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A bst r a ct  

H u m a n is a k e y el e m e nt of t h e s af et y of lif e o n b o ar d s hi ps a n d a si g nifi c a nt c o ntri b uti n g f a ct or 

t o m ost of t h e a c ci d e nts a n d i n ci d e nts i n t h e m ariti m e i n d ustr y. At t his p oi nt, ris k a n al ysis pl a ys 

a  criti c al  r ol e i n e ns uri n g o p er ati o n al s af et y a n d m ariti m e  tr a ns p ort ati o n s ust ai n a bilit y. T his 

p a p er ai ms t o s yst e m ati c all y e v al u at e h o w h u m a n err ors ( H Es) c o ntri b ut e t o o p er ati o n al ris ks. 

B as e d o n t his, F a ult Tr e e A n al ysis ( F T A) is c o m bi n e d u n d er a n I nt er v al T y p e- 2 F u z z y L o gi c 

e n vir o n m e nt  wit h S u c c ess  Li k eli h o o d  I n d e x M et h o d ( S LI M). W hilst t h e F T A e v al u at es  t h e 

criti c alit y  of t h e o p er ati o n al  a cti viti es,  t h e I nt er v al T y p e- 2 F u z z y S ets (I T 2 F S) d e als  wit h 

v a g u e n ess a n d s u bj e cti vit y  i n usi n g e x p erts’ j u d g m e nts, a n d  t h e S LI M esti m at es  t h e 

pr o b a biliti es f or t h e h u m a n err or-r el at e d b asi c e v e nts. Si n c e c o nt ai n er l oss es c a n l e a d t o s e v er e 

d a m a g e a n d c at astr o p hi c e v e nts i n a c o nt ai n er t er mi n al, l o a di n g o p er ati o n w as i n v esti g at e d as 

a c as e st u d y. S af et y c ult ur e, e x p eri e n c e, a n d f ati g u e w er e o bs er v e d as hi g hl y eff e cti v e f a ct ors 

i n cr e w p erf or m a n c e. T h e o bt ai n e d r es ults als o i n di c at e t h at t his h y bri d a p pr o a c h c a n eff e cti v el y 

b e a p pli e d t o d et er mi n e t h e o p er ati o n al v ul n er a biliti es i n hi g h-ris k i n d ustri es. T h e p a p er i nt e n ds 

t o i m pr o v e s af et y c o ntr ol l e v els a n d l o w er l oss es i n t h e f ut ur e of m ariti m e c o nt ai n er tr a ns p ort 

b esi d es e m p h asi zi n g  t h e p ot e nti al  c o ns e q u e n c es of f ail ur es  a n d cr u ci al  h u m a n err ors i n  t h e 

o p er ati o n al pr o c ess.

K e y w o r ds: H u m a n err or , ris k a n al ysis, I T 2 Fs, S LI M, F T A, c o nt ai n er l oss.
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1. I nt r o d u cti o n

M or e  th a n  1 0 0  mill i o n  c o nt a i n ers  ar e s hi p p e d  a cr oss  th e  gl o b e o n  c o nt ai n ers hi ps  p er  y e ar. 

A c c or di n g  t o  c o nt ai n eris e d  tr a d e  d at a,  t h e  n u m b e r  r e a c h ed  a p pr o xi m a t el y  1 6 0. 5  milli o n 

c o nt ai n ers i n 2 0 1 9 [ 1]. B as e d o n t his, c o nt ai n er tr a ns p ort ati o n h as b e c o m e e v e n m or e i m p ort a nt 

f or gl o b al m ariti m e tr a d e. H o w e v er, si g nifi c a nt c o nt ai n er s hi p pi n g dis ast ers w h er e h u n dr e ds of 

c o nt ai n ers w er e l ost i n a si n gl e e v e nt h a v e o c c urr e d i n r e c ent y e ars [ 2]. T h e dis astr o us fir es a n d 

e x pl osi o ns  o n  M a ers k  H o n a m  [ 3, 4],  M S C  Fl a mi ni a  [ 5, 6],  H y u n d a i  F ort u n e [ 6, 7],  a n d  H a nji n 

P e n ns yl v a ni a [ 6, 8, 9], h ull fr a ct ur e o n M S C N a p oli [ 5, 1 0, 1 1 ] a n d h ull gir d er fr a ct ur e o n M ol C o mf ort 

[ 5, 1 2], a n d t h e br e a ki n g of R e n a i n t w o [ 1 3, 1 4] , c oll a ps e d a n d f all e n o v er b o ar d c o nt ai n ers o n M S C 

Z o e [ 1 5, 1 6] h a v e c a us e d t h e w orst m arit i m e e n vir o n m e nt al dis ast ers i n t h e l ast d e c a d e. B esi d es 

t h e  l oss  of  c o nt a i n ers  s e v er el y  d a m a gi n g  t h e  m a ri n e  e n vir o n m e nt,  tr a gi c all y,  s o m e  cr e w 

m e m b ers h a v e di e d b e c a us e of t h e a c ci d e nts.

E a c h o p er at i o n al a cti vi t y c arri e d o ut o n b o a r d s hi ps i n cl u d es ris ks d u e to t h e n at ur e of t h e w or k. 

T h er ef or e , i d e ntif yi n g t h e risk f act ors a n d mi ni misi n g th e m t o a n a c c e pt a bl e l ev el is p ar a m o u nt 

t o e n h a n ci n g t h e s af et y l e v el [ 1 7]. H u m a n err or, t e c h ni c al, m e c h a ni c al, str u ct ur al f ail ur e, a n d 

e n vir o n m e nt al f act ors ar e c o m m o n c a us es of m ari n e a c ci d e nt ris k [ 1 8]. As th e r e g ul ator y b o d y, 

I nt er n ati o n al M ariti m e Or g a ni z ati o n (I MO) e m p h asis es t h at t h e h u m a n f a ctor pl a ys a cr u ci al 

r ol e i n a c ci d e nts [ 1 9]. T h e statisti cs s h o w t h at m or e t h a n 8 0 p e r c e nt of s hi p pi n g c as u alt i es ar e 

dir e ct l y r elat e d t o h u m a n err or [ 2 0, 2 1, 2 2]. T h er e b y, h u m a n err or c o ntri b ut i o n s h o ul d b e th e c or e 

p oi nt of t h e q u a nti t ati v e ris k a n al ysi s ( Q R A) i n m ariti m e o p er ati o ns. A v ari et y of a p pr o a c h es 

t h at f o c us o n h u m a n err or pr o b a bilit y ( H E P) q u a ntifi c ati o ns h a v e als o b e e n i m pl e m e nt e d i n 

diff er e nt i n d ustri es s u c h as offs h or e [ 2 3, 2 4, 2 5, 2 6, 2 7] , a vi a ti o n [ 2 8], r ail w ay [ 2 9, 3 0, 3 1, 3 2] , n u cl e ar p o w er 

pl a nts [ 3 3, 3 4, 3 5], a n d mi ni n g [ 3 6].

T h e m ariti m e in d ustr y s e e ks t o r e d u ce l oss es i n t h e f ut ur e. H o w e v er, risk ass ess m e nts c arri e d 

o ut  a p art  fr o m  t h e  c r e w  s af et y  p erf or m a n c e  s h all  b e i ns uffi ci e nt  i n  a n a l ysi n g  th e  p ot e nti al 

t hr e ats.  At  t his  p oi nt,  s o m e  i m p act  f act ors  r el at e d  t o  t h e  tas k,  i n divi d u als  or  w or ki n g 

e n vir o n m e nt s h o ul d als o b e c o nsi d er e d w hi l e e v al u a ti n g t h e H E Ps. T h es e r elati v e f a ctors [ 3 7], 

c all e d p erf or m a n c e s h a pi n g f a ct ors ( P SFs), ar e of p a r a m o u nt i nfl u e n c e o n h u m a n p erf or m a n c e 

n e g ati v el y or p ositi v el y [ 3 2].

T h e S LI M t e ch ni q u e c o nsi d eri n g H E P ass ess m e nts h as b e e n us e d t o d et er mi n e t h e h u m a n err or 

c o ntri b ut i o n  t o  o p er at i o n al  ris ks  [ 2 2, 3 7, 3 8, 3 9, 4 0] i n  th e  m ariti m e  tr a ns p ort ati o n  i n d ustr y.  I n  t his 

st u d y, a q u a ntit at i v e ris k a n al ysis is p erf or m e d b y c o nsi d e ri n g t h e p ossi bl e h u m a n err ors in t h e 

c o nt ai n er l o a di n g o p er ati o n pr o c ess. I n t his c o nt e xt, t his p a p er pr o p os e d a h y bri d a p pr o a c h b y 
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i n c or p or ati n g F a ult Tr e e A n al ysis ( F T A) a n d I nt er v al t y p e- 2 f u z z y- b as e d S LI M t o e v al u at e t h e 

h u m a n c o ntri b uti o n t o ris ks a n d t h e criti c alit y of t h e l o a di n g o p er ati o n a cti viti es i n a c o nt ai n er 

t er mi n al. T o a c hi e v e  t his g o al, t h e  p a p er is str u ct ur e d  as f oll o ws:  T h e first p art  pr es e nts t h e 

m oti v ati o n  b e hi n d t h e  st u d y a n d b asi c lit er at ur e  r e vi e w o n si g nifi c a nt  c o nt ai n er  s hi p pi n g 

dis ast ers. B e c a us e of t h e s u bst a nti al r ol e of e a c h m et h o d i n t h e st u d y, a bri ef lit er at ur e r e vi e w 

a n d t h e t h e or eti c al b a c k gr o u n d of t h e m et h o ds ar e pr o vi d e d i n s e cti o n 2. S e cti o n 3 off ers t h e 

i nt e gr ati o n of t h e pr o p os e d a p pr o a c h, w hil e S e cti o n 4 ill ustr at es t h e e x e m plifi c ati v e a p pli c ati o n 

of t h e pr o p os e d a p pr o a c h t o ris k of c o nt ai n er  l oss i n m ariti m e tr a ns p ort ati o n. Fi n di n gs a n d 

e xt e n d e d dis c ussi o n ar e pr es e nt e d i n  s e cti o n 5. Fi n all y,  t h e c o n cl usi o n a n d r es e ar c h c o ntri b uti o n 

t o m ariti m e tr a ns p ort is i n cl u d e d i n t h e l ast s e cti o n.

