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The demand for Liquefied Natural Gas (LNG) carriers and LNG—fueled ships has significantly increased in recent years due to the
sulfur—oxide emission regulations by the International Maritime Organization (IMO). The main goal of this paper is to introduce the
process for the Engineering Critical Assessment (ECA) of IMO independent type—B cargo tanks made from 9% nickel alloy. A
methodology proposed by the British Standard was used to conduct ECA for any structure with initial flaws, Based on this
standard, a Matlab code was developed to perform ECA, Coarse mesh Finite Element Analysis (FEA) was performed on an
independent type—B LNG cargo tank with a capacity of 15,000 m°. The location with the highest development of maximum principal
stress was identified at the bottom of the cargo tank, Fine mesh FEA was performed to obtain the stress range required for ECA,
The dynamic cargo tank loads used for FEA were determined using some ship rules presented by Det Norske Veritas, As a result
of performing a 20—year long—term crack propagation analysis with a semi—elliptical surface crack, the fracture—to—yield ratio
exceeded the Fracture Assessment Line (FAL) and some structural reinforcement was necessary, Performing a 15—day short—term
crack propagation analysis, the fracture—to—yield ratio remained within the FAL, and no significant LNG leaks were expected, This
paper is believed to provide a guide for performing ECA of LNG cargo tanks in the future by providing the basic theory and
application sample necessary to perform ECA,
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1. A—I = ZollM BY =2 al=&Kindependent typeB tank)2 LIF &

ZME Zeksts 14} 20| slE2 XA sk Ags 3t

Jjme| Mlolt M hAISO] HITE HXolREM & o oo ASEE W& 8 Talleak before falre)S HH2
= e = e +H e o MA|=|ojof Sict mi2iM AY|ZE 28O st 7| A2 7Y

s} M7 A (Liguified Natural Gas, LNG)7 | =80 QIct 7|= o ME} oFEoIX| 045 2l BIE Hod B B Cly|7} 23510
ol ING ZEhIar of2t INGE A2 ARSI U=HING 2 olst £44 T (brittle fracture) L4 0f50f Cist ZZ0| =
FXM)e| RFE MAt B7Ks QUct o[2{8H LNG= g5t 160 Q35ict BY =2 3l2Ate we U= B2ixz 2XEo2 &
T oj2lolM Z=H(boiling point)S 7IX(7| mhEof, AE|QlE|A 2 x7| #slo| JHsME ZAIE £ glch olgls X7| ek
4, 9% YA Ed, 197z S0| 2 M52 gtk ZHsH HEEMo| L Sxn My 2Zo=2 oI5 atMedol| 2|5t
AP |7-(International Maritime Organization, IMO)= CiFst 78 |2 mho|Ent oj|2} Aol MAlo|| chst oFM T} e E|ofo}

