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Abstract

The survivability of warship is assessed by susceptibility, vulnerability and recoverability, Essentially, a vulnerability assessment is a
measure of the effectiveness of a warship to resist hostile weapon effects, Considering the shot line and its penetration effect on the
warship, present study introduces the procedural aspects of vulnerability assessments of warship, Present study also considers the
prediction of penetration damage to a target caused by the impact of projectiles, It reflects the interaction between the weapon and the
target from a perspective of vulnerable area method and COVART model, The shotline and tracing calculation have been directly
integrated into the vulnerability assessment method based on the penetration equation empirically obtained, A simplified geometric
description of the desired target and specification of a threat type is incorporated with the penetration effect, This study describes how
to expand the vulnerable area assessment method to the penetration effect, Finally, an example shows that the proposed method can
provide the vulnerability parameters of the warship or its component under threat being hit through tracing the shotline path thereby
enabling the vulnerability calculation, In addition, the proposed procedure enabling the calculation of the component’ s multi—hit

vulnerability introduces a propulsion system in dealing with redundant Non—overlapping components,

Keywords : Survivability(24Z&4), Vulnerability(F|2FA),

FMEA: Failure Mode and Effect Analysis( IR EEAM) FTA: Fault Tree Analysis
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Table 1 The procedure for vulnerability assessment

Procedure Definition Consideration
(1) Weapon . Warhead
. Anal hi - -
System Analysis alysis threat Mission & Kill Type
(2) Critical Define the critical | Mission—Function-Sy
Component component stem—Component
(3) Vulnerability Vulnerability Hit number,
assessment for . )
Assessment N Penetration Equation
critical component

@ 7| ATE 20| M2
LA PR

(1) Weapon System Analysis m

—

AN £

——

@ Mission & Kill type Hg ‘

Functional- FMEA |__,|

Fa 743 gy 24y

Hardware-FMEA

Fig. 1 Procedure for vulnerability assessment of warship
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Weapons

Under water

Contact blast
Explosion {
Proximity blast

E Single Hit
1 Non-Explosion {

: Multiple Hit
i

1

Machine Gun

LY
| |
Weapon
Effectiveness

1Weapon Selection |-~ ----------~
FEAHA
- FEA
100mm (Single)| 22000 7700 900 85(-5)
37mm (Double)| 9500 2799 880 85(0)
Naval |57mm (Double)| 4500 14500 900 85(-5)
Gun  [30mm (Double)| 4000 1905 1050 87(-12)
23mm (Double)| 7000 893 970 90(-10)
25mm (Double)| 3000 1500 910 83(-10)
Machine 12.25 1500 630 860 85(-12)
Gun 14.5(Twin) 2000 500 1000 85(-5)

elevation/
(depression)

209 | Yo

'
Character for |
warhead

Fig. 2 Classification of weapon system based on the
effectiveness (Modified from Kim, et al. (2011))
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Table 2 Definition of kill level
Kill Level

Definition

Warship damage that prevents it from
returning to base
Possible warship damage that
prevents an ingressing warship

Attrition Kill

Mission Abort Kill

Warship damage that prevents an
ingressing warship

Possible Mission
Abort kill

Warship damage that prevents an

Mission Denial Kill .
navigate abilities

Possible warship damage that
prevents an navigate abilities

Possible Mission
Denial kill
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Table 3 FMEA and FTA analysis for components of warship

Procedure (Method) Input Output
(1) Fa||ur§ mode arjd effect Mission &
analysis to function of )
Function
component Integrated
FMEA Table
(Functional +
(2) Failure mode and effect SWBS(*) for Hardware)
analysis to component warship
(8) Fault tree analysis using Integrated
Integrated FMEA Table FVEA Table | Ut Tree
(4) Define the critical FVEA Table Critical
component FTA Tree Component
P Kill Mode P

(*) SWBS: System Work Breakdown Structure

LFT&E Data

Output Metrics:

Vulnerable Area | i-Component
of comp Vulnerable Area

FMEA, FTA

Critical P, .
Mission & Components )
Function —
Analysis
COVART &
Equation

Geometric
Model

Output Metrics:
Vulnerability of
Target

Fig. 3 Procedure FMEA and FTA followed by vulnerability
assessment
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Fig. 8 Fault tree analysis transformed from FMEA
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Table 4 Procedure of vulnerability assessment

