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A review of the dynamic response and protection mechanism
of liquid filled structures under impact loads
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Abstract: Aircraft fuel tanks, marine liquid tanks, oil liquid storage tanks, and other types of liquid filled structures may be
threatened by blast waves, projectile penetration, and other impact loads in engineering practice. The dynamic response of the
liquid filled structure under impact load is affected by various factors such as the characteristics of the load, the configuration
of the structure, and the way of liquid filling. Accordingly, the protection mechanism of the liquid filled structure against
various types of shock loads involves the fluid-solid interaction of multiphase media, wave propagation in different media,
cavitation of liquid media, dynamic mechanical properties of the structure, and several other scientific issues. In this paper, the
dynamic response and protection mechanism of the liquid filled structures under different impact loads are reviewed, the
typical forms of the liquid filled structures in engineering are summarized, and the dynamic response processes, damage
modes, load dissipation processes, energy conversion and absorption processes of various types of the liquid filled structures
under the loads of blast shock wave, projectile penetration and their combined effects are analyzed. Furthermore, the impact
dynamic response characteristics of the liquid filled structures under the action of blast shock wave loading, projectile
penetration loading, and the combined loads of blast shock wave and high-speed fragmentation group are summarized. The

protection mechanisms of the liquid filled structures against various types of impact loads are summarized from the
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perspectives of attenuating and dissipating loads, as well as the energy transformation and conversion. In the end, the prospects
of the investigation on anti-impact characteristics of the liquid filled structures are described from the aspects of dynamic
response and protection characteristics of the multi-cell liquid filled structures, mechanisms for destruction of the liquid filled
structures by combined loads, efficient numerical computation methods, as well as the dynamic response and protection
mechanism of the liquid filled structures made of new materials.

Keywords: impact load; liquid filled structure; dynamic response characteristic; protection mechanism; protection technology
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Fig. 1 Various types of liquid filled structures under impact loads
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Fig. 5 Dynamic response characteristics of liquid filled structures under blast shock wave
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Fig. 7 Dynamic response characteristics of liquid filled structure under penetration
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Fig. 11 Dynamic response characteristics of the liquid filled structures under the combined loads
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051101-11



5 44 & RAEAS, S bl T B AL S S B B P LR Tt %5

BN (cumulative effects) Al 2FRL ) (additive damage) , BEA BRI 10 & A 51 2 08 A BER % 2 | 17
WA R R XA RS & KRN, Ji S5 0S0 N X XU R AR A R K BRSSO e B TR 4 A B
Wi Loy R P R TS, R 2 MO e A KR 7 AR D BRI e A T BRI B i, OSUIE v 0 B VS R 1
P80 3 B AZ B e A BRI VR FHISE R R]RR s i A, B T2 258K 3l T 45 i 1 RS S AN A1,
B RS H AR AT REIE A2 R A 207 MR P R D AR ) o Xhitk, R BAYS S5 T R R LAAS [R) AR B [ B4 480
FiF 25 VA 235 A6 T Bl e R, AR B B RS R A R — 2D AR K .

TR R RS s A B s, BV ip b i S e O BEAE R A E RSN S B R
CLARAEUY IRy, BRAS 23007 R 45 4 1) S84 55 A i 7 SR SO0 O, N9 it BB 5 R LA AT e 2807 e S B
IR HRTT, 24 430 VR P I [ ] B Ae /N T 2540 [ IR 20 5 3 T 19 0.25 4%, BRFT I AR 7RI & BBt 380, 1%
PR XT T B WSS B 3E MR Fr e — 2P 09T . S5 0GB VR N 35 VR 45 14 20 e g A 9 A DGt 5
JRCRS T AR i B S A K i | R 7K v S g 98 9 T 2 /N T K A A iR R R T X LA X 4 KR
I B 5 7K A P B B P AR R A T B R AR o H I AT UL, AR — R A A T A e i L e
AT R B A R A A AT A SRS T v . RTIL, T 275 4 W IR IR A 5K P ik FSP(fragment simulating
projectile) [ 52 56 7 1500, 38 2o 4 Ja Y60 VA [5] A BHL A R 45 S S0 B 2 ) T2 08 A o o D8 5 v R 2K
fif o BRI, 32 4 v TR AT LA B AR I BIR A, 420 5 T ASE40LARR e oo D0 28 i 1)V FH S FB1 A B, A DG 5286 7
A R — 2L R E Sl