o LNG l=&e 28811 QIct (MSC, 2016). o|2st s1=&t
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SEY NG s23e| It Zg 5ot
Lee et al. (2021)2 A S= =l Al=(threshold stress A oM E slEE MEe| S oZ AlF ATE ERsIK|
intensity factor)& & O HYshl| FHske AFE 35t b} k2 27| Ho) 59 % LZZE) 22 EXR AR Y&
RACE Park and Choi (2021)2 LNG &22ke| 37|15 Mof 7| QIZ AlE Zull= S4 &5 eI EXSIK| ket F,
ol HF0{ dAlsks WHE MAISH HE UCh Song (2022)2 U QIZ Al ZTE ERoiK| 22 29 ¥ FHel eIt
LNG 2289 7[AM 24 & cid &0 sk d7E alist gle Aol A Al (1)2 0[8s10] FALE TAIE F= Ut &,
H} QUCk o= gsde| g2 EHEICL A (1)l ARZE Alee A
Kim et al. (2010)2 LNG MZ2 9 % UZA s=22e| M2 o (2)-(3)=2 7|Htez ZAM™=C) =9 AU Al (4)E ol
A M EMol| Chslo MEX od7E FESH dt UCt 371K Slo AXE=IC)
NG st=d 2/ (ZFalE, 9 % HZ &=, A8 Iel2|AZ)o
Cst AS™ oARE E5j0] =X 3 XX EMS HA|SHH} - ,0_5( b gorf <1
QACH (Lee et al., 2013). Kim et al. (2017)2 3L ZIM Algie K)= (“*L) 03+0.7¢ ") forky = 0
Sofo] P ZIM MEE 62 % gkefy| 8 AlEo| tistod 7 (2, ()2 forl <7, <7
A ZI™M A" 2 British Standard Institution (BSI, 2019)0i| 2|74 0 forf, = L
slof mlz g BlsiCt 152 BSY +A_|o4 Zzjoi| ul3}of M:mm(o.wioﬁ) )
MGl Mol ZulE MAlsks Ae &olsiRict. Ty,
BSI (2019)= mfz| dsiof| 7|Hist FabA Zgt HWot 7[HE .
HMAISI2 2lem, 0| ECA (Engineering Critical Assessment) N= 03(1——) )
2} Blck Kang et al. (2015)= BSIel Z3ts 28t By} 7 Y
H2g £+ Us LZEQOE s, olF YA m I max oytoy )
(anchor pile)oll X&A|Z1 H} Ik Kim and Shafiqul (2021) = ' 20y
BSI (2019)2 &8oi01 &M At TI| 7[HE MEE £ Us K : fracture ratio
ATEQI0E NS O E83510] LNG 2EH1 BY slE
So| B T S s v} ok J2ifof ol L Yeldrelo
108 & £Zxo =8 AY AX iMoo M2stozm oy . engineering yield strength
DNVGL (20172)0llA1 HISH= 28 &= 2 Al0|S 22t oy engineering tensile strength
= A70M = o ER (matlab)S 0|30P04 BSI (2019)ofl 2/A = - olastic modulLs
gt IEE JLsIQIct o] T=of MEE (=&l o|=2of| Cist
0{ AJHSIQICL O] T=E 0|8s10] 9 % LALCE HMEE= = Tichile sy
B BY SHETS EOAS TSk Sk A (59 20| BN WS et 82 2ol
>4 Z{primary stress intensity factor) K72} O|xF S21 Sif| Al
2. Ol HH (secondary stress intensity factor) A;e| @b mm| QI
(fracture toughness) &, 2| HISS 2loleict nitH|E Z2H
2.1 me grh M 5P| flsiMeE 2 =8 Hf=(plastic correction factor) 1V EE=
M WS Alf(plastic interaction factor) pE AME4X Oz M2
oE gkl & 4 9ot 2 =R0lME AN 28 ASE A (B)oll MAISI
Y Fjof| F€o| EMfste EF 22 SEROIAME THAO| c}
fZo=2 2lslod mtHfracture)& == A0 CHHEO| F=st Higd, Al (7)9] g=ulE TR0 A5k 7|1F 8 o, 1
x| g2tz 2 skE0| 285101 &=(yielding)et == UCH 0f 32 AT o olo| H|8S ojnj3kc) YEMOR H=H|= 7x
7|1M BSI (2019)2 O[2{St & 7HK| 7tsAel AIM HMAlSH vt 20| R25k= slED} A0 BHE 2T (FY o= Q|3 Ko o
Qlond, 0| Tk ™I MM (failure assessment line, FAL)OI2F & mED} 3H2 ZHoo| @)o| |82 onfsict wR 24 ol
