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Structural Response of a Submerged Structure Subjected to Underwater Explosion Loads
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Summary

When the structural response of a submerged structure subjected to UNDerwater EXplosion
(UNDEX) loads is calculated, the shock loading from UNDEX must be estimated accurately. In this
paper, firstly, characteristics of free field pressure and those of surface pressure on a cylindrical shell
structure are discussed through experimental results. Secondly, through the comparison of numerical
simulation results with the experimental results, the capability of simulating UNDEX phenomena is
shown. And also, it is shown that fluid-structure interaction plays an important role in UNDEX
phenomena. Main conclusions can be summarized as follows.

(1) Doubly exponential function proposed here can be fitted to measured free field pressure with
accuracy better than 5%for impulse and energy flux density of free field pressure.

(2) The reflection factor seems to depend on the distance between explosive and a structure. In
these experiments, the shadow effects of the test model to shock wave is so remarkable that the
reflection factor of the back surface of the test model becomes about 0.3.

(3) There are some occasions that sharp peak pressure is generated on the back surface of a
cylindrical shell structure, where elastic stress waves through different paths meet.

(4) Fluid-structure interaction greatly influences peak value, impulse and energy flux density of
shock loading to the test model. Therefore, it is necessary to take it into account when estimating the
shock loading by numerical simulation.

(5) Using axis-symmetric numerical simulation model, efficient and reasonably accurate estima-
tion of shock loading to a cylindrical shell structure can be performed.
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Fig.3 Test model

Tfble 1 Charge sizes and standoff conditions for
UNDEX experiments

Charge Diameter | Charge Mass Nominal Charge
[mm] fo)] Standoff [mm]
Test-1 30.7 23.9 1000
Test-2 30.7 23.8 500
Test-3 38.6 48.5 1000
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Table 2 Sensor specifications
Measurement type Gage Specifications
Free field pressure Max. pressure . 138 MPa
meas erent PCB 138A Frequency response : 0.7 MHz
Y Resolution : 0.001 MPa
Surface pressure Max. pressure : 206 MPa
onthe tepst model PCB 102M50 |Frequency response : 1.0 MHz
Resolution : 0.001 MPa
Rigid body Max. acceleration : 20,000 G
) Endevco
acceleration 7270A Frequency response . 50 kHz
of the test model Resolution : 0.025 G
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Table 3 Test results for free field pressure

Sensor

T

symbol ty P 0 Pm’ ¢ m, Is, | Es; lsz | Eso lss | Ess

FF1 0.640 | 16.1 [0.0339| 5.99 | 0.105 | 0.676 | 3.10 | 0.541| 2.96 | 0.685| 3.24

Test-1 FF2 0.879 | 8.72 10.0342| 3.63 |0.0954 | 0.384|0.974 | 0.297 | 0.881 | 0.377 | 0.970
) FF1 0.303 | 342 B 0.0271| 13.4 (0.0844 | 1.25 | 12.4 {0.922| 10.7 | 1.20 | 12.0
Test-2 FF2 0.541 | 16.8 [0.0277| 6.77 {0.0852 | 0.627 | 2.99 [0.461 | 2.63 | 0.602 | 2.96
FF1 0.620 | 21.3 |0.0402 | 8.94 | 0.109 | 1.06 | 6.50 | 0.850| 6.15 | 1.07 | 6.76

Test-3 FF2 0.859 | 12.4 {0.0409 | 5.05 | 0.118 [ 0.667 | 2.43 |0.502 | 2.11 |0.642| 2.34

P, : Peak pressure for shock wave [MPa], @, : Time constant {[msec],

I 2 Impulse intensity [kPa-sec],

E : Energy flux density [m-kPa]

Impulse intensity and energy flux density are evaluated at t,+5 4 ,
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¥ —7 Efnt3 % EB % Fig. 8.1 12, BESICHT
3 ERA % Fig. 8.2 R T, IHSTAKTEL NS S
7T Puk P Onk Op % ZNENELET 2 =, EBRRO
HEIIFLALERENRW I Etbh b, D%, S@EEE
KU 2 ERBBESCENO/ED 1 2L LT, Pak Pr®
HB LV 0n & On DLLDS, Bl 2BREBCBNTH, *
neEn, EIZ—EThiIENEFoNG,