2. M et h o ds

T h e h y bri d a p pr o a c h  is pr o p os e d t o d et er mi n e  t h e c o ntri b uti o n of h u m a n  err or t o t h e ris ks 

r el at e d wit h t h e  m ost criti c al  v ul n e r a biliti es i n t h e o p er ati o n al pr o c ess es. I n t his c o nt e xt,  t h e 

S LI M esti m at es  t h e H E Ps w hilst t h e F T A p erf or m a  c o m pr e h e nsi v e ris k  ass ess m e nt. Si n c e t h er e 

is a n a m bi g uit y wit h t h e  cris p  v al u e  of pr o b a bilit y,  t h e I T 2 F S d e als wit h v a g u e n ess  a n d 

s u bj e cti vit y i n usi n g e x p erts’ j u d g e m e nts [ 4 1, 4 2, 4 3].

2. 1 I T 2 F S

T h e c o n c e pt of a t y p e- 2 f u z z y s et w as first i ntr o d u c ed b y Z a d e h [ 4 4] as a n e xt e nsi o n of t h e i d e a 

of a c o n v e nti o n a l f u z z y s et c all e d a t y p e- 1 f u z z y s et ( T 1 F S) [ 4 2, 4 5]. A f u zz y s et st at es t h e d e gr e e 

t o w hi c h a n el e m e nt b el o n gs t o a s et. I n c as e it is n ot p ossi bl e t o d et er mi n e t h e m e m b ers hi p of 

a n el e m e nt i n a s et as 0 or 1, t h e t y p e 1 or t y p e 2 f u zz y s ets ar e utilis e d. T h e m e m b ers hi p gr a d e 

f or e a c h el e m e nt of th e ty p e- 2 f u z z y s et ( T 2 F S) is a f u z z y s et i n [ 0, 1].  O n t h e ot h er h a n d, a 

t y p e- 1 is a f u z z y s et w h er e a m e m b ers hi p gr a d e is a c ris p n u m b er i n [ 0, 1] [ 4 6,  4 7] . T h e b asi c 

pri n ci pl e b e hi n d s yst e ms is t h e s a m e f or b ot h T y p e - 1 a n d T y p e- 2. H o w e v e r, T 2 F S c a n b ett er 

e x pr ess a hi g h er d e gr e e of f u z zi n e ss a n d pr o vi d es m or e v ari o us p ar a m et ers t h a n T 1 F S [ 4 6, 8 1]. 

A n i nt er v al t y p e- 2 f u z z y s et (I T 2 F S) is a s p e c i al c as e of th e g e n er alis e d T 2 F S [ 4 2] i n w hi c h t h e 

m e m b ers hi p gr a d e of e v e r y d o m ai n p oi nt is a cris p s et w h os e d o m ai n is s o m e i nter v al c o nt ai n e d 

i n [ 0, 1] [ 4 5]. M e n d el [ 4 8] pr o p os e d t h e int er v al t y p e- 2 f u zz y s et t o d es cri b e a n i m pr e cis e li n g uisti c 

t er m, li n g uistic all y  a n d  q u a ntit ati v e l y  [ 4 9].  T h e  d at a c oll e ct e d  fr o m  t h e e x p erts'  li n g uisti c 

e x pr essi o ns a r e s u bj e c ti v e a n d h a v e li mit ati o ns. At this p oi nt, t h e I T 2 F S c a n c o p e wit h c o m pl e x 

c o n diti o ns a n d r efle cts u n c ert ai nti es b ett er [ 5 0, 5 1, 5 2]. I T 2 F S is r at h er a d e q u at e f or util isi n g i n r e al-
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c as e a p pli c ati o ns c o m p ar e d t o g e n er alis e d T 2 F S [ 5 3] a n d is c o m m o nl y us e d i n d e cisi o n- m a ki n g 

pr o bl e ms [ 5 4, 5 5]. T h e I T 2 F S is a p pli e d al m ost all pr o bl e ms b y r e as o n of t h eir r e d u c e d 

c o m p ut ati o n al eff ort a n d f e asi bilit y [ 4 1, 4 5]. F oll o wi n g a d es cri pti o n of t h e T 2 F S a n d t h e I T 2 F S, 

t h e b el o w e q u ati o ns pr es e nt t h e m at h e m ati c al o p er ati o ns’ d efi niti o ns a n d st e p- b y-st e p 

d e v el o p m e nts, r es p e cti v el y.

D efi niti o n 1: A  t y p e- 2 f u z z y s et  i n t h e u ni v ers e of dis c o urs e X  c a n b e c h ar a ct eris e d b y a t y p e-𝐴

2 m e m b ers hi p f u n cti o n  w h er e   d e n ot es a n i nt er v al i n [ 0, 1] is ill ustr at e d as f oll o ws 𝜇 𝐴 ( 𝑥, 𝑢 ) , XJ

[ 4 7]:

𝐴 = {( ( 𝑥, 𝑢 ), 𝜇 𝐴 ( 𝑥, 𝑢 ) ) |∀ 𝑥 ∈ 𝑋, ∀ 𝑢 ∈ 𝐽 𝑋 ⊆ [0, 1 ], 0 ≤ 𝜇 𝐴 ( 𝑥, 𝑢 ) ≤ 1 }

I n a d diti o n, t h e t y p e- 2 f u z z y s et  c a n als o b e r e pr es e nt e d as f oll o ws w h e n t h e el e m e nts of t h e 𝐴

f u z z y n u m b ers ar e c o nti n u o us [ 4 7]:

  𝐴 = ∫
𝑥 ∈ 𝑋

∫
𝑢 ∈ 𝐽 𝑋

 𝜇 𝐴 ( 𝑥, 𝑢 ) / ( 𝑥, 𝑢 ) = ∫
𝑥 ∈ 𝑋

 ( ∫
𝑢 ∈ 𝐽 𝑋

 𝜇 𝐴 ( 𝑥, 𝑢 ) / 𝑢 )  / 𝑥

W h er e  a n d  d e n ot es u ni o n o v er all a d missi bl e x a n d u. 𝐽 𝑋 ⊆ [0, 1 ] 

D efi niti o n 2: L et b e a t y p e- 2 f u z z y s et i n t h e u ni v ers e of dis c o urs e X r e pr es e nt e d b y t h e t y p e- 2 𝐴  

m e m b ers hi p f u n cti o n  . If all   , t h e n is c all e d a n i nt er v al t y p e- 2 f u z z y s et 𝜇 𝐴 ( 𝑥, 𝑢 ) 𝜇 𝐴 ( 𝑥, 𝑢 ) = 1 𝐴  

a n d r e pr es e nt e d as f oll o ws [ 4 6, 4 7]:

   ,   𝐴 = ∫
𝑥 ∈ 𝑋

∫
𝑢 ∈ 𝐽 𝑋

1 / ( 𝑥, 𝑢 ) = ∫
𝑥 ∈ 𝑋

 ( ∫
𝑢 ∈ 𝐽 𝑋

1 / 𝑢 )  / 𝑥

w h er e . 0, 1XJ 

D efi niti o n 3: A m et h o d  utilisi n g  t h e I T 2 F Ss f or t a c kli n g f u z z y m ulti pl e attri b ut e  gr o u p 

d e cisi o n- m a ki n g pr o bl e ms ar e pr es e nt e d i n t his st u d y . I n t his m o d el, t h e h ei g hts of t h e u p p er 

a n d t h e l o w er m e m b ers hi p f u n cti o ns of t h e I T 2 F Ss a n d t h e r ef er e n c e p oi nts ar e c h ar a ct eris e d 

as a tr a p e z oi d al I T 2 F S as s h o w n i n Fi g ur e 1 [ 4 7].
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< Fi g ur e 1 > is i ns ert e d h er e.

A tr a p e z oi d al i nt er v al t y p e- 2 f u z z y s et:

𝐴 𝜇 = ( 𝐴 𝑥
𝑢 ,𝐴 𝑥

𝑢 ) = ( ( 𝜇 𝐴
𝑥 1,𝑢

𝑥
𝑋 2,𝑢

𝐽
𝑋 3,𝜇

𝐴
𝑥 4;𝑢 1 ( 𝐴 𝐴

𝑥 ) ,𝑋 2 ( 𝑢 𝐽
𝑋 ) ) ,( 𝜇 𝐴

𝑥 1,𝑢
𝑥
𝑢 2,𝑥

𝑋
𝑢 3,𝐽

𝑋
𝜇 4;𝐴 1 ( 𝑥 𝑢

𝑢 ) ,𝑥 2 ( 𝐽 𝑋
𝐴 ) ) )

w h er e  a n d  ar e t y p e- 1 f u z z y s ets,  ar e t h e r ef er e n c e 𝜇 𝐴
𝑥  𝑢 𝜇

𝐴  𝑥 𝑢
𝐴 1,𝐴

𝑥
𝑋 2,𝑢

𝐽
𝑋 3,𝑥

𝑢
𝑥 4,𝑋

𝑢
𝐽 1,𝑋

𝑢
𝑥 2,𝑎

𝐿
𝑖 3 a n d 𝑎 𝐿

𝑖 4

p oi nts of t h e i nt er v al t y p e- 2 f u z z y ;  r e pr es e nts t h e m e m b ers hi p v al u e of t h e el e m e nt 𝐴 𝑖  𝐻 𝑗( 𝐴 𝑈
𝑖 )

 i n t h e u p p er tr a p e z oi d al m e m b ers hi p f u n cti o n, ;  ,   r e pr es e nts t h e𝑎 𝑈
𝑖 (𝑗 + 1 ) 𝐴 𝑈

𝑖 1 ≤ 𝑗 ≤ 2 𝐻 𝑗( 𝐴 𝐿
𝑖 )

m e m b ers hi p v al u e of t h e el e m e nt  i n t h e l o w er tr a p e z oi d al m e m b ers hi p f u n cti o n𝑎 𝐿
𝑖 (𝑗 + 1 )  

;  ,  ,𝐴 𝐿
𝑖 1 ≤ 𝑗 ≤ 2 𝐻 𝑗( 𝐴 𝐿

𝑖 )

, , , a n d  .𝐻 1 ( 𝐴 𝑈
𝑖 ) ∈ [0, 1 ]  𝐻 2 ( 𝐴 𝑈

𝑖 ) ∈ [0, 1 ]  𝐻 1 ( 𝐴 𝐿
𝑖 ) ∈ [0, 1 ]  𝐻 2 ( 𝐴 𝐿

𝑖 ) ∈ [0, 1 ] 1 ≤ 𝑖 ≤ 𝑛

D efi niti o n 4:  T o r a n k a n d d ef u z zif y t h e I T 2 F Ss a n e xt e n d e d c e ntr e- of- ar e a m et h o d is utilis e d. 