olsict FALS ZXsh= WFE 282t mti|(fracture ratio) ¥ 0| 228 A9} ZEln} olzlo| TAlo| 2t2et HPE BasiM
&=t |(yield ratio)2t Melstd K ¥ 1, 2| 7|SE ARZSlct ot Iz Saig Axsjot sick
2 m®J} ME(Failure Assessment Diagram, FAD)= Aol
FALT} ol Mol w2 A mieh| 2 Ax SHu|e| s} K'+ VK;
g ZAsH Mzo|ct Kt
BSE L% QlzH AlE Zaje| HF oif I FHO| sh= HEr = K;+K; ®
S(Luders yield plateau)2| 5] w2} Clest FALS HBsict K
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MAE- Al xfolehHED
L 2 2 %Y
. g2 B+ /P 49P (1—d")?
. min 1+0.2Lr+0.02](1(K]p (1+2L,), forZ, 1.0 5 Gy = ;(17 - ¢ (10)
B 31-2L (6) ¢
0.4 forZ >1.05
T a/B
14 2
L = % (7) (a/B)(2¢/ W) for W< 2(c+B)
Y
K7 : prifmery stress intersity factor P, * membrane stress corresponding to ULS load
. . . . P, : primary stress corresponding to ULS load
K; @ secondary stress intensity factor
a . crack depth
K, - fracture toughness
I ; 2¢ . crack length
. plasticity correction factor )
v p| y f W plate width
. plasticity interaction factor .
P y B . plate thickness
o, : reference stress
uiEly EY FEo| Z(Fig. 1(a) BX), 28 (membrane 2.2 Paris HZ2 7 SF
stress) ¥ =&l S2(bending stress)0| SAlofl 2F2E i 4] (8)
S xg3lof 7|E Saig & 4 2lon, g vlslol ZE o 98 55
Seio| Altjoz A2 He Al (9)2 0|23kt Al (8) U Al Paris 34l0[2} 2l dY MES(da/dN)2 A (12)1 &
()2l 7IF S22 AysP| ¢biM, ws p, o Tl 82 CF A (132 S 2 AT Uel AKE V5N B, o5
P2 ol Bk o] 22 HZE 31 Alel(utimate limit 37|, AL #@Ab 39| grolch ARV A S S Al |
state, ULSJoll 4483t gt 51500 olsiof AN 7o wy T AKECH RS BT HES SFEKI FECHda/dN = 0
8t 2242 ojnjsict (DNVGL, 2017h). S4F ULS S22 soar U ARVE NSl B H28 ol 28 £, e 71K =
E= 78t 24 34 (Finite Element Analysis, FEA)S S5101 4 ordel ol d¥ez lso] mae| TIMErk:s G4t X
M=t Fig. 1(b)2} 22 ZE Aol A2, Al (10)2 o|g3lof S2ak(brittle fracture)o| LMSk= H22 ZHREICH (Dowling et
|= 2212 HAE £ Qlct Al (11)9] ¢ = Fhof TR A4 al., 2020). & Al (12)£ AK, < AK< K, T0lIM R&St
olck ok Al (13)2 Al (12)0f CHelslod HEsiH A (14)E 22 &
o 7 UCE A (14)0l] CHEt MES S3lof dge| MEtg 712 &
P+ PI+9P (1—d" _ _ -
R T - (8 SIch 22 Hoh A Hels vAcol oEStE vAsE Ykt
’ —a )"
22 HQ|(primary stress range) & 0|x} S2i(secondary stress)
Pb+3PmG‘”+ \/(Pb+3Pma”)2 +9PI?L (1—0,”)2 O“ 7—#%‘ 7:1% —3—3}01 7E:’§:-IE|_|E’I- °E|i|- %E—:! I:éll_?,l': E'Q_E lﬂ%
s = T O sizol slersied, olxt S2ie malel WstE we HF S2of
Z|olsich Ut 32 Hel 3 of|xt S Hel= 22t 4] (16) &
AL (17)oll 2l Z™ECt
SO da/dN= A(AK)"™ (12)
B §
AK= YAo+v/7ma (13)
T a 1 )
/ n—m/zda:A(AO')mN (14)
(a) Half elliptical crack o Y"(ra)
YAJZ(YAJ)p+(Ya)S (15)
B
( YAU)[} = fw(]‘/[mABn +A/[bAPb) (16)
23 (Yo), = M,Q, +MQ, (17)
o S
ig. es of cracks , B} .
g 1P Al (16)0ll AFBE! £, = Al (18)2 08310f T % QIct. Al
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— [0, + M0/ B + M) B)]) 220 -

