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Summary

This paper presents the results of numerical simulations applied to an impact penetration test with
the simulation code equipped with the capability to evaluate the strain rate effects on the material
strength.

The aim of this study is to obtain the designing tool for the protective walls to ensure the safety of
operators and equipments around the engine room of a ship, in the case of an accidental explosion.

First, an impact penetration test is carried out to evaluate the protective capability of a plate against
the perforation failure. The test is performed with a powder accelerator to shoot the mild steel plate
with a simulated cylindrical fragment at the speed of 403 m/s.

Speeds of the fragment and a plug after perforation are measured by strain gauges and a high speed
cinematograph during the test. Deformation of the fragment is also measured after the test.

Next, numerical simulations are carried out to reproduce the experiment. DYNA3D is used for the
numerical simulations of the test. The elastic-plastic model with failure is employed to express fracture
phenomena occurred during the test. The function to evaluate strain rate dependency of material
strength is added to this model to refine the accuracy.

The fragment and the wall plate are simplified to an axially symmetric model. The edges of the wall
plate are fixed and the initial speed is applied to each grid of the fragment model. The speeds of the
fragment and a plug after perforation, and the radial and axial deformation of the fragment, are
compared with the simulated values, changing parametrically the mechanical properties of the fragment
and the wall plate. The effects of the mechanical properties on the measured values are obtained.

As a result, a set of reasonable material properties is obtained by the numerical simulations. The
expeimental results are shown to be reproduced well by the numerical simulations with this set of
material properties. The numerical simulation method is shown to be an efficient way to estimate the
protective capability of a steel plate against the penetration caused by high speed fragments.

A seies of numerical simulations is carried out to reproduce five experiments with the same material
set. The critical perforation speed and the deformations of fragments after perforation are compared
with the experimental results. The estimated critical perforation speed gives 11% less than the
measured value. The deformation of fragments show fairy well correlation with the measured values.
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Fig.1 Configuration of Simulated Fragment

Fig.2 Powder Accerelator
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Controller CH:?:\ esrgeed Table 1 Specifications of the Powder Accerelator
Vacuum Bore 20mm
| COmpuxeq———i g‘;%ii‘"a; /QMBJ Fragment Diameter | 3-13mm
. Test Velocity 100-800m/s

End plate
. M J
1 ;I
[ /. [/ A 1

Strain Gaug% ITargat Plate

ZLauncher

Fig.3 Measurement and Control System of the Pow-
der Accerelator

Fig. 4 Perforated Test Piece and Deformed Fragment
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Table 2 Mechanical Properties Specifications of a
Test Piece and a Simulated Fragment

Target | Fragment
Material KA [SNCM439
Yield Stress(MPa) 235. 883.
Tensile Strength(MPa) 402. 980.
Elongation(%) 22. 16.

Table 3 Measured and Calculated Values at the Perfo-
ration Test -

Initial After Perforation
Experiment | Current
Fragment Velocity(m/s) 403, 157. 171.
Plug Velocity(m/s) 0. 191. 184.
Fragment Diameter(mm) 12.7 13.4 13.4
Fragment Length(mm) 14.8 14.2 14.2
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Fig.6 Numerical Simulation Model

4 BEILT, ©EOEREIZ 124, HABII 3T TH %,

VI av—ya i3, BHERAHREB A CEAML 7ok
REIHMRRE & U OIS R AT 5 R CIC TR
252 CBHIAT %, BN L EBRA OB 2 EICIES
RRZ LM S BEREHER - BEIT 2 TNV EREHE LS
Z T3,

RERR L B F O EIR Z TN 5 B0/ 3T 4
-y THEbLEND, FEEFTNEHESRG 2RV CRBRE
BEBET 200, B WHEDRFZA-FD535 1072
JEELESET, hosBIBIIZTHERRARSE T
A—=F AT 4 REML, RRBERLERTE5MEEE
BOMEARE 2RO 2 Z L& L7, KRR TIIRBRE L35
BIEK W IC 2V T 6y CRBBRIGHORREL A
W, H WEATRCRDIEER W, 2079, FEHZ
MEEHED /S5 X — 7 BEEHT6EE R 5,

By av—yaryoER% Fig 7-12 CR7, &K
FOFENL T 2 -5 DR E, & (a)ORtEN: 77
LB OBBROEE R, SR(b) ORISR
DEBROIELRIDERER2TNZIVRLTED, &
BRCEHHIL - BB R ER LR T, T A—FRIT4D
ERITEALOTELTLS,

Fig. 7 3B OEABERGEE 7 X -5 C: OFE
BRT, Co SHEINT 2 L B R OREAREROBERIGH
BEL Y, BRLIEL %D, ZOkY, 777 LEE
WHOBEEEZ C. 0BIME L b P L, BEEAT O
ETHEREKT2ERERT,

Fig. 8 RABK OEAREREFEE /T A —F n OFE%
T o ne BHENNT 5 L BB OB EARERFOBRIC T H
B, BRLEL D, ZD®, 777 LIBEK
EOBEHEEIR n, OBINE &b FA L, BEHRFOE
FREIAT 2ERERT, BB OB EIL 7 210.8
HECRRELRT .