A c c or di n gl y, t h e e q u ati o n ( 1) is i m pl e m e nt e d i n d ef u z zifi c ati o n pr o c ess of t h e I T 2 F Ss.

         ( 1)𝐷 𝑒 𝑓 𝑢 𝑧 𝑧𝑖 𝑓𝑖 𝑒 𝑑 ( 𝐴 𝑖) =

( 𝑎 𝑈
𝑖 4 ― 𝑎 𝑈

𝑖 1) + ( 𝐻 1 ( 𝐴 𝑈
𝑖 ) ∗ 𝑎 𝑈

𝑖 2 ― 𝑎 𝑈
𝑖 1) + ( 𝐻 2 ( 𝐴 𝑈

𝑖 ) ∗ 𝑎 𝑈
𝑖 3 ― 𝑎 𝑈

𝑖 1)
4 + 𝑎 𝑈

𝑖 1 +

( 𝑎 𝐿
𝑖 4 ― 𝑎 𝐿

𝑖 1) + ( 𝐻 1 ( 𝐴 𝐿
𝑖 ) ∗ 𝑎 𝐿

𝑖 2 ― 𝑎 𝐿
𝑖 1) + ( 𝐻 2 ( 𝐴 𝐿

𝑖 ) ∗ 𝑎 𝐿
𝑖 3 ― 𝑎 𝐿

𝑖 1)
4 + 𝑎 𝐿

𝑖 1

2

𝑈
1

𝑈
1

𝑈
1

𝑈
2

𝑈
2

𝑈
2

𝑈
1

𝑈
2

M at h e m a ti c al o p er ati o ns usi n g b et w e e n t w o I T 2 F Ss f or f urt h er c al c ul ati o ns a r e als o as gi v e n 

b el o w [ 4 1, 4 3, 5 6]: 

F or t h e a d diti o n o p er ati o n:

𝐴 1  =  (𝐴  ,𝐴 𝐿
1 ) =  ((𝑎 𝑈

1 1 ,𝑎
𝑈
1 2 ,𝑎

𝑈
1 3 ,𝑎

𝑈
1 4 ;𝐻 1 (𝐴  ),𝐻 2 (𝐴  )),(𝑎 𝐿

1 1 ,𝑎
𝐿
1 2 ,𝑎

𝐿
1 3 ,𝑎

𝐿
1 4 ;𝐻 1 (𝐴 𝐿

1 ),𝐻 2 (𝐴 𝐿
1 )))

𝐴 2  =  (𝐴  ,𝐴 𝐿
2 ) =  ((𝑎 𝑈

2 1 ,𝑎
𝑈
2 2 ,𝑎

𝑈
2 3 ,𝑎

𝑈
2 4 ;𝐻 1 (𝐴  ),𝐻 2 (𝐴  )),(𝑎 𝐿

2 1 ,𝑎
𝐿
2 2 ,𝑎

𝐿
2 3 ,𝑎

𝐿
2 4 ;𝐻 1 (𝐴 𝐿

2 ),𝐻 2 (𝐴 𝐿
2 )))

𝐴 1  ⊕  𝐴 2  =  (𝐴  ,𝐴 𝐿
1 ) ⊕  (𝐴  ,𝐴 𝐿

2 )
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            ( 2)= ( ( 𝐴
𝜇
1 1 + 𝐴 𝑥

2 1 ,𝑢
𝐴
1 2 + 𝑥 𝑢

2 2 ,𝜇
𝐴
1 3 + 𝑥 𝑢

2 3 ,𝑥
𝑋
1 4 + 𝑢 𝐽

2 4 ;𝑋𝜇 𝐴 ( 𝑥 1 ( 𝑢 𝐴
1 ) ,𝐴 1 ( 𝑥 𝑋

2 ) ) ,𝑢𝐽 𝑋 ( 𝜇 2 ( 𝐴 𝑥
1 ) ,𝑢 2 ( 𝑥 𝑢

2 ) ) ) ,
( 𝑥 𝑋

1 1 + 𝑢 𝐽
2 1 ,𝑋

𝜇
1 2 + 𝐴 𝑥

2 2 ,𝑢
𝑢
1 3 + 𝑥 𝐽

2 3 ,𝑋
𝐴
1 4 + 𝜇 𝐴

2 4 ;𝑥𝑢 𝜇 ( 𝐴 1 ( 𝑥 𝑢
1 ) ,𝐴 1 ( 𝐴 𝑥

2 ) ) ,𝑋𝑢 𝐽 ( 𝑋 2 ( 𝑥 𝑢
1 ) ,𝑥 2 ( 𝑋 𝑢

2 ) ) ) )
F or t h e s u btr a cti o n o p er ati o n:

𝐽 1 𝑋 𝑢 2 = ( 𝑥 𝑎
1 ,𝐿 𝑖

1 ) 𝑎 ( 𝐿 𝑖
2 ,𝐴 𝑖

2 )

            ( 3)= ( ( 𝐻
𝑗
1 1 ― 𝐴 𝑈

2 1 ,𝑖
𝑎
1 2 ― 𝑈 𝑖

2 2 ,𝑗
𝐴
1 3 ― 𝑈 𝑖

2 3 ,𝑗
𝐻
1 4 ― 𝑗 𝐴

2 4 ;𝐿𝑖 𝑎 ( 𝐿 1 ( 𝑖 𝑗
1 ) ,𝐴 1 ( 𝐿 𝑖

2 ) ) ,𝑗𝐻 𝑗 ( 𝐴 2 ( 𝐿 𝑖
1 ) ,𝐻 2 ( 𝐴 𝑈

2 ) ) ) ,
( 𝑖 𝐻

1 1 ― 𝐴 𝑈
2 1 ,𝑖

𝐻
1 2 ― 𝐴 𝐿

2 2 ,𝑖
𝐻
1 3 ― 𝐴 𝐿

2 3 ,𝑖
𝑖
1 4 ― 𝑛 𝐷

2 4 ;𝑒𝑓 𝑢 ( 𝑧 1 ( 𝑧 𝑖
1 ) ,𝑓 1 ( 𝑖 𝑒

2 ) ) ,𝑑𝐴 𝑖 ( 𝑎 2 ( 𝑈 𝑖
1 ) ,𝑎 2 ( 𝑈 𝑖

2 ) ) ) )
F or t h e m ulti pli c ati o n o p er ati o n:

𝐻 1 ⊗ 𝐴 2 = ( 𝑈 𝑖
1 ,𝑎 𝑈

1 ) ⊗ ( 𝑖 𝑎
2 ,𝑈 𝑖

2 )

             ( 4)= ( ( 𝐻
𝐴
1 1 × 𝑈 𝑖

2 1 ,𝑎
𝑈
1 2 × 𝑖 𝑎

2 2 ,𝑈
𝑖
1 3 × 𝑎 𝑈

2 3 ,𝑖
𝑎
1 4 × 𝐿 𝑖

2 4 ;𝑎𝐿 𝑖 ( 𝐻 1 ( 𝐴 𝐿
1 ) ,𝑖 1 ( 𝑎 𝐿

2 ) ) ,𝑖𝑎 𝐿 ( 𝑖 2 ( 𝐻 𝐴
1 ) ,𝐿 2 ( 𝑖 𝑎

2 ) ) ) ,
( 𝐿 𝑖

1 1 × 𝑎 𝐿
2 1 ,𝑖

𝑎
1 2 × 𝐿 𝑖

2 2 ,𝑈
𝑈
1 3 × 𝑈 𝑈

2 3 ,𝑈
𝑈
1 4 × 𝑈 𝑈

2 4 ;𝐴𝐴 𝐴 ( 𝐿 1 ( 𝑎 𝑈
1 ) ,𝑎 1 ( 𝑈 𝑎

2 ) ) ,𝑈𝑎 𝑈 ( 𝐻 2 ( 𝐴 𝐻
1 ) ,𝐴 2 ( 𝑎 𝐿

2 ) ) ) )
F or t h e arit h m eti c o p er ati o ns:

 ( 5)𝑎 𝐿 1 = ( ( 𝑎 × 𝐿 𝑎
1 1 , 𝐿 × 𝐻 𝐴

1 2 , 𝐿 × 𝐻 𝐴
1 3 , 𝐿 × 𝐴 𝐴

1 4 ;𝐴 1 ( 𝐿 𝑎
1 ) ,𝑈 2 ( 𝑎 𝑈

1 ) ) ,
( 𝑎 × 𝑈 𝑎

1 1 , 𝑈 × 𝐻 𝐴
1 2 , 𝐻 × 𝐴 𝑎

1 3 , 𝐿 × 𝑎 𝐿
1 4 ;𝑎 1 ( 𝐿 𝑎

1 ) ,𝐿 2 ( 𝐻 𝐴
1 ) ) )

 ( 6)
𝐿 1

𝐻    = ( (
1

𝐴 × 𝐿 𝐴
1 1 ,

1

𝐴 × 𝐴 𝐴
1 2 ,

1

𝐿 × 𝐴 𝐴
1 3 ,

1

𝐿 × 𝑎 𝑈
1 4 ;𝐻 1 ( 𝐴 𝑈

1 ) ,𝐻 2 ( 𝐴 𝑈
1 ) ) ,

( 1

𝑘 × 𝑎 𝐿
1 1 ,

1

𝑘 × 𝑎 𝐿
1 2 ,

1

𝑘 × 𝑎 𝐿
1 3 ,

1

𝑘 × 𝑎 𝐿
1 4 ;𝐻 1 ( 𝐴 𝐿

1 ) ,𝐻 2 ( 𝐴 𝐿
1 ) ) )

2. 2 S LI M

T h e S LI M [ 5 7] w a s first i ntr o d u c ed to esti m at e t h e pr o b a bilit y of s u c c ess of s p e ci fi c h u m a n 

a cti o ns i n n u cl e ar p o w er pl a nts [ 5 8]. T h e f u n d am e nt al r ati o n al e of t h e S LI M is t h at t h e s u c c ess 

li k eli h o o d of a t as k is b as e d o n t h e c o mbi n e d eff e cts of a s et of p erf or m a n c e s h a pi n g f a ct ors 

( P S Fs) w hi c h h as a c o nsi d e r a bl e i nflu e n c e o n h u m a n p erf or m a n c e [ 5 9]. T h e S LI M is a si m pl e 

a n d fl exi bl e a p pr o a c h [ 2 4, 3 7, 6 0]  t h at m a k es us e of d o m ai n e x p e rt j u d g m e nt t o s el e c t a n d w ei g h 

t h e P S Fs a c c or di n g t o t h eir p er c e i v e d c o ntri b uti o n in a gi v e n t as k f or est i m ati n g H E Ps [ 6 1]. 