Procedure (method) Input Qutput
(1) Define the area for Shape for
i, Area
critical component component
(2) Calculate the hit number Weapon Hit Number
on component system
(3) Determine whether Penetration Damaged
warhead penetrate or not Equation component
» vl | .
(4) Calculate the vulnerability uzre;:be Vulnerability
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Fig. 11 Fragment impact and obliquity angles of
penetration (FAA, 2005)
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L = £ ™Mol Z0|(Presented area perimeter)
Gy = =& Mt Al$(Dynamic shear modulus)
m = QIXIx|e| A
= 0|83}t

= ¢7= ASTM (1999) oflA HMAISH AkZSt Gy 4k
og

¥om, o] ZH=E Table 50 HeElSICH

Table 5 Dynamic shear modules for steel and aluminum

Material Dynamic shear modules
Steel 1,300 GPa
Aluminum 210 MPa
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(4) Z|2F &5 ALK Probability of Kill/Hit): e&2] F|etats s = SME 22 IISE 22 EEstofofnt SiEE £ Qs He
MESHE gfHo 2= Carleton Damage Function(Driels, 2004) 2 EHEEICE
2 0|85t Y J|Ho|Lt FHM S 0|85t M 7] 50| = e _
o 2 AAFoMe FUHA J|Hle] Fok "ot MAE X {shaft 1] Gearbox || Fuelol tank ! — ’;’;‘ ’:;‘
- o i i ' ngine
%6}0“' o{(Kim, et al., 2011), 27| &olT EMS Y45 F|of Engine? B | 48
S = SN T I1|—°I 3ZolM OofHIE Sa AYSINCE Fuel O B | 40
Gear | 10 8
_ Gear 2 10 il
3. F|oFM AHlALof Propeller 1 | 20 | 16
Propeller 2 20 16
R . Total T
2 2 oEolM HMAISH "Xjol b 7HAke| 2IF F7(of 2
5 Z|oM2 HAlHs MAIE Aoisigict oF 8om 2o =27l Fig. 12 Example of critical components
g2 o2 7iYsiFoLt, AM HE Cidlof Jtael MEE CHA
O $HSINCE F|ok =HE AN Xt Table 601l M2lsiiCt

Table 6 Procedure for calculation of probability of kil
Procedure Consideration ]

(1) Weapon system analysis | Velocity, Range, TNT, ETC
(2) Define critical

Criticality for component

WULNERABLE AREA jsgh) A

component o]
(3) Calculate hit number Hit number on component . coeszessesexsssssssziszIsns
(4) Determine penetration Damaged component
(5) Vulnerability assessment Calculation the vulnerability 0 - = e = .
IMPACT SPEED (Wsec)
(1) I8 271 MA: 2 ofdle =8 =2 (Proximity blast) & Fig. 13 Plot of vulnerable areas depending on impact
2 IRl 27|9] TAHES Mg on], Egt Efo| mZH 4= velocity (David, et al., 1997)
EHF (Single shot) 2 7SI E) 047 |of] 2 =4k A| =4k Qg
(Sing ) " (3) T == ALk ol S M e Zzte| A Eo| mA

of e &4 ofuks US| i Z Al LMSH= ol of

: ) gl= 22 XA cholc Xo|st u| HE a2
Slof £alofniE Mm@' +Tab|e7°7w<>| gm0 st = 1= AHEISRE EPAOICE Table 7oil HefEt | 7l