Fig. 9 3 RBRF OWM SMBHEE 5 OREET T,
e DIEINT 5 L HERF 3K LIZK <8 D, €5 30.6
Ptz s & 75 7 LIBEKR OBREHEE L BB
OEWHEIZ—FELR2H, 0.6 UT TR 777 LEERR
OBERE L b OBEME L L EFED L, BERER OER
BT 2EAETRT., 77 S OREEE LR O
BEFAOEFRER ebre 280.3HETT L TNERE, &
IMEERT,

Fig. 10 BBEEEHF 0 EAHBEEERE T XA —F C D
HELRT, Cr38MNT 2 L EERNF OBEARERD
BRIGTIBELSRD, BRELELA RS, Z01®, 77
7SR OREHEE R C ORI E & bR L, B
B OEREZBY T 22 R,

Fig. 11 388 F OE LA RBEERGFE ST A —F n, OF
BEIRT o n, BIEINT 2 LB OB EHRERFORENR
IHBE LD, BERLICLLS kS, D, 57k

NI | -El ectronic Library Service



The Soci ety of Naval

Residual Velocity(m/s) Residual Velocity(m/s)

Residual Velocity(m/s)

Architects of Japan

VP2 EEREE S ER L -EEEERBOREY S 2 v~y 5 > 555
500 — : 0.6 :
A E Length/g oo @ o ©°
4 Pug | E s 0--0.-Q
400 A O Fragment kS o ©
‘cEE 0.4
300 S s S W
S LRadius/ N
Plllg 3} 0.3 A
200 ppmmsge L _ R
IRy - B BEREE X et £ 02 2 Radi
¢ “Fragment £ o adius 1
100 » EP 0.1} A Length |....
004800 =
0 : 0.0 —
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
Ct Ct

(a) Residual Velocity - Ct Relations

Fig. 7 Effects of C:
: A Strain Rate Dependency Parameter of Test

Piece
500 3 :
A A A
i 4 Plug
Aoy e
400 © Fragment
300
Plug
200 p=2=8=0 ==
100 N Fragment ..
6
9009

3.0 0.2 0.4 0.6 0.8 1.0 1.2

nt

(a) Residual Velocity - nt Relations

Fig. 8 Effects of #:
: A Strain Rate Dependency Parameter of Test
Piece

500

400

300

200

100

8.0 0.2 0.4 0.6 0.8 1.0 1.2

(a) Residual Velocity - €°

A A

A Plug
O Fragment

o)

Q

7 Plu
/ g

O

L _,.._...?.._...,f_._A.J}_LJl_L-

W\WFT agment — 66— 00—

8pfl

it Relations

Fig.9 Effects of &
: A Critical Effective Plastic Strain of Test
Piece

(b) Deformation of Fragment - Ct Relations

~ 1.0 :
= o
E 0
s 08 (o}
‘3 Length
E 0.6 / 0o
8 ) (o] A
& o 6° A Q.
= 0.4 _,““0““9__‘:‘________“_________;__~
g \Rédlus A —
2 2 4 Radius
= O Length
= AL a A j g:
0' i i
8.0 0.2 04 0.6 0.8 1.0 1.2
nt

(b) Deformation of Fragment - nt Relations

~~ 0.6 3
E \~Length
O
E 0.5 5 056 o) e] o)
5
E 0'4______., — | & Radius | _ __
;3 03 \ Radius © Length
h- A A A A A
5 02~ Ji i
g A
s 01
B

0.
8.0 0.2 0.4 0.6 0.8 1.2 1.2
8pf[
(b) Deformation of Fragment - £¢ Relations

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

556 HEEMFESRIXE 125
~ 500 — ~ Lo
2 Y Pf E } I
§>: 400 o s 5 08 A Radius
2 Fragment 5 . O Length
= = o
@ E
i 300 a? A A 4 4 é 0.6 o Length/
g 200 ~Plug & 04 o _ Radius
B 88 o000 Y © g LA E— -
‘2N btk S [~~~ "" 1 3 ) o
& N E
100 Fragment -1 0.2 A
E A4
Aa A A
9 ‘ 0.0 ‘
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
cf Cf
(a) Residual Velocity - Cf Relations (b) Deformation of Fragment - Cf Relations