3 BREHBRIIE

RS AL AR ol 27 P A% O SR AU AT RE IS RE SR W (T8 14) o BT 8 RE AL, BIE A o A
Jot R 5 , AP Ay ) ESF] | 2 (1) % AR e {0 w8 L 4 P ) 8 ) a3 o ol 280 P IO DAEAELATR | A FH I ]
B T o AT B A A AT o T RE RO, RIDRE i BE B A AR D MR B TR ) S RE A B AE,
e TR T S BER LA A8 AR R A o b A, DR T4 M BE T, 3803 % AL o BE T AR B s ol T RE D
F LTS T, WA S REALRE R 0 % AL D BE T A AR I fE

Blast and impact loads

el - )
\ZLJ_ Vi LJ‘ """"""""" = Input load
"""""" 5
(=%}
| Fragment ==
R
o Time
Reducing the density of loads in space Reducing the density of loads in space
p+ bty }
ny - 818 - Input load
“‘J‘}{;{;‘.." 2| LRSS __‘4100§”_,
- - § i —— Attenuated load -— = .
:__ ‘A_ttenuated shock loaqi — : Attenuated shock =l :
-~ el - AN — loads i —
pa L e N T D g
Py gat! S =
b o Time f { 1| ] 1
Deformation of the structure { Vi 1
) Deformation of the structure
Energy absorption Reducing the density of loads in space Energy absorption

Kl 14 EWEstapT L

Fig. 14 Mechanisms of anti-impact protection for liquid filled structures

051101-12



544 RAEAS, S bl T B AL S S B B P LR Tt %5

3.1 BYEREER

X T B WA B PTRR B 4. — 5 T, T 5800 R FERAR A 5T (A U A 5 D BEL AR ) 55 4 0 bl Ui
R Ar WA, A0 ey 1 FH B [, 37 28y 1 RS BB, A 25 4 B8 1 R AR 3y 43 A % 4R 8 59 — T i, ] )
FHBARAY BT A 7RO R P 5 28T 3 SO A e, 7 oo AR 5 4 A8 T8 e SRS X %) ] Bsf (I Al 5 /) g 2 ek, T 7
AL e, IR RS M PTEE B  A B AR
3.0.1 BT A5 HAEHK

T ok 0 R A SO B 5 R Y A5 0T i S AR, T S 6 A T AR A e o T8 2 e 4 1 55 5 AR TR
Thiyahuddin 451 7555 25 W B 47 B 5 09 BIF 9 v A 30, AR Ay I 46 B¢ B %) 28 400, T BELAS: 97 438 I8 s 7 11
iy B A R BRI B, HLIX — B RION Bl WA 3 T A I T B 5 . R AR A BT (R AR
N7, AT S IR R A ok e A R A o e A SO 55 o 9 A, TR B AT A X E VRS AL T vp o R PR B
FER R, R E WA T, & WSS T A R il o 28 A9 e A 137 )0 53 o Li S0 70X 8 AR oy
BT T VRN 45 44 1) B 1 AR PR I AR 2R A I, TEARKE vl T, S22 Bl B WA A J5T A I T 4 T
T MR — [R5 31, i 17 45 T T A0 ) 5 A8 o i, B T A 1 e S 481