—
ZENProximity blast)e| B &M MEE 085101 o[ 5

Fo £M HHE Qokt ZJoZ Edlof 2 IjH 5 ZANA -
= xe= gesi) T sk e Al ()0l MalsigicHDriels, 2004). FofRl T
£ HE(4ont mhHof| Paks dh= HE(Ac)2| HIt MME= &
Table 7 Attribute of assumed weapon(Friedmen, 2006) I pK)e| B2 AIMSIGICE Table 82 ZH FAZ| LSt
| Range | Weight | Velocity | Evaluation/ = I £ AlLSE Zajolct dM=e & o = 70, =
Weapon | Projectile . ,_ — . 5 s
(m) | (kg) |(m/s)| Depression g XMzl H2l(r)= 80m, Zdk A| mpHo| X3l disHe)2
imi 40°(Radian=0.7 =
Missile Prggr;'ty 40000 2095 | 272 | 100-300 (Raciar=0.7)2 7FISIIC+
AP 2
N= K <A =r0> (3
() £ THE MY FQ THES ZTAAHS rfaloz A, ’
Al FMEA ZZIE HIgCZ HMols|9ict Fig. 12= M=z 7+ .
X3t ZAAAHIS 0|2 ZQ A Zo| 7i2F SAM} oix gl Table 8 Hit number of fragment for each component
FelHd g Helgh Zdolct $hHH, Fig. 132 COVART ZEiofA Components Area Hit number
A3 FHA MEAlo| ofo[cHDavid, et al., 1997). Of £t Engine 1 60 0.938
2 7|52 A (mobility kill)S Chalez HZA| OIAl'X“oI By étl Engine 2 60 0.938
Lol whE FAUHK(A)2| HEE TAISE Zolc 2t ekEe| F 5 Fuel Oil Tark 50 0.781
oA = FloelEe BY| Ao R, FubTo| w2 FX S Gear box 1 10 0.156
= K20t EHesict Jzuh 2 el thalo| = B A2 3 4 Gear box 2 10 0.156
7| HAQC| mE FHE MEAR FOX|X| 22 Mefol7| ml g Propeller 1 20 0.313
20| Pei, et al. (2009)0| ¢1Z25t HiQ Z0| F|2k {Xo| ZH2 A} Propeller 1 20 0.313
T2 715ion, TME| ZHM(A)2| of 80%S F FHE The rest 70 -
(A)2= 7V5igict A| ojd|R2 LFTRES 3510 P2 2t & Tota 300 4.688
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olE el Hiet Zo| A
Eitolof gict 2 of

HollM= 2 2t ig 142t 20| 7|2t
2 USShs WeeR Elo| 0[Stk mAME TRl 2EH
= ME3ICt

oY ol =E FHE2 UA ol FFM=of Q| 2ol ¢
A mhHo| A oEHS 2tSShEXol| thEk of FFE mofshof &
O BfFe| ZV| 28 o= el 7| & 2ol 7|Hsid
A2 4 (2) 2ot £oh 27| &S ofFof MFSH| =He EF
of TREEs A (1)2 &2 ez Atklict ol 42 0l
5104 Ete| M7 £THH ol FHES BEY & 8l Fxol
0|27|7iK| ez ZASH =Ict

Warhead Direction

Fig. 14 Warhead direction and it's shotline

oM FofE Zi2t DElo| olfol THE BHE 019E TEkt B
5

= Fig. 152} Zt} EMFe| 7| £& ST = Table 70l £H

2BF7|0| olsEHTet Ssictn IS, MAl <lEt
QI eleHo| Tl= 2k2E 15mm, 5mmE 7SIt

_g(an,penetmte) =709
V(ind_ Residualj = 33.5

W L
V initial Vs "1 Vr
33.483 1121.111 12.473 5.889
5.889 34.68032 2,194 1.036
1.036 1.073296 0.386 0.182
0.182 0.033124 0.068 0.032
0.032 0.001024 0.012 0.006

o [ B w o=

Warhead Dir\e;:\xion

) V(1st_penetrate) = 173.7
V(1st_ Residual) = 190.3

Fig. 15 Application of penetration equation to the critical
components

Fig. 150llA1 AHlAksk Zd 2t

AFQ| =& SE(V 1st peretration)7} 173.7m/s 07| =0
SOOm/SE O|Ssh= Elof| CHsiA= 2S0| YWsh =1, &&
T i £5= 190.3m/s2 AldE EQICt TRup M 2E BHE
ol Efof ZF5ID = £E7} 00| off7| uf=of o|Fof

d0p 2ol M| olEs S = Us T
|

= =IIX1I01|A-I o|f S F Eo| oiFxls TFYES AR
THFEE0I| cheh AIRI®e| 2s o =7
o]

= TMES sl AlMICL = Hef 01|I1I 2dof|Me
Redundant TAES Zesil JASE2, F|HHA J|Hh ALY
ZolM CkE 14 slilM 22 HEstofo} °FEP Cks =/ Zof 2
3 F|oM TWIl= ofeliet ZH2 U 7P<I t”t“(Klm et al., 2011;
Ball, 2003)0| Ct. Poisson ZHI2 I 7 HpT4 OP—I Al

|::I"‘-I

T2 ol AE5in] Ze EHFOIA
ofd ool et Yot watA
=]

o
HE 0[Z5I%ict

MelE TfEE| ofst F
TollME Poisson 2F

Fl'E

o|gAl(Binomial) A2
Zok&(Poisson) A HhH
o Tree—Diagram 2

e Markov Chain 2t

(<]