Fig. 10 Effects of Cr
: A Strain Rate Dependency Parameter of
Simulated Fragment

500 7 ~ 12
@ 0 E o (L I E
E 4 Pug | E 10 A" Radius
= 400 © Fragment 2 ° © Length
(%} b A
= g 08 5
o
S 300 PRI SN A :_5 A /Length
= . Plug S 0.6
e )
5 200 === F5"55 = A
.g ___-—E;—é— 5———-\——2———?———1 E 0.4_——--—-—-—7—<5-—-—<;--°-—()—-—
T l ; fragment -« ) -
: = A, | a4
0 : — 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
nf nf

(a) Residual Velocity - nf Relations

Fig. 11 Effects of #n,
: A Strain Rate Dependency Parameter of
Simulated Fragment

(b) Deformation of Fragment - nf Relations

~ 500 — N ~ 10 T T
g E ‘ ‘ H - H
g g Radius
= Z 0. o} h
£ 400 X Plug g 0.8 Lj:ngt :
< © Fragment g
g 300 g 0.6 n Q. I;)__n o) nJ\ a. .0 0
— “ Length
g , Plug : a _Radius
= 200 £ w 04T T T T T
@ __o___i_}___ﬁ____ﬁ__f = A A AR LALaa
=~ : g
100 ~ Fragment 2 0.2
=
0 - - 0_8 — .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 .0 0.2 0.4 06 083 1.0 1.2
(4
. S;ff gpff
(a) Residual Velocity - €y Relations (b) Deformation of Fragment - €3¢ Relations

Fig.12 Effects of €fsr
: A Critical Effective Plastic Strain of
Simulated Fragment

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

Vs EEREEEERL - EBEEEABROMES S 2 —va ¥

A OBREEE I n, OEMNE & bR L, BREK
FOEREIRAD T 2 EAZTRT .

Fig. 12 38U F OB S BN E eb OREET T,
ebn HIEINT 2 LR BB LI <kD, 0.280E
DIEIZ% 2 L 75 7 LB A OBREEE LR OX
FBER—ELE 5,

INLOBEY I 2 v—y a3 vOER® S, HBERY
B ERT 2 MES Table 4 CRT & D WCHEL
72

WEL - RSl v TERL L BITER * Fig.
13, 14 12”7, Fig. 13 W 3 EEH A RO R L 77 7
RO S ORE ORRIFEIGE %, Fig 14121, BEEBAFO
HIE L R X OEEORLBGE 2 T TR, ERD

~ 08
E
E
E
£ 067
I
E
5
T 04f
(=]
E
o
E 0.2 Length
S0 .
& Radius
e
0'0 SRS A 1 A —
0 20 40 60 80
t(microsec)

557

100

Fig. 14 Simulated Deformation Time History of a
B D & 50 psec FB L 781, B - 77 /Rt Plug and a Fragment
WEN—FE LR > T3, I HRER TS 17 B
Fe7s J0@EEaRtoREr=#HTRT, JHLoD ] “H
fEix, B cRKoon-EEL L{—BLTBY, B
BCHRBERE JCHRTEZZEERL TV S, = Ousec
BROUER D 560 psec B L 1o TOBEEB A & 77
= ITS : TR 1 ) e s s s |
BB OZBOREE Fig. 15 LT P
UEoFEy 3 2v—ya vtk ), BEORBRKE 2 H
W EHEEERBICN L CEARERER LA LGS 1 20
i, B LSRR OB FBITE 5 T L R t=Z0usec
L. iEssasiEEmE
£, [ CRB & SRR ORI X D EEREL Y S
Table 4 Estimated Mechanical Properties of a Test T 1= 40”3@0
Piece and a Simulated Fragment ) S —
L] Il T |
Target Fragment = ——
Quasi-Static Yield Stress:Gyo(MPa) 235. 883. »
Strain Rate Effect Parameter:C 0.01 0.015 i‘
Strain Rate Effect Parameter:n 0.50 0.45 = t= GO}JSCC
Tangent Modulus:H(MPa) 784. 735.
Effective Plastic Strain at Failure:€5; 0.70 0.50 ﬁ
IS '
1 l.é'.'
500 , — . . ﬁ'
Plug . .
400 Fragment | T Fig. 15 Simulated Perforation Process