FI A AARA 5 AR L AR 0T 104 I BE 22 53, R AT S 30X J A oo U0k 280y () 11 55 5 B i . — e,
RN v e A A% 3 AR 5 25 A O A 28 LT B e A R L AT S RS, ek 2 e R i A2 2 B . n
Chen F¢171 % UL i 47 H s FHARR K49 22 0] 35 B 7K it P AR ol 5 0 08 S0, Wl 385 3 MU 8 06 {1 0 oo it
FFAE IR 847 B IR B 4 H AR A IS ] . Bornstein 55U A5 2801 e B (1] 158°1) ks 8 A 7647 B 5 ST 1)
ST S AT SRR IE B TR 7 X 38K (shadow region) , FFU/N T B3 HAR AR TE o AT TR, RS i
W ICIETE G 38 B e K AR B 78 43 W AN 2% 2 WL, I Fs) 3855 Y0 245 ) X e 8 At P B 4 AL 32 8 o e 54
PO, 7E A I, Bornstein 555 SRF ST T B VR B HELA5 FA AR B KT 3R CB0NE 1S, e BRLTE A T R AR A
B TR YR A A A T P A R R

Steel target

Shadow Water
region container

(a) Schematic of experimental setup (b) Pressure contours from water container

BLS  WRARA ST RR kA o o e e 9 B e A7 U )
Fig. 15 Shielding of explosive shock wave loads by liquid media®"

312 =B 5L

TR AARAY T 8 1N 7 i o K TS AN . BOR B IR A, BT 6 B WSS P9 n] LU 4 5]
38, TS B S ) AR T A ke A s (&1 168072, [ 4 15 1 45 ) 4% THT A P W RE 1 ) TR B

B TR AR A ST 2y 19 25 5] A A s R P, 54 30 48 18 T 32 1) il B R B L AN T Al A, B IR A I
R THT ¢ HE KB B 728 T AR T R 1 XU, AR 35 VA5 4 f S IR . 91 . Wang 50 75 X6 7K A %) s 52
B rp % B, VRARA (45 o 287 B S5 DT AR IR 38 28 LA T AR, A8 300 /N T A I (4 A8 T 5 Zhang S50
EFXF B W BRFE P v PEBENF ST . Cheng S5O £ 3 514 IO BB PE BB 9% LA JL Jamali S50 £ X &

051101-13



544 RAEAS, S bl T B AL S S B B P LR Tt %5

BOOUZ A REFE S RIS i A5 21 T 2RI S5IE, & RS 45 M BOR & W Fe S5 A A 3 10 35 i ooy
PEREDIE B, WA o i 75405 g A0 g T ) SRy B AR 8 P 0 3 T W (LA TR R AG R, 3 AR T ER T iz
TE P9 22 458 P2 AR R XU, 0 Zhou A0 B A o BT MR KR ) -5 5 R i A 2 [] e, 29544 T Al 52 348
A R e A T R A BT ORI o DR, AR B A A DT o oy B 5 B T R R b v
WO 2 LA R TR AR 300 A i e 45 ) T, 308 ok X 95 A 4% AR 0 R R 45 B, A5 B B (0BG R BT A A
B

&
I [T [ [l

--I'!-ll==== ----- S
ndEE 1-..- Buckling

(¢) Unfilled multi-cell structure!

(d) Liquid filled multi-cell structure!’”

P 16w RO B R AR BRI S I A
Fig. 16 Modifying the deformation and energy absorption modes of single-cell'