77L

_ {1.13—0.09((1/0) for 0 < a/2c < 0.5
Velall40.04(c/a)] for 0.5 <a/2c <1

0.89 _
—F—F——0. <05
]V[2={0.2+(a/c) 0.54 for 0< a/2¢ < 0.5

0.2(c/a)* for 0.5< a/2c <1

24
045—7(1—14.0(1—3) for 0 < Qi <05
C C
M= 0.65+(?)
\4
70.11(1) for 0.5< - <1
a 2c
a 2 . 9 a
1+ 0.1+0.35(—) (1—sind)? for 0< — < 0.5
g= B 2c
£ 2
1+ [0.1+0.35£(3) }(l—sin9)2 for 0.5 < - <1
a\B 2¢
a 2 0.25 a
(*) cos®0 +sin9 for0< — <05
. c 2c
Jo= 9 025
c\ . 5 9 a
(—) sin“f+cos 9] forobh< — <1
a 2c

ole

1.65 a
1+1.464( for0< — =05
5= 2¢

- 1.65

for 0.5 < - <1

1+ 1.464( %

SR

M, = (H,+(H,— H,)sin’0) M,

a a a

= = <o

o on{ef5] o 5 s
a
0.75

0.5571‘93(5) +[[ &

B
1.5
1.38(£)
a

vl

1— [0.04-"- 0.41| —

e
B
2

for 0< - <0.5
2c

—_

(22)

(24)

(27)

—1.22—0.12(ﬁ) for 0< = <05
G = ‘ & (29)
—2.11 +0.77(—) for 0.5 < — <1
a 2c
7 1
0.55— 1. 05(3)0 5+o.47(3)) " for 0 5 =0
G, = z 0.75 (c 15 ¢ (30)
0455—0.72(5) +0.14(5) for 0.5< & <1

e
= Ie 31
fu SGC( W) (31)
_q_ 27
M,=1 (32)
Z . position of through the thickness

3. IMO BY LNG &}=&2| ECA

0

3.1 ek det & slEd

CHAH MEF2 £M7EEF 180 mo| BEZ MEteZ 15,000 m?
= IMO BY st=E2 37 BAsIIct 2 Mol gk £ |
=& Table 10f HMA|SICE Mute %W(A | =M AP, BAIM
CL, 7IM BL)E ZACZ 3=
COM)= Zo| 2+ak 88.71 m, z|
RIx[SHCHFig. 2 &%), &gk Muto| 3|H ":!% .Ajt—'.*P—I comzt
2ot 7FYsiict

Table 1. Load cases for fatigue evaluation

ltem Dimension (m)
Length between perpendiculars 180.0
Moulded breadth 31.0
Moulded depth 20.2
Design draft 8.3

COM of target tank
o
z= 8.65mT
I

AP ‘
‘ x=88.7lm ‘

Fig. 2 Location of the LNG cargo tank
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2 SH Ml WIIE 2
3A 872 EFECt of
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SM(Following Sea Moment)
SP(Beam Sea Pressure) 2 BSR(Beam Sea Roll)2 Z9=2,

é,%%ﬁ, Els2| xgo|cl OST(Ovblique Sea Torsion)= M
TIR, Jokse, 88, 359 xFlo|ct 2t 55 7oAl
HS 1 Y 2z S HAES AMESP| s MA| 239 Wekds
olo|ghct ESH 7 51F AHolAe| P 2 ST Esinl oIS Q0|
S22 M 29| dekMdg ololsict

Mulof| 285z 75T MBS Uig sliM 2 27| JSE o
Mg &slod Al TEopALL Mg &l efHsi =&
UCE = AFolME UiE A 2 2| JIEE BME Sotod
A SAolMe| 3RRE 7T HR(a)00. G O S T
Z3|ct. Mutol AF™(Mo| =M AP, SAM CL, 7| BL)2E
Fe SYE ZHIOL (2, y, 212 HROIMe] 7SS (ay, ay,

a,)= Al (33)-(35)E ol8sl0d AFYEICH (DNVGEL, 2017b). o
7ol ARZEl AFE 5K =8 AlF(Load Combination Factor,
LCREt Bk 5 Cye. Cyver Cys Cxpe Cyse Cxpo Copp
Cypr C,p=S LCF2IT 5104, O ZKD 231 (DNV, 2017b)o] A
MiSHAl MIA|=|RACt,

S}2E LiFe| S dynamic pressure)2 4| (35)8 0235101
Hakel == 9ok (DNVGL, 2017b).