-

Poisson Z2EofA2| S| ==
C}. SAREl Efo] A|A"] 9] B 0|2| 7<|‘14.01I Z0F 2Z310 ¢
AFEICHA, Fig. 160l 20l= XM Spray Zone(As) Aol &
Elo| mA== UZ(p)2t AIAE Mol oase= T = A
(4)E olEsto{ A&t & &= Aot 2|1 o & T FE)of| w2
AlAE F=tE(p)2 A (5)8 0I85l0] ALk &= Tk Fig.

172 Poisson 222 0|25}04 2of| oi=8H of | =22of| chal =

el A )= Yol

-—

2 THE Aol mE FotES ALkt ofAlo|ct,

E=p « 4, (4)
<p=MA, >

Pr=1 —e T P (5)

Fig. 16 Hit number on spray zone

= o470l Atz A2 ofFl= Q0od(Redundancy)E 7
2|7} 8|ZE (Non—overlap) 22 EXfSh= A|AEICZ JP5I9
Ch (Fig. 17). Al(6)= T /4 74 249| F|UM(B,)E
1245101 CHAF A|ARIO| FokElS (A, S ToP7| I8 Alo|ck
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(except Redundancy)

B[

total

017|M, A= /AH M Q40| F|ok M oln|gict

Fig. 172 AMo2 FAlE wAMo| Z< QITIo| ujnt A4t
of we = A Fok HE2 0.4472 AL =Uch ol

Redundant TAIZo 2 olsf £t mZ(Single Hit)oll 2fsH Az
C

_—

1410] EAEI0] S B 3 IEfD AT A 2010l £ 52
2 SEsRAE ChAIZ 5 | (2ol FA AokiBol A =
jorgt 4+ Slct. skl MMz FAIE MA| T

ol W2 FlokEBel PP S LIS WS T 4 Uck
Ol T2l ZT AT BE F vl PHEOR Olojxls b

X|E 7151997| m20ll, non—redundant TAIEQ| 917 E§39]
F|oFetE0| =olX|l= Zof st ZzfZ mekst 4= Qlct AlM=
= MA 2E LRl H4K SO ¢l BE F EF e mfHe)
TEEEE Sold Ziojof olof| w2t FAES| F|oketER WA
AEE Zolct

| rkil@yenging | 0447 |

| Pkl (by Total hit

Pkirh
0.16
0.16
0133
0.027
0.027
0.053
0.053
0.387
0.613

Api Avi
Enginel 60 43
Engine2 60 43
Fuel Oil 50 40
Gear 1 10 8
Gear 2 10 8

Propeller 1 20 16

Propeller 2 20 16
The rest 70

Total 300

Shotline

134

Fig. 17 Vulnerability assessment based on the poisson
vulnerability model for multiple hit

(1) 2ol MF etgolM oprd = U= IR0l thal Helsk
o, ?lg F7|of 54 Helsk| flet dets MAIGIIEE
2) 2 7718 7ol 54, B S8l w2t 275101 FA
SIRACt
(3) 2ol THES HECZ FMEA, FTA ZHYE 0I35101 gt
Y Fofdat HE F2 THES| FE BAE MAGIICE
(4) TEES| &Y ofFE HEksP| 25l 7HgE mAMo| =
ol THE0l| HSAS HESIRCH
(5) #2f HYS 0|32t Fokds got Yat mA 5 AL 2
SAE HE510d Flot 2ES AlSE 2 E HAISIAC
= ER0ME St o3t 3uE SR Fof &E U
L oS HAISIIEE Lt Ax l 7.‘_1—Er M= HSEo
ogh gufdrks HE 2ol wE Yot X Aol 2fsh 3
ofd gopt e{=ofofetct = h‘—ﬂ@ﬂ Me Z2 ol ofgt
BT U YH2 TSR] it e o ofst 21t
T YA 30| FUiz HdE E20t 2len 0| flet FUh A
TE M Solck T2 ez yiYet B Ttk uiy
URIE YAlate = Sl ATt HE0] Flof B MY e 7
HEC| 32 SE MYE floh ANl WHE FUIE oy
22Tt Uk
Sl
=2

ERUch
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