A c c or di n gl y, t h e c or e a n d cr u c i al st e p is t h e f or m ati o n of a c o m mitt e e of e x p erts t o g e n er at e 

t h e r el e v ant d at a r eli a bl y. F oll o wi n g t h e q u a ntifi c at i o n of P S F s, a S u c c ess Li k e li h o o d I n d e x 

( S LI)  is  o bt ai n e d  utilisi n g  e x p e rts’  j u d g m e nts  f or  e a c h  a cti o n  of  t h e s p ecifi c  t ask  [ 2 2, 6 2]. 

S u bs e q u e ntl y, t h e S LI v al u e is c ali br a t e d wit h t h e h u m a n err or d at a to pr e di ct t h e H E P v al u e. 

T h e m ai n st e ps of t h e m et h o d ar e e x pr ess e d as f oll o ws: i.) P S F d eri v a ti o n, ii.) P S F r ati n g, iii.) 

P S F w ei g hti n g, i v.) S LI d et er mi n ati o n, v.) H E P c al c ul ati o n 

T h e b el o w e q u ati o n is utilis e d i n t h e S LI d et er mi n ati o n pr o c ess.
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𝐴 𝜇𝐴 =

𝑥

∑
𝑢 = 1

𝐴 𝑥𝑢 𝜇 ,     0 ≤ 𝐴 𝑥𝑢  ≤ 1        ( 7 )

I n t h e e q u ati o n a b o v e, n  d e n ot es t h e P S Fs’ n u m b er, r i d e n ot es t h e r ati n g s c al e of P S Fs, a n d w i 

d e n ot es t h e w ei g ht of t h e P S Fs’ r el ati v e i m p ort a n c e.

A c c or di n gl y, t h e c o n v ersi o n of t h e S LIs t o H E P v al u es is a c hi e v e d b y a l o g arit h mi c r el ati o ns hi p 

r e pr es e nt e d i n e q u ati o n ( 8).

𝑥 𝑋 𝑢  ( 𝐽 𝑋 𝜇 ) = 𝐴 𝑥 𝑢𝐴 + 𝐴        ( 8 )

I n e q u ati o n (8),  a  a n d b ar e t h e c o nst a nts eli cit e d fr o m t h e H E P v al u es f or t h e s u b-t as ks wit h 

t h e hi g h est a n d l o w est S LIs [ 5 7].

2. 3 F T A

F a ult  Tr e e  A n al ysis  ( F T A)  is  o n e of  t h e  m ost  cr u ci a l  l o gi c  a n d  pr o b a bilisti c t e c h ni q u es 

e xt e nsi v e l y  utilis e d  f or  r eli a bilit y  e v al u ati o n  a n d  pr o b a bilisti c ris k  ass ess m e nt  of  c o m pl e x 

s yst e ms  [ 6 3, 6 4, 6 5].  T h e  t e c h ni q u e  g e n er at es  a  m e c h a nis m  f or  effi ci e nt  s yst e m -l e v el  ris k 

ass ess m e nts. A s a t o p- d o w n a n d d e d u c ti v e f ail ur e a n al ysis [ 6 0], t h e t e c h ni q u e i d e ntifi es t h e s u b-

s yst e ms ess e nti al f or t h e o p er ati o n of a c o m pl e x s yst e m [ 6 6]. 

Vis u ali zi n g a c o n v e nt i o n al f a ult tr e e c o m pris es t hr e e m aj or gr a p hi c s y m b ols: e v e nts, l o gi c al 

g at es,  a n d  tr a nsf er  s y m b ols  [ 6 7, 8 0, 8 2].  S e v er al s e q u e nti al f a ult  c o m bi n ati o ns  th at  c a us e  t h e 

u n d esir e d e v e nt c al l e d t h e ‘t o p e v e nt’ ( T E) ar e d e pi ct e d at diff er e nt s yst e m l e v els. T h e T E is of 

e n or m o us  si g nifi c a n c e  f or  t h e  c o m pl e x  s yst e m  d u e  t o  c a us e c at astr o p hi c  c o ns e q u e n c es  f or 

h u m a ns, c o m m o dit y, a n d t h e e n vir o n m e nt [ 6 8]. T h er ef or e, a f ault tr e e is dir e ctl y f o c us e d o n t h e 

t o p  e v e nt  of  t h e  tr ee.  I n  li n e  wit h  t his  p ur p os e,  t h e  f a ult  tr e e r epr es e nts  t h e  l o gi c al 

i nt err el ati o ns hi ps of b asi c e v e nts ( B Es), w hi c h tri g g er t h e m ai n e v e nt w h e n th e y c o- o c c ur, a n d 

e m pl o ys B o ol e a n al g e br a r ul es. T h es e r ules ar e utilis e d t o a c q uir e o n e f or m of t h e f a ult tr e e, 

c all e d t h e mi ni m al c ut s et ( M C S), t h at all o ws q u alit ati v e a n d q u a ntit at i v e ass ess m e nts t o b e 

p erf or m e d si m pl y . T h e M C S s p e cifi es t h e s yst e m's str u ct ur al v ul n er a bilit y [ 6 8]. T h e l o gic al g at es 

util is e d t o r e pr es e nt t h e r el ati o ns hi ps of e v e nts e x pr ess t h e r el ati o ns hi p t y p e of t h e i n p ut e v e nts 

n e e d e d f or t h e o utp ut e v e nt. T h e q u a ntifi c at i o n of pr o b a biliti e s o c c urs a c c or di n g t o t h e M C Ss 

d es cri bi n g t h e r el ati o ns hi ps b et w e e n B Es usi n g “ A N D ” a n d “ O R ” g at es.  A c c or di n gl y, t h e 
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e q u ati o n ( 9) is utilis e d t o o bt ai n t h e o c c urr e n c e pr o b a bilit y of t h e t o p e v e nt ass o ci at e d wit h t h e 

“ A N D ” g at e, w h er e  e x pr ess es t h e o c c urr e n c e pr o b a bilit y of t h e t o p e v e nt, n  e x pr ess es t h e 𝐴

n u m b er of t h e B Es a n d  e x pr ess es t h e o c c urr e n c e pr o b a bilit y of b asi c e v e nt i.𝜇𝐴

𝑥 =

𝑢

∏
𝐴 = 1

𝑥𝑢        ( 9 )

Ass o ci at e d wit h t h e “ O R ” g at e e v e nt, t h e e q u ati o n ( 1 0) is utilis e d t o a c q uir e t h e t o p e v e nt’s 

o c c urr e n c e pr o b a bilit y:

𝜇 = 1 ―

𝐴

∏
𝑥 = 1

 ( 1 ― 𝑢𝑥 )       ( 1 0 )

T h e M C Ss a n d o v er all f ail ur e pr o b a bilit y of t h e t o p e v e nt ar e n e e d e d t o c al c ul at e o n c e t h e 

o c c urr e n c e pr o b a biliti es of B Es a n d I Es ar e g at h er e d.  T h e f oll o wi n g e q u ati o ns ar e us e d f or 

M C Ss [ 6 9, 7 0].

𝑋 𝑢 = 𝐽 𝑋 𝜇 1 + 𝐴 𝑥 𝑢 2 + … + 𝐴 𝐴 𝑥 𝑋 =

𝑢 𝐽

⋃
𝑋 = 1

𝜇 𝐴 𝑥     ( 1 1 )

T h e b el o w e q u ati o ns ar e utilis e d t o c al c ul at e t h e o c c urr e n c e pr o b a bilit y of T E [ 7 0, 7 1].

𝑢 ( 𝑥 ) = 𝑢 ( 𝑥 𝑋 𝑢 1 ∪ 𝐽 𝑋 𝜇 2 ∪ … ∪ 𝐴 𝑥 𝑢 𝑢 )         ( 1 2 )

= 𝑥 ( 𝐽 𝑋 𝐴 1 ) + 𝜇 ( 𝐴 𝑥 𝑢 2 ) + … 𝜇 ( 𝐴 𝑥 𝑢 𝐴 ) ― ( 𝐴 ( 𝑥 𝑋 𝑢 1 ∩ 𝐽 𝑋 𝑥 2 )

+ 𝑢 ( 𝑥 𝑋 𝑢 1 ∩ 𝐽 𝑋 𝑢 3 ) + … 𝑥 ( 𝑎 𝐿 𝑖 𝑎 ∩ 𝐿 𝑖 𝐴 𝑖) … ) …

+ ( ― 1 ) 𝐻 ― 1 𝑗 ( 𝐴 𝑈 𝑖 1 ∩ 𝑎 𝑈 𝑖 2 ∩ … ∩ 𝑗 𝐴 𝑈 𝑖 )

I n t h e F T A t e c h ni q u e, t h e F V-I ( F uss ell V es el y I m p ort a n c e M e as ur e) m et h o d is utilis e d t o 

as c ert ai n t h e i m p ort a n c e v al u e of B Es a n d M Cs c o nstr u cti n g t h e T E [ 7 2, 7 3]. T h e f oll o wi n g 

e q u ati o n is us e d f or t h e F V-I. 

𝑗 𝐻 𝑗
𝐴 ( 𝐿 ) =

𝑖 𝑎( 𝐿 )

𝑖 𝑗 ( 𝐴 )
     ( 1 3)
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w h er e I i is t h e i m p ort a n c e d e gr e e of M C S,  o c c urr e n c e pr o b a bilit y v al u e of M Ci a n d 𝐴 İ( 𝜇 )  𝐴 𝑥 ( 𝑢 )  

st at es o c c urr e n c e pr o b a bilit y of T E i n all M C S [ 7 4].

3. I nt e g r ati o n of m et h o d ol o gi es

T h e i nt e gr ati o n of m et h o d ol o gi es f or c o m pr e h e nsi v e ris k a n al ysis is pr o vi d e d i n t his s e cti o n. 

T h e F T A is c o m bi n e d wit h t h e I T 2 F S- S LI M a p pr o a c h. I n t his c o nt e xt, Fi g ur e 2 ill ustr at es t h e 

c o n c e pt u al fr a m e w or k of t h e i nt e gr at e d m et h o d.

< Fi g ur e 2 > is i ns ert e d h er e.