Table 2. Load cases for fatigue evaluation

No| From To Remarks
1 HSM-1 HSM-2 | Head sea moment
2 | FSM-1 FSM-2 | Following sea moment
3 | BSP-1P | BSP-2P | Beam sea pressure from port side
4 | BSP-1S | BSP-2S | Beam sea pressure from starboard side
5 | BSR-1P | BSR-2P | Beam sea roll from port side
6 | BSR-1S | BSR-2S | Beam sea roll from starboard side
7 | OST-1P | OST-2P | Oblique sea torsion from port side
8 | OST-1S | OST-2S | Ovlique sea torsion from starboard side
3
WHSM-1
®FSM-1
5| mBSR1P

uBSR-1S
mBSP-1P

BSP-1S
mOST-1P

OST-18 I I

n Longitudinal nis’ Vertical
-2

-3

Acceleration (m/s?)
o -

Fig. 3 Acceleration components by the load cases.

ax = f [ XGg Sln¢+ CXSO’WI(}E + CXP 'ptch (Z - R)] (33)

ay=fg [ ( Cyc9 sinf) + CYSasu:ay - CYRa‘mIZ(Z —R) } (34)

Ay = f@? [ CZHahem,'a + CZR Qo — CZPapt(’h (‘T - 045L) ] (35)

Py = fubrne az(zn )+full zax(fo a') (36)
+ - taY(y[) ')
f3 - Correction factors for incident waves
0 : Rall angle
¢ . Pitch angle
R . Vertical coordinate of the ship rotation centre
. Factor for joint probability of occurrence of liquid
S cargo density and maximum sea state in 25 years
design life

prve - Density of LNG

Ty, Yo, 29 - Coordinate of the reference point of LNG tank
, , , - Coordinate of a point on the upper boundary
TV of LNG tark
. Longitudinal and transverse acceleration
fullfl' fullft

correction factors for the ullage space
. Length of the ship defined as the distance on the
summer load waterline

3.3 E=F 7= iy

CHAFLNG 3122te| 882 15,000 mPo|od, B2 37| 7|F

o 73t 24 M RH2 F2 M 24(shell element)S 0|E3}
of 2HE =ion] =533t 24X 9| Mf(face plate)= & &

2beam element)2 ZHYH =UCL SEES XX[ske =3
(choke)= 4 24(gap element)% Ol%; 4 pel=l =] EI°*EF =

= 27|.|o E2Ix09| 5}'3

Z H|MEo| Me™ S ¢ °|°| M2l Heks I3|7<|7<| °‘:Eh_’_
245 £= qlct
St=E IR Z=Z(full load ¢ ndition)OI a4 x74(ballast

BI5l0] 2 32E RLSP| m2of 2 =ziof &
EFE"F A 2| RS0l 2fet &
= FUH2=Z D2{5Iqlct 2

7ot E91=0| oIoEq =3
VS

condition)o|

A—

15 S0{5, 2ERAolAE
E—hS(Em el %% s ’—TE)% Fridoz Rofsiict
e

b | .
HZA 37| et 24 oM HelE) F32)E Fig. 4ol |
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AlSIiEt. 2E 5K #H0]A SoilAf BSR-1S0i|lAf Z|of S2{0]
2h(Fig. 4 &X)sI M, BSR-2S0lAM= SYst F20 S
Of Aol wsx| ploict =0f #3822 & Zai|lolM Zdst
pre el ﬂ?’égl xm}; olgh +doi| thet AEE |0P01 SRS