% and

multi-cell structures”” by liquid filling

AR T AT R A 18 3 3 R 0 A3 R P, LA 8 AT T 132 3l VA T R AT A 2 Ak 3 e
REfL, P2 & WA YU B Y RE . — O T, WU A JBT A B 1 RN AR AT A 0 R A AR R TR
A A B S RE R AR . RS2 R G4 X T B WA T DU PR RE OB 5T, VAR B T 7 LY
FREREBE, BLIR 5T RE i Bl J5 DARAAR A B sl Re . SR At M shihe . 22X Be & P #E# . Bornstein 5E1%%
F1 Baragetti 551700 o W% 3] W A4 A 0 7F 259 25 00 P RO AR ) 7 S AR R T R S 1) RO AR ol R R 2R
iR AL A SIS RE I EE . Jenson SF1 it T —Fphuah T B WA, A SN L ANRUZ TR,
P S A L LIRS 2 E W DX, AR Bt 22 AL )32 3 il FR T AT RUAR 1 R e i . 32 4
TFIRARA T ) AR IS Bl R, 76 5 TS5 HE PN A BT B R R A 5T T S 36T 2K A I R 1 ) B, 914N,
Wolfson!"" Bt 1 —Fh 20 M &5 W08 8, 30 o 2 S VR AR A I3 %) Kz 2l 5 ) i 25 28 ey 46 FH 7 1), % 28 £
A IR BT 3l fig 198 2 ) i AR 1L, SE 0T B ARG R R B3 (16 17(a)) o 53— I, WA T 5 %
WA b AR A e A e, SR SR A R, JF ) 55 2 s B . U0 Sugiyama SEUAFSY T AR A ARG
PR RT R, IA R 2 7 1 5 WA A A I B N 0 2 SR U R 2 (R R A e AT i, X — 2ok R A RO R
THRYEE T . Grujicic ZFU7 X BLHEAT T 3 — 2 B BRAL 0 M, & B AR AN I 1) 55 A0 RN 28 ok RRFE | T 2%
oy A f, I8 ) B APR IR B ) T 22 7 W i S AR 2R AR A A S B R B s R O o 0k A A
5855 YRR A T ) VR A 28 R R B A E A OG, YA R I S BHLRS TME 2 R SR R . AE IR F A S
fili |-, Adiga %817V 3 i IR 43 B T R 8 A U BB 5 VA I B T R IR A 1 TR, e VTR 1 L R T
TR AR 1] 5 9 1 52 52 M X 8 A 28 ey ) 53 e (L 17(0)) o AT L, X P& AN =, EI 7 K
P TR BTy SR RR B L L SR AT AR AE:, 0F 17 52 Ml BB 4 09 5% A0 5 FEURE 1R, 2 B WA W B B it iy
R A .

WA TR MERE R 45, 76 SN ES vhis 27 4 T, WA JB0Rs X6 235 04 1T B ™ A= o9 A, 3 7 el A8
S AL WL e s Y R I T T TR X SR 5 A SR EE T ST 507, G Mittal SR ZEXT R K ph o R

051101-14



i 44

BAEAS, S vhil T B A S B B b LR AT 0

5 4

U I A 8 45 R 1 sl ) LR P AE 5 v e B, A By oA T P R T 5 R 1 SR R I BE A8 L T AR
AR B0 16 157 3 S0 28 /N TR A _E SRR T AR o IR M A i i) b ad e, S B 22 A 114 E
Jregieit s AR E ANAE O X B 2 A AL AT IR 23 1 L, B RO TR 3 I T 23 0 A AR R R
JRE SR/ PO 2 B (P 181°0) ol G AR 17 WA T 2N R W 22 R A A 5 W T~ R RE A S M AL, A5
S, WML TC AN [ A B 05 35 ] 3 MR S B S IR e . AR AR A b, o T i BT U1 R AR
W (STF) | e RWK A T vk ik — 20 U6 38 WA A R WL ) 25 o STF FE s ST U8R R iR B3 T
HHLBARA BT, A7 B T 5 T LR BERCR ™ At ob i PERENS, 41 Lam 25U 2 B STF 76 ik v il
BT B AR AT O A R B A M B R 54T O, SR — s STF iz I E & R Z L U™, A
R T AR A8 G RN Brih e PR RE AT RE B R o Rijensky 21017 Ui ik 52 36 AR AL
WFSE T U R Mok T AR A 7K 21y g et (R By B LB, R LA SR UK A R T B Bl 235 4 T A 43 oo 28
FI W RE L, AR B R A Y 5 L) A TR RE

Explosive A single-cell of KEDD Directional splashing of liquid
\
40 P, 40
?
20l ) 30_:----.,--13'.-\.---.:
S . & i
’ . .
E L B 5 \ :
=20t RPN gl ) I, Sy ol Sl 4
_: +
10 | / 10 -
1 1 1 1 1 1
0 40 0 10 20 30

Explosion test

Target plate

40
X/em

Numerical simulation results

(a) Absorbing impact energy through the flow of liquid!"