3. 1 C o nst r u cti o n of a F T di a g r a m

T h e first st e p of t h e h y bri d a p pr o a c h is t o c o nstr u ct a f a ult tr e e a d dr essi n g t h e e v e nts’ i nt er a cti o n 

r es ulti n g i n c o nt ai n er l oss. I n t h e pr o c ess, t h e F T is d e v el o p e d wit h r ef er e n c es fr o m 

c o nt ai n ers hi p a c ci d e nts ( w hi c h o c c urr e d l ast t w o d e c a d es) d at a b as es a n d i n v esti g ati o n r e p orts, 

as w ell as pr e vi o us lit er at ur e, a n d wit h t h e assist a n c e of a gr o u p of m ari n e e x p erts. T h e e x p erts 

f a mili ar wit h c o nt ai n ers hi p c ar g o o p er ati o ns o n b o ar d ar e i n v ol v e d as c o ns ult a nts d u e t o t h e 

l a c k of f ail ur e pr o b a bilit y d at a i n t h e m ariti m e i n d ustr y [ 6 8]. F ail ur es r el at e d t o cr e w 

p erf or m a n c e, e n vir o n m e nt al f a ct ors, t e c h ni c al a n d m e c h a ni c al f ail ur es, a n d e q ui p m e nt 

f u n cti o ns ar e c o nsi d er e d alt o g et h er f or a n eff e cti v e F T A. 

3. 2 D at a d e ri v ati o n u n d e r t h e I T 2 F S- S LI M a p p r o a c h

T his s e cti o n pr es e nts t h e d at a d eri v ati o n pr o c ess t o e v al u at e h u m a n err or c o ntri b uti o n t o t h e 

o p er ati o n al ris ks.  T h e e v al u ati o n of H E Ps i n t h e m ariti m e i n d ustr y is r e g ar d e d as o n er o us d u e 

t o t h e s c ar cit y of n u m eri c al d at a [ 6 8, 7 6]. T h e I T 2 F S- b as e d S LI M a p pr o a c h c a n g e n er at e H E Ps, 

p arti c ul arl y i n c as es w h er e a l a c k of n u m eri c al d at a e xists. I n t h e S LI M, t h e m ari n e e x p erts 

pr o vi d e pr of essi o n al j u d g e m e nt t o bri d g e t h e g a p. U n d er t h e h y bri d a p pr o a c h, t h e pr o b a biliti es 

f or e a c h h u m a n err or-r el at e d b asi c e v e nt ar e a c q uir e d. A c c or di n gl y, t h e m ai n st e ps of t h e 

pr o c ess a n d t h eir bri ef e x pl a n ati o ns ar e as f oll o ws.
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St e p 1. P S F d e ri v ati o n:  T h e P S Fs w hi c h c o ul d tri g g er h u m a n err ors s u c h as e x p eri e n c e, ti m e 

a v ail a bilit y, f ati g u e, c oll a b or ati o n q u alit y str ess, et c. h a v e a c o nsi d er a bl e eff e ct o n s hi p cr e w 

p erf or m a n c e a n d t h e y ar e a c q uir e d b y a gr o u p of m ari n e e x p erts.

St e p 2. P S F r ati n g: E a c h P S F is r at e d b y t h e e x p erts aft er t h e d eri v ati o n pr o c ess. At t his st e p, 

a v al u e fr o m 1 t o 9 o n a li n e ar s c al e is n o mi n at e d i n or d er of i m p ort a n c e o n t h e r el at e d b asi c 

e v e nt. If a f a ct or h as a r e m ar k a bl e i m p a ct o n t h e cr e w p erf or m a n c e f or t h e r el e v a nt e v e nt, v al u e 

‘ 1’ is assi g n e d b y m ari n e e x p erts.

St e p 3. P S F w ei g hti n g: E a c h P S F t o tri g g er h u m a n err or h as a r el ati v e c o ntri b uti o n c o m p ar e d 

t o ot h ers. A c c or di n gl y, a r el ati v e w ei g ht will b e assi g n e d f or e a c h P S F fr o m o n e e x p ert t o t h e 

ot h er [ 5 7]. I n t h e c o n v e nti o n al S LI M, e x p erts s u bj e cti v el y w ei g h t h e P S Fs. T h e w ei g hti n g 

pr o c ess is c arri e d o ut utilisi n g t h e i nt er v al t y p e- 2 f u z z y li n g uisti c s c al e d e v el o p e d b y C h e n a n d 

L e e [ 4 3] t o e n h a n c e t h e a c c ur a c y a n d r e d u c e t h e s u bj e cti vit y of t h es e j u d g e m e nts.

St e p 4. S LI D et e r mi n ati o n: F oll o wi n g t h e r ati n g a n d w ei g hti n g pr o c ess of P S Fs, t h e S LI v al u e 

is c al c ul at e d usi n g t h e e q u ati o n ( 7). T h e S LI is a cr u ci al t o ol f or pr e di cti n g t h e pr o b a bilit y of 

e v e nts i n w hi c h s e v er al h u m a n err ors m a y o c c ur.

St e p 5. H E P d e ri v ati o n: O n c e t h e S LI is c al c ul at e d, it is t h e n p ossi bl e t o o bt ai n t h e H E P v al u es 

of e a c h B E i n t h e F T. T h e c o n v ersi o n of t h e S LI v al u es t o H E P is a c c o m plis h e d b y t h e 

l o g arit h mi c r el ati o ns hi p gi v e n i n e q u ati o n ( 8) a n d is t h e f u n d a m e nt al as p e ct of t h e S LI M 

t e c h ni q u e.

3. 3 C o m p uti n g T E a n d M C Ss f ail u r e p r o b a biliti es

T h e I T 2 F- b as e d S LI M a p pr o a c h  t o p erf or mi n g H E P ass ess m e nts  pr o vi d es pr o b a bilisti c 

o ut c o m e s  f or ris k ass ess m e nt i n m ariti m e  tr a ns p ort ati o n. T h e H E Ps  o bt ai n e d  b y utilisi n g t h e 

I T 2 F- S LI M st e ps ar e i n c or p or at e d i nt o t h e F T of c o nt ai n er l oss. B as e d o n t h es e o ut c o m es, t h e 

f ail ur e pr o b a bilit y of all B Es is c al c ul at e d. T h er e b y, t h e o v er all li k eli h o o d of t h e t o p e v e nt ( T E) 

a n d M C Ss ar e c o m p ut e d f or d et ail e d ris k a n al ysis.
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4. M o d el a p pli c ati o n: T h e c as e of c o nt ai n e r l oss ris k

T his p a p er e v al u at es t h e c o nt ai n er l oss pr o b a bilit y i n c o nt ai n ers hi p c ar g o o p er ati o ns b as e d o n 

a n F T A str u ct ur e u n d er I T 2 F- S LI M a p pr o a c h is d e v el o p e d t o c o n d u ct a c o m pr e h e nsi v e ris k 

a n al ysis.

4. 1 P r o bl e m st at e m e nt 

S e v er al f a ct ors r a n gi n g fr o m r o u g h s e as a n d h e a v y w e at h er c o n diti o ns t o m or e c at astr o p hi c 

e v e nts s u c h as c ollisi o n, e x pl osi o n, gr o u n di n g, a n d h ull d a m a g e c a n r es ult i n c o nt ai n ers b ei n g 

l ost at s e a [ 7 5]. A p art fr o m m e nti o n e d e v e nts, t h e li k eli h o o d of h a vi n g ot h er m aj or h a z ar d e v e nts 

s u c h as listi n g, c a psi zi n g, str u ct ur al fr a ct ur e, a n d st a c k c oll a ps e l e a di n g t o c o nt ai n er l oss is als o 

si g nifi c a nt d uri n g t h e c ar g o o p er ati o ns at t h e p ort p eri o d. I n t his st u d y, c o nt ai n ers hi p l o a di n g 

o p er ati o n is s el e ct e d t o ill ustr at e t h e a p pli c a bilit y of t h e pr o p os e d h y bri d a p pr o a c h si n c e it h as 

p ot e nti al ris ks f or t h e s af et y of a c o nt ai n er s hi p, its cr e w a n d c ar g o, s h or e- b as e d w or k ers, p ort 

f a ciliti es, a n d t h e m ari n e e n vir o n m e nt. 

I n a c c or d a n c e wit h n o n- m a n d at or y a n d m a n d at or y r e g ul ati o ns iss u e d b y a ut h oriti es, t o a v oi d 

u n w a nt e d e v e nts, si g nifi c a nt it e ms m ust b e c h e c k e d b y t h e w at c h k e e pi n g t e a m r e g ul arl y. S hi p 

st a bilit y v al u es ( G M, b e n di n g m o m e nt, t orsi o n m o m e nt, dr afts, tri m, a n d s h e ari n g f or c e), 

st o w a g e pl a n, visi bilit y li n e, s p e cifi c c o nt ai n ers s u c h as I M D G, r e ef ers a n d, O H/ O O G, l as hi n g 

g e ar, l as hi n gs of c o nt ai n ers, a n d h at c h c o v ers d e m a n ds gr e at att e nti o n [ 7 7] t hr o u g h o ut t h e 

c o nt ai n ers hi p c ar g o o p er ati o n. I n t his c o nt e xt, cr e w p erf or m a n c e pl a ys a c o nsi d er a bl e p art i n 

ris k a n al ysis i n i d e ntif yi n g w h at err ors l e a d t o or c o ntri b ut e t o t h e t o p e v e nt. H o w e v er, w hilst 

d et er mi ni n g t h e h u m a n err or c o ntri b uti o ns i n t h e s hi p b o ar d o p er ati o ns t h e h u m a n err or s h o ul d 

b e tr e at e d as a c o m bi n e d o ut c o m e of s o m e f a ct ors o n b o ar d t h e s hi p. B esi d es, f ail ur e c a n 

s o m eti m es b e b e y o n d t h e cr e w's c o ntr ol, alt h o u g h r ar e. S hi p p er-r el at e d iss u es (i. e., mis d e cl ar e d 

c ar g o a n d i n c orr e ctl y/ p o or c o nt ai n er p a c ki n g), p ort-r el at e d iss u es (iss u es wit h h oisti n g cr a n es 

a n d p ort st or a g e, p o orl y st a c ki n g c o nt ai n ers, a n d p o or arr a n g e m e nt of w ei g ht distri b uti o n), a n d 

e n vir o n m e nt al c o n diti o ns ar e als o r el e v a nt f a ct ors i n l osi n g c o nt ai n ers. 