Ya'sazeto1
Yaossatol
+3le3de+01
[ 131700101
437258401

+ol084e+00
Ya'saze+00
00000+ 0g

Fig. 5 Fine mesh analysis results for BSR-1S

3.4 4 7 sy

=9 % 4Z g=2Z0|2len, BSl (2019)7F 27
2 Ef| A= AK[)._ 63 N/mm3/2 9! o oIy K,

MH A2t 7187 m2 8F
3% gk=C}. BSI= shek &

o=

Fo| =& =Y E—: 3stﬂ|01| E%%

Idealized crack growth rate (Paris’ law in Region-2)

10 &

da/dn (m/cycle)

10712 £

1 1.9922 5 10 50 100 158 500
log(AK) (MPa /m)

Fig. 6 Crack growth rate diagram

oM o|F 7870l &Sske HH A% 7|87 m ARES
ADsict st BpMol MAE 9[slof til 7|27|5 Xgst
L UCt 2 AFoM= E5Eel HAIE flsto] B 7287
m=3.0 Y 4=521x10" mm/cycle2 ME5|9C} 0|2 XEFI
o ™ MZ= Fig. 62 2k

20 &7 7 T o
= dToiME slEFol HER @Yol EAE m DNVGL
(2017a)oll 2|5t 27| A F7|E ZYSINCt S Hifv| &

HE f¥o| XJ| MZ 2c= 5.0 nm32m, £7| Zlol a&= 1.0

Mz AEBIAC Fig. 5olA 212 ) F3S PM 9t S
olot 28l 32 wWelz Falslo] Table 3o Halsiich 24
SaEcts 9t 88 M| NS HoIE 4+ ot
ol 821 el 1x107 EnEtEo| Mgk tZol olsiod
MME 2 0D 0|S SHE B S0 M= S
= owelz WEE Test ok Webul HE U
|5P71|

(Probability Density Function, PDF)& 0|&35104 0|2
Z A (37)8 0|83 Yoz &E =&
TES = Uk 7|IM n, E AP,

X107 28 $20| oot ool AIS3He 2433 welolct
| Z

o

2!

i %
0

N oo

N

rir

e J

Table 3. Membrane and bending stresses

Load case Top layer stress | Bottom layer stress
BSR-1S 60.37 26.98
BSR-2S 0.00 83.80

AP, 58.60
AP, 1.77
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Membrane stress range long term distribution
T T T
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E; 0 L A il
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o s Bending stress range long term distribution
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. . i
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No. of cycles

Fig. 7 Membrane and bending stress range blocks for
long—term crack growth analysis
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AP, :Alj,’n(l ~ Logn ) ' 37)
0

2 AFoME =HE +FS 2005 E35101 10 A4Zdh= 2
HQIE TE3IUCE 0lE Fig. 70l MASIZCE o] S2 Wel 2
2 A (16)0l ez dg T sf4o] 7kssich 4
(16)0f S Helo| thel Aol w2t 7 ZTof= Afol7h A
2 7 ok o S0 V| 7Y defolM =2 S Hel E5
o 282 2% A 3= =l A+ Hel=ch 22 33 2l
Aot LhE=0] o TiTo| T Feks ol & |l A
2 39 Hel 250| 28 29 25| dgs 4FAE 9
oo 0|F 22 33 eVt 28 Zeol T 7ol &Fol 7t
Sofct o|2{gh o|7zE 8 Helel A& M= i SRsict
2 38 Hel S57E MEA7IS U, 3 Helel 7RI F
£oi| o5t W, S5 3 HelS ot 74 FEsi0] 2EAT|
= U 5 of2] TiX| 3 22 Yo /U = Uk 2 AT
oiMe 2 33 Hel S52 TRE2Z 2BA7Ic ¢HE X
SsICk

Crack depth growth

No. of cycles

Fig. 8 Crack growth curves from long-term crack growth
analysis

FAD - Long term crack growth

1.2
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1 ©  Crackwise results
0.8 1
06 4
Collapse-dominated
0.4 F iy o o
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021 1
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0 N . . L ; L
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Fig. 9 Path of fracture-yield ratios from long-term crack
growth analysis
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Fig. 10 Crack growth curves from 15 days crack growth
analysis
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