N AR 3 AL, AR, H T R A RO S i, AR R S T S 4 R B
PRF T RMIBOIBA [(2-3 B Z)D , 2SR T IR ML ST I2 303 )2 E . P ST %5
ICRENFREAL, 5 FREILE R ESRIFPIE (4-6 BZ1D o 7F 6 W%, FprbO BT 8 KN
AR NUEEAE,  FFRE R IR B RIE(E 4136 pe, Pl BT 80%. 20 1ms &, BHEAIE 1.5m
AR I AR BESHAE R T A SHR R R R . IR R, EAR TOLHIK T R E
SIS EERE Y, SUSR-S SRR 75 5 10 45 R SR T 7K S B YERI 46 1o 15 1R Ui
MR, RIEREEA LR R E S T O R ERN ST ER .




mOE 5 &
Explosion and Shock Waves

T T T T T 5000
6 Shock wave —Experfmental pressure
—Experimental strain 1 4000
| . Experimental strain 2 |
51
13000

4k The first peak
re

The second peak 2000
re

ue

1 The third peak o "; 1000

N

2 N : i
] WA '.: , N . ! ] A /™ 0
\ /) The pressure wave generated
3 4 5“/ by bubble collapse 71000
Ak i L N

L -2000

1 1 1 y
. 0.04 0.06 0.08 0.1 -,
t/s /&O
P 2 M T4 KW K s 5 A i %
S

e of a single underwater

Figure 2 Temporal variations of structural response and free-field pressure for ben

explosion.

2 ¥ 23 1) 7 Bl -5 AR N IR R A K T R R R B el BE D . AT S B BEE N
P 10g  TINT HEZGE, HEET TV R A AT 50 5 08 TI0 T 45 A4 R v o i 2 2
R



mOE 5 &
Explosion and Shock Waves

T T T T T
— Experimental pressure
—Experimental strain

Shock wave from

15
4557 bubble 1 1900

1000

500

ue

The pressure wave
generated by the
collapse of bubble 1

-500

‘ i 3

sl Shock wave from_ Xf

, | bubble 2 I - “‘!' N

0 0.02 0.04 ot;):‘ 0.08 0.1 /Oq
B4 XUk “BR5 08" T oL gk N & 5 g 778k i
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Figure 8 Temporal variations of structural response and free*field pressure for the two-charge "collapse enhancement" case

with unequal charge distribution.
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SR RAFAZMBR T, SRR R 5REBER, FA KR8 1 KRR, #
I 2 WA BB BE B R A X AR R TR R el o ASHIE TSI TSR AR U SR 1 98 RN K
TSR RUE R TR AT, R ROK N IR R IE ORI 1 SEi ka5 it 8 s
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