4. 2 A n al ysis of r es p o n d e nts

A c ci d e nt  d at a  s ets, i n v esti g ati o n  r e p orts, a n d e m piri c al  st u di es ar e  t h e i d e al, a n d k e y s o ur c es 

f or h u m a n err or pr e di cti o n [ 5 9]. H o w e v er, t h e d at a o n m ariti m e  tr a ns p ort ati o n is s c ar c e or 
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i n c o m pl et e d u e t o c o m m er ci al r e as o ns [ 6 8]. T o m e et t his c h all e n g e, t h e S LI M utilis es q u alifi e d 

e x p erts’ j u d g e m e nts i n t h e d e cisi o n- m a ki n g pr o c ess t o pr e di ct h u m a n err ors. I n t his st u d y, t h e 

a p pr ais al of h u m a n err or c o ntri b uti o n t o s hi p o p er ati o ns is e v al u at e d wit h t h e p arti ci p ati o n of 

1 0 q u alifi e d e x p erts wit h s u bst a nti al s e a g oi n g a n d w or ki n g e x p eri e n c e i n c o nt ai n ers hi p 

tr a ns p ort ati o n. 2 o ut of t h es e m ari n e e x p erts als o h a v e w or ki n g e x p eri e n c e as o p er ati o n m a n a g er 

i n c o nt ai n er t er mi n als. T h e f oll o wi n g crit eri a w er e d et er mi n e d t o f or m a n e x p ert gr o u p i n t his 

r es e ar c h; i.) Mi ni m u m o c e a n g oi n g M ast er li c e ns e, ii.) Mi ni m u m t e n y e ars of e x p eri e n c e 

o n b o ar d c o nt ai n er s hi p, a n d iii.) P h ysi c all y p arti ci p at e d i n c ar g o h a n dli n g o p er ati o n o n b o ar d 

c o nt ai n er s hi p. At t his p oi nt, T a bl e 1  c o nt ai ns t h e pr ofil e d et ails of m ari n e e x p erts. T h e m ari n e 

e x p erts m a k e pr of essi o n al j u d g e m e nts e x pr essi n g t h e P S Fs i m p a cts o n e a c h h u m a n err or-

r el at e d b asi c e v e nt utilisi n g t h e li n g uisti c st at e m e nts of d efi n e d t y p e- 2 f u z z y s ets.

< T a bl e 1 > is i ns ert e d h er e

4. 3 D at a d e ri v ati o n u n d e r t h e I T 2 F S- S LI M a p p r o a c h

T his s e cti o n s u m m aris es h o w t h e H E P d at a is d eri v e d t o p erf or m q u a ntit ati v e ris k a n al ysis. 

Si n c e t h e l oss of c o nt ai n er o p er ati o n al ris k is a c o n c er n, T a bl e 2 ill ustr at es t h e f u n d a m e nt al 

c o nt ai n er h a n dli n g t as ks t hr o u g h o ut t h e o p er ati o n at a c o nt ai n er t er mi n al.

< T a bl e 2 > is i ns ert e d h er e. 

I n t h e st u d y, s e v e n P S Fs us e d ar e c a pt ur e d fr o m t h e r e c e nt st u d y ass o ci at e d wit h c o nt ai n ers hi p 

h a n dli n g o p er ati o ns [ 3 8]. Si n c e it h as p ar a m o u nt i m p ort a n c e t o d eri v e a p pr o pri at e P S Fs r at h er 

t h a n all P S Fs, e x p eri e n c e, str ess, f ati g u e, tr ai ni n g, ti m e li mit ati o n, c o m pl e xit y a n d s af et y c ult ur e 

w er e s p e cifi e d b y t h e Eli cit ati o n R e vi e w T e a m ( E R T) as eff e cti v e P S Fs o n cr e w p erf or m a n c e 

d uri n g t h e l o a di n g o p er ati o n. A bri ef d es cri pti o n of e a c h P S F i n cl u d e d i n t h e H E P ass ess m e nt 

is gi v e n b el o w, r es p e cti v el y. 

• Str ess: N e g ati v e eff e ct u p o n s e af ar er p erf or m a n c e t o c o m pl et e t h e t as k c orr e ctl y d u e t o

i n cr e as e d a n xi et y a n d pr ess ur e. 

• E x p eri e n c e: F a mili arit y wit h t h e t as k a n d k n o wl e d g e.

• Tr ai ni n g: E x p a nsi o n of k n o wl e d g e, p erf or m a n c e, a n d c a p a bilit y of s e af ar ers b y a cti viti es or

a cti o ns or g a nis e d b y s hi p m a n a g e m e nt. 

• F ati g u e: E xtr e m e tir e d n ess c a us e d b y m e nt al/ p h ysi c al w or kl o a d or ill n ess.
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• Ti m e Li mit ati o n: A m o u nt of ti m e r e q uir e d f or t h e s e af ar er t o c o m pl et e t h e r el e v a nt t as k.

• C o m pl e xit y: T h e m e as ur e of t as k diffi c ult y i d e ntifi es i nt err el at e d a n d i nt er d e p e n d e nt t as k

c o m p o n e nts.

• S af et y C ult ur e: B ot h i n di vi d u al or gr o u p p er c e pti o ns, attit u d es a n d v al u es t h at r efl e ct s hi p

m a n a g e m e nt’s c o m mit m e nt t o s af et y.

T h e f urt h er st e p is t o d et er mi n e t h e P S F r ati n g f or e a c h t as k. T h e P S Fs ar e r at e d b y m ari n e 

e x p erts d u e t o t h e l a c k of f ail ur e d at a i n t h e s hi p pi n g i n d ustr y. T h e m ari n e e x p erts n o mi n at e d a 

r at e f or e a c h d et er mi n e d t as k a c c or di n g t o t h e 1- 9 li n e ar s c al e, w hi c h r efl e cts t h eir r el ati v e 

j u d g e m e nts. T h e g e o m etri c m e a ns of r ati n gs of 1 0 e x p erts p arti ci p ati n g i n t h e s ur v e y w er e 

o bt ai n e d t o si m plif y t h e c al c ul ati o n. A c c or di n gl y, t a bl e 3 ill ustr at es P S F r at es f or e a c h t as k.

< T a bl e 3 > is i ns ert e d h er e.

Aft er h a vi n g d et er mi n e d P S Fs, t h e w ei g hti n g pr o c ess is p erf or m e d. T h e I T 2 Fs ar e us e d f or t h e 

w ei g hti n g pr o c ess of P S Fs si n c e it is c a p a bl e of h a n dli n g i n a c c ur at e i nf or m ati o n i n a l o gi c all y 

c orr e ct m a n n er. I n t his c o nt e xt, T a bl e 4 d e m o nstr at es t h e I T 2 F Ss n u m b er, a n d t h eir m e m b ers hi p 

f u n cti o ns r el at e d t o t h e li n g uisti c t er ms f or d et er mi ni n g t h e P S Fs’ i m p ort a n c e w ei g ht [ 4 3].  T h e 

n e xt st e p is t o c al c ul at e t h e d ef u z zifi e d v al u es of P S Fs w ei g hts. I n t his c o nt e xt, li n g uisti c 

v ari a bl es ar e c o n v ert e d t o t h e I T 2 F Ss t o q u a ntit ati v el y tr a nsf or m t h e j u d g e m e nts of m ari n e 

e x p erts. O n c e t h e a v er a g e I T 2 Fs v al u es ar e c al c ul at e d, t h e d ef u z zifi c ati o n is c o n d u ct e d usi n g 

e q u ati o n ( 1). T a bl e 5 s h o ws I T 2 F S, cris p a n d n or m alis e d v al u es of P S Fs [ 3 8].  

< T a bl e 4 > is i ns ert e d h er e.

< T a bl e 5 > is i ns ert e d h er e.

T h e H E P v al u es ar e c al c ul at e d usi n g e q u ati o ns ( 7 & 8) w h er e a  a n d b ar e t h e c o nst a nts. Gi v e n 

t h e a b o v e e q u ati o ns, T a bl e 6 ill ustr at es t h e S LI v al u es a n d d eri v e d H E P r es ults. 

< T a bl e 6 > is i ns ert e d h er e.

1 3

A s s e s s m e nt of h u m a n err or c o ntri b uti o n t o c o nt ai n er l o s s ri s k u n d er f a ult tr e e a n al y si s a n d i nt er v al t y p e- 2 f u z z y l o gi c- b a s e d S LI M a p pr o a c h



4. 4 Q u a ntit ati v e ris k ass ess m e nt f o r c o nt ai n e r l oss

T his s e cti o n p erf or ms q u a ntit at i v e ris k a n al ysis f or c o nt ai n er l oss b y s yst e m ati c all y pr e di cti n g 

h u m a n  err or  c o ntri b ut i o ns  to  th e  o p e r ati o n al  ris ks.  T o  a c hi e v e  t his  p ur p os e,  t h e  F T  is 

c o nstr u ct e d  b y  r e vi e wi n g  a c ci d e nt i n v esti g ati o n  r e p orts,  lit er at ur e,  a n d  m ari n e  e x p erts’ 

j u d g e m ent. I n th e c o nstr u ct e d F T A, 3 0 b asi c e v e nts t h at will b e eff e cti v e i n t h e r e ali z ati o n of 

t h e t o p e v e nt h a v e b e e n d et er mi n e d. At t his p oi nt, t h e e n vir o n m e nt a l c o n dit i o ns h a v e b e e n 

i g n or e d  sin c e  n o  e n vir o n m e nt al  o bst a cl e  hi n d e rs t h e  pr es e nt  r e al-ti me  c o nt ai n ers hi p  c ar g o 

o p er ati o n, a n d t h e h u m a n err or c o ntri b uti o n w as t h e f o c al p oi nt. T a bl e 7 ill ustr at es t h e T E, B E 

a n d I E f or c o nt ai n er l oss ris k i n t his c o nt e xt.

T hr e e m ai n e v e nts c a us e t h e t o p e v e nt i d e ntifi e d as c o nt ai n e r l oss i n th e f a ult tr e e. Th es e ar e 

t h e f ail ur es ass o ci at ed wit h c ar g o (I E 0 1), f ail ur es ass o ci at e d wit h l as hi n g (I E 0 2) a n d f ail ur es 

ass o ci at e d wit h c ar g o h a n dli n g (I E 0 3). H a vi n g j ust o n e of t h es e t hr e e m ai n i nt er m e diat e e v e nts 

is s uffi ci e nt t o c a us e c o nt ai n e r d a m a g e. T h er ef or e, I E 0 1, I E 0 2, a n d I E 0 3 ar e lin k e d to t h e T E 

wit h t h e “ O R ” g at e . A c c or di n gl y,  Fi g ur e 3  d e pi cts th e F T di a gr a m f or c o nt ai n er l oss d uri n g 

c ar g o h a n dli n g o p er ati o ns i n m ariti m e tr a ns p ort ati o n.  