3.2.2 MHERBEREENOFHEERICO>VLT

EREEEYICET 5 £, BEMER TR - s
L3, 200, EEVICARS NI HEEREIZEEY
bDERB,

Fig. 9 icix, Test-2 KB 2 BERE COFEHER 2=
Y, HERECOFHEENZ, 7V —7 4 -V FhTOE
BIESD EHEL, FEILTWE I EBbns, Zhid, F
ey —DRERSLIWD FIEEB & CHEYHNEE TE
& REZROETHEROBETH S LRI, #
BREESI 2T A, BR, ThonBBEES2IC
WYBRWIEBET) ZL LY, 20k, iHllsh
TENERE2HCERT 2008EE L2 3,

Fig. 9 C, A Y FFZ7RA Y FDEHPL &, 2h LI
REPSEFEMICHBTSE 7YV —7 44—V FHRHOEH
FF1 %2t T 5L, PIOABE—2EADBE L o T

Peak pressure (P_or Pm' ) [MPa)

1 10
Scaled distance (R'W'") [m/kg'?]
Fig. 8.1 Peak pressure versus scaled distance
1 v
v3\ 0236
& : 0,,,’=o.252w”3[-"-v—)
3 S SN = ek St ;
EL
E g TN B
5 " _ag—=—_7 :
(] ‘5 : ya ]
2 —0.266 |...;.....d
5 13 !
‘g -1 9,,,=0.0817W“3(w ] b
g~ - R 1
Q 4
b=} H
3 3
x
0.01 -

1
Scaled distance (RW'?) [m/kg'?]

Fig. 8.2 Reduced time constant versus scaled distance

3 bbb, KRPEEERTEMT 2 EHRESHIEFR
WAET 2 LEIMMETRKEEDELLWRHENEL 5, #
DG, AFHELRHEEDERELE®ICED, RIEFR
EToE—7EDZ, BRIKIETV—T7 14—V FROE
T3, DEDASNBEOEND 2EOEL X5, PI1OE—2F

AL

NI | -El ectronic Library Service
. |



The Society of Naval Architects

Pressure [MPa]

Fig.9 Time history of surface pressure on the test
model (Test-2)
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Fig.10 Reflection factor for each measuring point
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FIOREHREIL, BEER LD bEEY L HBRE - 0N
BRI ZEV RV FFT7TRKEL TS LEbILS,
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SETAHRNIL S i, BEREENZ, BREOKS-ME
i, Tk —RSERSRICEY, 7V -7 14—V FEHE
FERolbDEA5, LeLEMs, BIIRLELSC
A N BEREE G, BRBRENEE2EET 2820
ICHBEOHE=Z I 2HE8HY, ENEBOFHIIES
Tk, FOBE, BEY I 2v—v a2k, AR+
— LR Ay Va2 BECEBMMEET 200, BRI
HEREL2ERT AL TE 50, BREBRT 31
RERRY -3, 32C, v s 2v—varik
B UBEREE S OFEHE 21T - 72,

4.1 MRWRFE

N A S-S E R T 2 — ¥ MSC/DYTRAN®™ %
AOEREEE LI BEY I av—yar®2{To7, K2
— PO EUTICRT,

(1) KPBRHT 2BEROERICEE S0 1%L
DOFRAE-HEERE~DHERAERELD V) 2 OERAMLIHE
%é n-'c‘l>és),6).l3)°

(2) WA 17 —BERTERNEL, BEFE>
7Y BERCEVEREEN TV S, ZOERAEY
A7V IHELTERT A I L XD HRBEICHL Tk
BEYIBEER LR, BEY IG5 EHTESS
afahs,