300 BTk 5 DOEBREBIEBR R E LU TITo 7o 3E
Yiav—yvavOEREBRER LB L CREEES
Fig. 16 2, B O LR % Fig. 17T W F#h 2Rt . HE

EERBRERCRAEES0.0m/sDbDORFEEETD

200

Residual Velocity(m/s)

100 3L, 757 OFELNRITE ko 73RBS
N . ) . PRINTE Lo AR EBEATY S, BfE I 2v—¥
% 20 40 60 80 100 Ui, SERD B LI BEEE 5 L 7 B

t(microsec) BHyiav—yarhrofEsnsEBREAEE T 330
m/s, R OHEINIEEREEEIZNI0OM/s TH

%, BB OBERIILEENRE { —FL Twb,

Fig. 13 Simulated Velocity Time History of a Plug
and a Fragment

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

OHEAM A B & L THY, BB 2 @RI 2E
EHERBREEML,

OFE 403 m THEES B IFBRENR L LT, FHHllsh
1 EBROEEREE & 75 S OEE, BEREOEELE
XOERELBARRE—BI¥HEY I av—v a3
%, MEOBMITE * B 1EZUELS e (EES
FRZBICL DT, BEBROBREE (HATE 2 S
HEEZ KD 2,

ORD IR HEE AV TEREEL LS THIE
Yialb—varETn, BERESDOEETEML E

558 HASHEESRE F17125
2 200 T ¥
E A Plug:exp
&2 150f{® Fragment:exp
g A Plug:cal AQ {
@ O Fragment:cal
> 100 g &
E a
2 50 A
&
o
-50

0 100 200 300 400
Initial Velocity(m/s)

Numerically Simulated Perforation Tests:
Residual Velocity

Fig. 16

) 0.7 T T
E 0.6 A Radius:exp
g ® Length:exp 69
% 0502 Radius:cal T
£ © Length:cal o
)
< 0.4
o

A A
- 03 &
5 et
E 02
s
B 0.1

0.0

0 100 200 300 400
Initial Velocity(m/s)

Fig.17 Numerically Simulated Perforation Tests:
Deformation
4. #% £l

MABFIC L 2B OEE2HIEL, BREMEHERT 2
Baro, PEBRORTMBMLEST s BN TR
£ TROBRES, B, WEROBEH B W T,
BRIV EUIWAOKRES Bk - BELXE2ERT
BULEND D, £, BRICEDZVEET ABERMICOL
THEERTILEND S,

OMHEEDEARBRER2EZR T IREEEROEE
fEfTa — K 2RI L 72,

LERABROBRE L LRL, EERAEEIHAREL: 08
E O 11% OHEEE E 1572, BEF OB I IEEIIR <
HEER L —BL 72,

Oz DFER, kT WAL 2ERERBIRICNT 5
DrEEE O LHERES R EIEEE b & THE T 25 %L
Bohis,

2 £ X W

1) FEETE, FH K KXF B FRIAE REY
ety 2R OMEERE (5 1k, SROBIER
ROWBKENE), HABMFSCE (A) 47 5 422
= (1981)

2) KRF B FRAE, TEEE, §H X:RRY
WIS 2 MR OMERE (68 23k, SROBIER
A2 VFFHIER), HEABBESHXEATE
424 5 (1981)

3) ISR, HPRE=E, BN EFRP 7V —F0F
BNy I 2V — v g v, GIIERERR Vol. 32,
No. 2 (1992)

4y {RE B, ENER, EF B FHERAREED
ge, EEBEY VRY YA (1992)

5) rhiliseis, #IIMER], HPEE, RIAEK D EES]
EFREROBEY S 2v—Y 3y, B M EETH
BT BERITR Y VR v 40 (1990)

6) MIIHER], hil3E, BN E, HBRERE, REF
xEHEEERBROKEY S 2Vv—yay, BAE

RERIRNE, No.170 (1991)

7) Hallquist, J.O., and D.J. Benson: DYNA3D
USER’S MANUAL, LLNL UCID-19592 (1986)

8) Johnson, G.R., and W. H. Cook : Fracture Char-
acteristics of Three Metals Subjected to Various
Strains, Strain Rates, Temperatures and Pres-
sures, Engng. Fract. Mech.,, 21 (1985)

9) Nicholas, T, and A.M. Rajendran: Material
Characterization at High Strain Rate, High

Velocity Impact Dynamics, John Wiley & Sons
(1990)

NI | -El ectronic Library Service