 < T a bl e 7 > is i ns ert e d h er e.

< Fi g ur e 3 > is i ns ert e d h er e.

Fr o m t h e F T di a gr a m a n d l o gi c g at es, T E ( c o nt ai n er l oss) o c c urr e n c e pr o b a bilit y w as c al c ul at e d 

b y a p pl yi n g E qs. ( 9) – ( 1 0), r es p e cti v el y. B as e d o n t h e r es ults, t h e o c c urr e n c e pr o b a bilit y of T E 

is f o u n d t o b e 5. 5 4 E- 0 1. A c c or di n gl y, t h e M C Ss, t h eir o c c urr e n c e pr o b a biliti es, a n d t h e V – FI M 

list of M C Ss ar e d e pi ct e d i n T a bl e 8 ( E qs. ( 1 1) – ( 1 3)).

< T a bl e 8 > is i ns ert e d h er e.

4. 5. Fi n di n gs a n d e xt e n d e d dis c ussi o n

I n li g ht of t h e c o m pr e h e nsi v e ris k ass ess m e nt f or c o nt ai n er l oss d uri n g t h e l o a di n g o p er ati o n, 

t h e t o p e v e nt o c c urr e n c e pr o b a bilit y w as c al c ul at e d  as 5. 5 4 E- 0 1 w hi c h  is a r at h er hi g h. T h e 

o bt ai n e d r es ults s h o w t h at 5 5 o ut of 1 0 0 c as es m a y r es ult i n c o nt ai n er l oss d u e t o t h e p ar a m o u nt 

c o ntri b uti o n  of h u m a n err or d uri n g t h e  l o a di n g o p er ati o n.  Si n c e t h e f a ult  tr e e str u ct ur e is a 

gr a p hi c m o d el r e pr es e nti n g t h e l o gi c al i nt err el ati o ns hi ps of b asi c e v e nts, t h e p ossi bilit y of e a c h 
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B E t h at i n cl u d es h u m a n err ors r es ulti n g i n c o nt ai n er l oss w as c al c ul at e d t o a c hi e v e T E 

o c c urr e n c e pr o b a bilit y. At t his p oi nt, B E 6 ( 1. 3 8 E- 0 1), B E 7 ( 1. 2 0 E- 0 1), a n d B E 2 1 ( 1. 1 4 E- 0 1) 

wit h t h e hi g h est H E P v al u es w er e f o u n d t o b e t h e m ost c o ntri b ut or y b asi c e v e nts i n cr e asi n g t h e 

ris k of T E, r es p e cti v el y.

F urt h er, t h e o c c urr e n c e pr o b a biliti es of t h e M C Ss, t h e s m all est c o m bi n ati o n of t h e B Es, w er e 

als o c al c ul at e d t o i d e ntif y t h e str u ct ur al v ul n er a bilit y of t h e s yst e m. B as e d o n t h e r es ults, B E 4 

( Mis d e cl ar ati o n/ u n d er d e cl ar ati o n of t h e a ct u al t y p e/ m at eri als of C ar g o) a n d B E 5 

( Mis d e cl ar ati o n/ u n d er d e cl ar ati o n of t h e a ct u al w ei g ht of t h e c o nt ai n er) w er e t h e b asi c e v e nts 

t h at d eri v e t h e m ost M C Ss ( 4 M C Ss f or e a c h) a m o n g t h e ot h ers.

L as hi n g g e ar is a cr u ci al it e m t h at n e e ds t o b e c h e c k e d b y t h e w at c h k e e pi n g t e a m pr o p erl y. 

U nl o c k e d h at c h c o v er cl e ats a n d l o os e l as hi n gs c a n c a us e a c o nt ai n er st a c k t o m o v e a n d f or c e 

o n t h e a dj a c e nt st a c ks w hil e t h e v ess el is u n d er w a y. E v e n w ors e, t h e f or c es o n t h e a dj a c e nt 

st a c ks s h all gr a d u all y i n cr e as e a n d p ut t h e l as hi n g e q ui p m e nt u n d er a d diti o n al l o a d w h e n t h e 

v ess el r olls. A c c or di n gl y, a n y f ail ur e o n l as hi n g g e ar r es ults i n c o nt ai n er l oss d u e t o st a c k 

c oll a ps e. H o w e v er, t h e i n cr e asi n g eff e ct of f a ct ors s u c h as f ati g u e a n d li mit e d ti m e, m a k es t h e 

cr e w m or e v ul n er a bl e t o err ors, u n a v oi d a bl y.

O n e of t h e m ost si g nifi c a nt g o als of s af e c o nt ai n er h a n dli n g is t o mi ni mis e t h e o c c urr e n c e 

pr o b a bilit y of l e a ks, s pills, or d a m a g e. L e a k a g e is a cr u ci al pr o bl e m i n t h e st or a g e a n d tr a ns p ort 

of c o nt ai n ers b e c a us e it m a y c orr o d e ot h er st a c k e d c o nt ai n ers or pr o d u c e t o xi c or i nfl a m m a bl e 

f u m es if t h e y es p e ci all y c o nt ai n d a n g er o us g o o ds. F urt h er, o n e of t h e ess e nti al p arts of t h e 

pl a n ni n g is t h e c o nfir m ati o n t h at t h e p er missi bl e s e q u e n c es of m ass es i n st a c ks ar e n ot 

e x c e e d e d. N e v ert h el ess, t h e w ei g ht of t h e l e a k a g e c o nt ai n er b e c o m es li g ht er as ti m e g o es b y, 

r es ulti n g i n c o nt ai n er l oss d u e t o st a c k c oll a ps e. T h e pri m ar y c a us e of l e a k a g e is r o u g h a n d 

i n att e nti v e c o nt ai n er h a n dli n g t h at c a us es str u ct ur al d a m a g e d uri n g c ar g o o p er ati o n, i n g e n er al. 

H e n c e, e a c h st o w e d c o nt ai n er s h o ul d b e k e pt u n d er stri ct c o ntr ol a g ai nst a n y l e a k a g e t hr o u g h o ut 

t h e h a n dli n g pr o c ess. At t his p oi nt, s af et y c ult ur e, f ati g u e a n d tr ai ni n g w er e d et er mi n e d as 

i nfl u e nti al f a ct ors o n h u m a n p erf or m a n c e i n t h e e v e nt of f ail ur e.

As f or t h e mis d e cl ar e d/ u n d e cl ar e d c ar g o, t h e c o ns e q u e n c es c a n b e c at astr o p hi c i n s o m e c as es, 

a n e x a m pl e b ei n g t h e dis ast er t h at r es ult e d i n t h e l oss of t h e c o nt ai n ers hi p ‘ S e a El e g a n c e’ i n 

2 0 0 3 [ 9]. T h e r e p ort of t h e pr eli mi n ar y e n q uir y r e v e al e d t h at t h e fir e a n d t h e n e x pl osi o n o n b o ar d 

ori gi n at e d i n a c o nt ai n er c o nt ai ni n g C al ci u m H y p o c hl orit e t h at h a d n ot b e e n d e cl ar e d [ 7 8]. 

Tr a gi c all y,  t h e dis ast er r es ult e d i n t h e d e at h of o n e cr e w m e m b er a n d e xt e nsi v e c ar g o a n d v ess el 

d a m a g e.
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T h e dis astr o us e x pl osi o n o c c urr e d i n a c ar g o h ol d of t h e c o nt ai n ers hi p H a nji n P e n ns yl v a ni a i n 

2 0 0 2 [ 6, 8, 9] is a n ot h er u nf ort u n at e e x a m pl e of t h e si g nifi c a n c e of t h e s u bj e ct. T h e c o nt ai n ers 

fill e d wit h fir e w or ks h a v e b e e n mis d e cl ar e d o n t h e m a nif est. T h er e b y, t h e c o nt ai n ers list e d as 

h a vi n g n o n- h a z ar d o us c o nt e nt w er e i n c orr e ctl y st a c k e d at t h e b ott o m of t h e h ol d a n d di d n ot 

s e gr e g at e as a p pr o pri at e. T h e s hi p st a y e d afl o at, b ut t h e dis ast er r es ult e d i n t h e d e at h of t w o 

cr e w m e m b ers a n d a s u bst a nti al l oss of c ar g o.

T h e c o ns e q u e n c es of u n d er d e cl ar e d w ei g hts of c o nt ai n ers l e d t o a pr of o u n d c o ntri b uti o n t o t h e 

c at astr o p hi c h ull f ail ur e of M S C N a p oli i n 2 0 0 7 [ 5, 1 0, 1 1]. Ess e nti all y, t h e v ess el e n c o u nt er e d 

r o u g h s e as t h at c a us e d h er t o pit c h h e a vil y w h e n o n t h e p ass a g e i n t h e E n glis h C h a n n el. 

F oll o wi n g t h at, a c at astr o p hi c f ail ur e w as s uff er e d fr o m h er h ull i n t h e w a y of h er e n gi n e r o o m 

a n d t h e n br o k e i n t w o. T h e r e p ort b y t h e M AI B ( 2 0 0 8) st at e d a n u m b er of f a ct ors t h at 

c o ntri b ut e d t o t h e h ull str u ct ur e f ail ur e i n cl u di n g t h e u n d er d e cl ar e d w ei g ht of c o nt ai n ers. All 

M S C N a p oli’s c o nt ai n ers w er e w ei g h e d a g ai n f or i n v esti g ati o n w h e n b e a c h e d i n t h e U K, a n d 

t h e t ot al w ei g ht of t h e 1 3 7 c o nt ai n ers w as 3 1 2 t o n n es h e a vi er t h a n o n t h e m a nif est. T h e l o a d o n 

t h e h ull h a d i n cr e as e d b y w hi p pi n g eff e ct a n d h er h ull alr e a d y di d n ot h a v e s uffi ci e nt b u c kli n g 

str e n gt h i n w a y of t h e e n gi n e r o o m. Alt h o u g h t h e d et e ct e d n o n- c o m pli a n c e l e v el w as n ot 

e v al u at e d as hi g h, t h e r e p ort b y t h e M AI B [ 7 9] i d e ntifi e d it as c o n c er ni n g i n t h e o c c urr e n c e of 

t his c at astr o p hi c e v e nt.