(3) fMRTSRE: L CBRERER->THD, HXA%
EETHI LKLY, BEXELSOBHBKREOEBIERS
h3, BRELSHEL BRI, YIHAREES 5 Chapman-
Jouguet S LREEESE(LT 319, 2D, BHEY X DR
BRIEOANX AT IWLOREABRY CEVWELT
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HRLEAWS,

In compression (¢ >0)
p=aip+ ayl® + aspP +(bo+ b+ bapi+ bsp®) 0o E

In tension (¢«<0)

%,
1)=A(1 *%?)@“R‘/” + B( —%)e“’””’ + wnooE

E: BTEEY7 ) QN AN F —
00 I BIEEE
o BEOEE
7. 0/00
AB o RBXU R EH 17
£ 72, KOREAER L LT 18R TRTSHAMRE

p=aip~+(bo+biu) oo E

ar~by . EH
n=n—1
4.2 BRITETN
M Test-2 2R E L T3, WAE-EEERR %S

Test model

Fiberglass rod

Water

Explosive

— N

(a) Numerical simulation model

(18)

(b) Mesh division

/

|
/

I
[ ] ]

~ 15.35mm |
(Explosive)

(c¢) Explosive part zooming up

Fig.11 Numerical simulation model
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ERBLZWVLET I (Model-A) E#EY 3% E 7L (Model-
B) CRETEER B L, RRIZE 2 2 FiA-EEEmR R
WCDOWTDHEERIT> 1z, Model-B TOBHEFT N %
Fig. 11 1R’ ¥,

A OEARERZY 1 iz 4.0mm & L1, JOREAHE
A XiE, THEEOLMD SKREE TOEH (50:X Cy)
%40 BREETHE T 5 2 LICHYT 3 . EREOH VT
HEND REEELES Z520E, FEESHETY
T EE LRV, E—2ZENDETIZRL, EHED
IRER L ANE—FE L Lo LENEREOMRE £
FA=FRDOWTHFHENRE T 5 2 & T, AEZHE%E
BRALz, AFBREERR, ZhicHd 588108 DT
WHELUERSEEICOWTR, BEAWEIRIATVLS
LW T, SBOFRREED 1 >TH 3,

HEEALD T v 7 DROEEH 2 DTk, BE 1010
kg/m® OFfFE L LTEF ML LT, BEOEFTMEELT
&, BENPTOBRBEOCHEISHREINSG L5, BEpE
BEAEC 10 ERSE LT, 207020, BEEROEEATEE
HA RIZH1.5mm &2 3, B TRLVESROMEES
Table 4 IZR7,

Model-A, Model-B & & B5i#RE 7V Th 5, REE L
MERTH 3 120, KRIX, 3 RTTEF NV RERAET 3LE
DB, LHLERMS, IRTETFNVICLY, BEELXSD
TRBEOL BT 30l 3R ERESLE L
5, R, FESOFEBRE TR, 20X 5% 3 RkTE
BIIHERICHREN TR v, 227, 4B, S
HRETNVTER 21T, ERERCARTZILCENE
HETFNVOERPEIZDOWTHRRNT B 2 iz Lz,

STEMSRIZ, ETRERRELDD, AR ET 2 0E
BH5, FEFTIE, BEOBREZELLT, BKkErs
ATw3, 2070, EHBELSERESVOEAEERCE
T5E,HECEBRELRVERENSKEEE L TEL 3,
LnLatio, BaREs, BBRMEICEET 280, BB

Do EBICHIE L EBELS, AR EAL ThhL,
FIBSE R & O REHE I, BRI 38 S RITS 50,

HEHUL, Model-A T 22, 292, Model-B T 28, 322 ¢
H5, FTEFHEIL, 1.0 msec DIRKEMBFT 2 h Y,
Model-A T 1 K§f# 30 43, Model-B T 10 8 50 53 CH -
7z GHERE : HP 9000 >V — X C 180, X E Y 256 A /34
Mo

4.3 [RAFHESR & B

REH 2 REZ TOEH DERIRIL B & O SRER Pt
B OEBRR £ Fig. 12 08T, Cho %2 &k
BB L TS RTHEETE S L L bz, RERMEND
PEEESERL TWABETFBbh 3,