Propagation

Shock front

Child droplets
(b) Interaction of water droplets in detonation process!'”®!

K 17

Fig. 17 Conversion of load energy through the process of motion!

breakup and vaporization!"’ of liquid media

051101-15

Reaction front

Radiation absorption

Reaction products

FIFHHRAA B Iz sh1 7 B SR R e L 2 RE

172]

s



544 BAEAS, S vhil T B A S B B b LR AT 0 %5

I 1 v Impact rigid plate

D E F G H J K L

B11\ D11 F11\
B12 F12
2
B23 F23
3 3
B34 F34 3
4 - 4 g
B45 F45 o o
68 3]
5 5 A

B56 F56

———  Z
o0 96 mm X
: Bw/ Fi [ i 6 “
B C D E F G H J K L 64 mm

Fixed rigid plate Unfilled cell

(a) Impact test of multi-cell liquid filled structure

3

E | — Unfilled (30 m/s)

\2_/ —=— Method A (30 m/s) /

2 —=— Method B (30 m/s) /

_g 2 b—+—Method C (30 m/s) Method C

>

5

2 Method B

8 | Method A |

Eﬁ \. 7/\4 p

5 e

E | L

R g

[+

% 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Strain

(b) Energy absorption modes under different filling modes

18 IR v 2 il AR 2 R I R AR 2T
Fig. 18 Customized design of energy absorption modes by adjusting the liquid filling method"*”

3.2 BIKRAIFE

X PR 977 4P e 45 W B AP A, LB B B R DR S 7 S A R e 4, BRIE VRN Y BE S
RAKBEVERIR . 5 AN R AR RHLRRBHAE 55 & W A5 1, L3 B A2 S 5 0/ NGE A8 19 A8 T I R
PRAFLEHE 0 58 R M, AR DGR BB R 3 161 08 ] s R 1) 555 AR A0 = B /K A 2 Ay . 4 BN SR A A 25
P o AESCIRIRAR b, 1 RS W SO A 1) b s Bl RE L e DR SR 1 R, R LA 19 ot B A Ak O LA AR
JERE . VAR BT RE AR TE IR BE . WK Y 0 I RE RN Bl BE 55, DA 43 H i i B8 £ 1) % 4R BE, B DRI P BEAS
7 A g R VR R R T FRURE 15 3 DR B G T AT =2, RIS sl A VAR A T3S SR Bl R 1 WA, B8 R
I A% 338 25 VAR A J5T (%) ot 8 12 XA AR S5 1) R B IR AR B
3.2.1 AR )AL G R R 5 AR

SR IE A B IR BT G5, i 2 R ARG L R B s 2, 3 O WA R 2 fi T RR, BRI B
Fee M, T DA 0/ N O B TR 25 K 9 BE AR AT BE 0 o — T T, T3 PR B e S A v A R A i R
SEAB TR AR, A0 i S50 7R B X P B AR S A A IS R, B R S VAR B A R A T R
BIOMARTE S A=k, 55— 7 1T, W] O SERAARAR A S Ak i BT B AR M, 4 Wang S50 R E i AR 400
BIRE o e B0, A PR AR T A YRR BSF ) T A A R AR Y AR v 3 B RS 1, A S0 D AR R AL
FE o ATLAE M, 38 78 5 VR AL 4 S AR A BB S AR S WA O e 45 A 02 (] 19(a)) , A2 08 AT A2 100 403 )

051101-16



544 BAEAS, S vhil T B A S B B b LR AT 0 %5

e HE RS 5 AR I U, (] I R AR SR 1432 Bl R S R 0 A R AR A A Y 25 i e 55 RS TE I (181 19(b)),
T SR SRR R A R

SiC ceramic

Projectile

(a) Projectile deflected by solid medial'** (b) Projectile deflected by liquid media!'*¥

K19 fH BRI AR R e SRR A b it B e
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