Model-A (Fifk-#EER IR 2B T) I & 2 BT
REEBRGEROLE * Fig. 1312, Model-B (Filk-#g s
BONFR % HR) 12 & 5 RITREE L ERER OB % Fig. 14
W7, Fig 13282 PlicBiF3, EHDOIH EaD
R — 2 BT RR E ERER TERSR SN
bDD, EHEOEEITZIRPFHEANDOEERE I B
W, HEREE—BL T3, E—2FEHDITH 3D
Rl 2 EOZRICDWTIE, BERBOMINC & » BEEATHE
ThseFEZO5N3,

(E—7Z7FEH

Model-B TXK % - 7= P 4 ®E/73# (Fig. 14) i, Model
SFATKE S P4 TOENER (Fig. 13) L 240, EBR
TRONTREA0.62 msec i IBETOE -7 EHNEHES
NThEZLBbhs, DI EED,PATOY—-2FH
DREZFBHROMEBETHLEE L NS, LELE
o, E—7ENOESIE, BNEROTNERBERLY
Bl o Tw3, EXREF VTR, RBERFHFAIND
HUEFOEESAEREN S0, RBEEHEICEZENS
IANF—DBEBEI VML T E LN IDHEBHELT
Ezboh3,

(CHBE, =30 ¥—%E)

Table 4 Material properties for numerical simulation

Equation of state

Material p roperties (Constitutive equation)

Young modulus : 200 GPa
Poisson ratio : 0.32

Yield strength © 448 MPa
Density : 7840 kg/m’

Density © 1000 kg/m’

Cylindrical shell Perfect elasto-plasticity

a,=2.2X10°, a,~b,=0.0

w
ater Bulk modulus © 2.2GPa (Polynomial EOS) -
. Density : 1010 kg/m’ 2,=2.2X10°, a,~b,=0.0
Isolation compound 1o\ e - 22 GPa (Polynomial EOS)
] Density : 1600 kg/m’ A=5.242X10"
Explosive Detonation velocity © 7980 m/sec B=0.0768 X 10"
(Comp. B) Chapman-Jouguet (CJ) Pressure . 29.5 GPa |R,=4.20, R,=1.10

Initial internal energy :© 5.32 MJ /kg w =0.34
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Fig.12.1 Propagation of shock wave, ¢=0.13 msec
(Model-B)

Fig.12.2 Propagation of shock wave, +=0.27 msec
(Model-B)

20 [MP]
Fig.12.3 Propagation of shock wave, #=0.47 msec
(Model-B)
20 [MP]
.
lo

Fig.12.4 Propagation of shock wave, £=0.6 msec
(Model-B) :
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Fig.13.1 Comparison between measured pressure and
calculated pressure (without considering
fluid-structure interaction, Model-A)

T

N

2
T

1

N
T

- 5}
e

e
n
ey

o

-0.5: A PENEPR S . 1 i i | T :
0.2 03 0.4 0.5 0.6 0.7 0.8

Time [msec]

Fig. 13.2 Comparison between measured impulse and

calculated impulse (without considering fluid .

-structure interaction, Model-A)
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Fig.13.3 Comparison between measured energy and
calculated energy (without considering fluid

-structure interaction, Model-A)

Fig.14.1 Comparison between measured pressure and
calculated pressure (with considering fluid-
structure interaction, Model-B)
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Fig.14.2 Comparison between measured impulse and
calculated impulse (with considering fluid-
structure interaction, Model-B)
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Fig.14.3 Comparison between measured energy and
calculated energy (with considering fluid-
structure interaction, Model-B)
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Fig. 15 Comparison of measured reflection factor with

calculated one
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- Strain energy

» Kinetic energy
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+ Energy dissipation by friction
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- Energy dissipation by fluid viscosity
- Energy emission by reflected pressure wave
- Kinetic energy of water

Fig.16 Energy flow of UNDEX phenomena
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