5. C o n cl usi o n

As a r es ult of c o nt ai n e r l oss es fr o m c o nt ai n er s hi ps, t h e m ariti m e i n d ust r y h as t a k e n t h e iss u e 

of  s af e st o w a g e  a n d  s e c uri n g of  c o nt ai n ers  r at h er  s eri o usl y  b e c a us e  of  t h e  gr o wi n g  gl o b al 

c o n c er n o v er m ari n e dis ast ers. Si n c e t h e tr a gic e v e nts c a us e d t h e w orst e n vir o n m e nt al dis ast ers 

l ast t w o d e c a d es, t h e iss u e of c o nt a i n er l oss es at s hi ps is cl os el y ass o ci a t e d wi t h e n vir o n m e nt al 

a n d e c o n o mi c as p e cts of t h e m ariti m e tr a ns p ort atio n i n d ustr y.  At t his p oi nt, id e ntif yi n g t h e 

c a us es of c o nt a i n er l oss es c a n pr o vi d e a cti o n a bl e s ol uti o ns t o r e d u c e l oss es i n f ut ur e. 

D es pit e  t h e  t e ch n ol o gi c al  i m pr o v em e nts,  m ariti m e  o p er ati o ns  r e m ain  d a n g e r o us  f or  p ort 

f a ciliti es, v ess els, t h e e n vir o n m e nt , a n d h u m a n lif e. B as e d o n t his, a n al ysi n g th e o p er ati o n al 

ris k f a ct ors, a n d mi ni misi n g t h e t hr e ats t o a n a c c e pt a bl e l ev el is vit al t o e n h a n c e s af e t y. E v e n 

t h o u g h t e c h nic al a n d m e c h a ni c al f ail ur es ar e c o m m o n c a us es i n cr e asi n g th e ris ks, h u m a n err or 

is f o u n d t o b e th e m ost fr e q u e nt a n d si g nifi c a nt c a us e of m ari n e a c ci d e nts a c c or di n g t o t h e 

c o n cl usi o ns dr a w n b y t h e i n v esti g ati o n r e p orts.
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T his p a p er pr o p os es a h y bri d a p pr o a c h i n c or p or ati n g F T A a n d I T 2 F S- b as e d S LI M t o hi g hli g ht 

t h e o v erri di n g i m p ort a n c e of h u m a n- ori e nt e d f ail ur es i n c o nt ai n ers hi p o p er ati o ns. I n li g ht of 

t h e e xt e n d e d ris k a n al ysis o n r e al-ti m e c o nt ai n ers hi p l o a di n g o p er ati o n, t h e o c c urr e n c e 

pr o b a bilit y of t h e c o nt ai n er l oss w as f o u n d t o b e 5. 5 4 E- 0 1 w hi c h is c o nsi d er a bl y hi g h. I n t h e 

st u d y, t h e i m p ort a n c e of v ari o us f a ct ors w as als o i d e ntifi e d as tri g g eri n g h u m a n err ors t h at 

s h o ul d b e a d dr ess e d i n cl u di n g i n eff e cti v e s af et y c ult ur e, i n a d e q u at e e x p eri e n c e, f ati g u e, a n d 

li mit e d ti m e. F urt h er, t h at t h e pr o p os e d a p pr o a c h c a n eff e cti v el y b e a p pli e d t o i d e ntif yi n g t h e 

o p er ati o n al v ul n er a biliti es a n d criti c al h u m a n err ors is c o n cl u d e d. 

T h e f u n d a m e nt al li mit ati o n of t h e r es e ar c h is t h e s c ar cit y of d at a. I n t h e fr a m e w or k of t h e H E P 

ass ess m e nt pr o c ess t h at s h o ul d c o nt ai n b ot h r el e v a nt d at a a n d r e al c as e st u di es, it is r at h er 

diffi c ult t o o bt ai n e m piri c al d at a i n t h e m ariti m e i n d ustr y. N e v ert h el ess, r e al d at a s h o ul d b e 

c a pt ur e d t o v ali d at e t h e a c q uir e d r es ults. A s et of n u m eri c al si m ul ati o ns m a y als o b e c arri e d o ut 

vi a ris k a n al ysis s oft w ar e i n p ot e nti al f ut ur e r es e ar c h. T his st u d y is e x p e ct e d t o pr o vi d e 

q u alit ati v e a n d q u a ntit ati v e d at a o n c o nt ai n er tr a ns p ort ati o n s af et y a n d i nsi g ht i nt o w h at 

m e as ur es m a y b e n e c ess ar y t o d e cr e as e f ut ur e l oss es b y q u a ntif yi n g t h e p ot e nti al f ail ur es i n 

l o a di n g o p er ati o ns.
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O c e a n  E n gi n e eri n g.  2 0 1 4;  6( 4):  1 0 9 6 – 1 1 1 0.  A v ail a bl e  fr o m:

htt ps:// d oi. or g/ 1 0. 2 4 7 8/IJ N A O E- 2 0 1 3- 0 2 3 3
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1 3. F a a ui T N, M or g a n T K K B, Hi k ur o a D C H. E ns uri n g o bj e cti vit y b y a p pl yi n g t h e M a uri

M o d el t o ass ess t h e p ost- dis ast er aff e ct e d e n vir o n m e nts of t h e 2 0 1 1 M V R e n a dis ast er i n

t h e B a y of Pl e nt y, N e w Z e al a n d. E c ol o gi c al I n di c at ors. 2 0 1 7; 7 9( M ar c h): 2 2 8 – 2 4 6.

A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. e c oli n d. 2 0 1 7. 0 3. 0 5 5

1 4. S c hi el D, R oss P, B att ers hill C. E n vir o n m e nt al eff e cts of t h e M V R e n as hi p wr e c k: cr oss-

dis ci pli n ar y i n v esti g ati o ns of oil a n d d e bris i m p a cts o n a c o ast al e c os yst e m. N e w Z e al a n d

J o ur n al of M ari n e a n d Fr es h w at er R es e ar c h. 2 0 1 6; 5 0( 1): 1 – 9. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 0 2 8 8 3 3 0. 2 0 1 5. 1 1 3 3 6 6 5

1 5. J o G W. T h e n e e d f or i nt er n ati o n al p oli c y r e g ar di n g l ost c o nt ai n ers at s e a f or r e d u ci n g

m ari n e pl asti c litt er. J o ur n al of I nt er n ati o n al M ariti m e S af et y, E n vir o n m e nt al Aff airs, a n d

S hi p pi n g.  2 0 2 0;  4( 3):  8 0 – 8 3.  A v ail a bl e  fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 2 5 7 2 5 0 8 4. 2 0 2 0. 1 7 9 2 3 9 2

1 6. H w a n g DJ. T h e I M O A cti o n Pl a n t o A d dr ess M ari n e Pl asti c Litt er fr o m S hi ps a n d Its

F oll o w- U p Ti m eli n e. J o ur n al of I nt er n ati o n al M ariti m e S af et y, E n vir o n m e nt al Aff airs,

a n d  S hi p pi n g.  2 0 2 0;  1 – 8. A v ail a bl e  fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 2 5 7 2 5 0 8 4. 2 0 2 0. 1 7 7 9 4 2 8

1 7. G o erl a n dt F, M o nt e w k a J, K u z mi n V, K uj al a P. A ris k-i nf or m e d s hi p c ollisi o n al ert s yst e m:

Fr a m e w or k a n d a p pli c ati o n. S af et y S ci e n c e. 2 0 1 5; 7 7: 1 8 2 – 2 0 4. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.ss ci. 2 0 1 5. 0 3. 0 1 5 

1 8. K ar a h ali os H. T h e M a n a g e m e nt of M ariti m e R e g ul ati o ns. R o utl e d g e; 2 0 1 5.

1 9. I M O. H u m a n El e m e nt Vısı o n,  Prı n cı pl es  a n d G o als f or t h e Or g a nı z atı o n,  R es ol uti o n

A. 9 4 7( 2 3) A d o pt e d o n 2 7 N o v e m b er 2 0 0 3 ( A g e n d a it e m 1 7).

2 0. P a z o u ki K, F or b es N, N or m a n R A, W o o d w ar d M D. I n v esti g ati o n o n t h e i m p a ct of h u m a n-

a ut o m ati o n i nt er a cti o n i n m ariti m e o p er ati o ns. O c e a n E n gi n e eri n g. 2 0 1 8; 1 5 3: 2 9 7 –

3 0 4. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. o c e a n e n g. 2 0 1 8. 0 1. 1 0 3

2 1. Wi e g m a n n D A, S h a p p ell S A. A h u m a n err or a p pr o a c h t o a vi ati o n a c ci d e nt a n al ysis: T h e

h u m a n f a ct ors a n al ysis a n d cl assifi c ati o n s yst e m. R o utl e d g e; 2 0 1 7.
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2 2. A k y u z E. Q u a ntit ati v e h u m a n err or ass ess m e nt d uri n g a b a n d o n s hi p pr o c e d ur es i n m ariti m e

tr a ns p ort ati o n, O c e a n E n gi n e eri n g. 2 0 1 6; 1 2 0: 2 1 – 2 9. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. o c e a n e n g. 2 0 1 6. 0 5. 0 1 7.

2 3. R o z u h a n H, M u h a m m a d M, Ni a zi U M. Pr o b a bilisti c ris k ass ess m e nt of offs h or e i nst all ati o n

h y dr o c ar b o n r el e as es l e a di n g t o fir e a n d e x pl osi o n, i n c or p or ati n g s yst e m a n d h u m a n

r eli a bilit y a n al ysis. A p pli e d O c e a n R es e ar c h. 2 0 2 0; 1 0 1: 1 0 2 2 8 2. A v ail a bl e fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. a p or. 2 0 2 0. 1 0 2 2 8 2

2 4. Isl a m R, Y u H. H u m a n F a ct ors i n M ari n e a n d Offs h or e S yst e ms. I n Offs h or e Pr o c ess S af et y

( 1st  e d.,  V ol.  2).  Els e vi er  I n c;  2 0 1 8.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/ bs. m c ps. 2 0 1 8. 0 4. 0 0 2

2 5. D e a c o n T, A m y ott e P R, K h a n FI, M a c Ki n n o n S. A fr a m e w or k f or h u m a n err or a n al ysis of

offs h or e e v a c u ati o ns. S af et y S ci e n c e. 2 0 1 3; 5 1( 1): 3 1 9 – 3 2 7. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.ss ci. 2 0 1 2. 0 7. 0 0 5.

2 6. D e a c o n T, A m y ott e P R, K h a n FI. H u m a n err or ris k a n al ysis i n offs h or e e m er g e n ci es. S af et y

S ci e n c e.  2 0 1 0;  4 8( 6):  8 0 3 – 8 1 8.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.ss ci. 2 0 1 0. 0 2. 0 1 3.

2 7. Di M atti a D G, K h a n FI, A m y ott e P R.  D et er mi n ati o n of h u m a n err or pr o b a biliti es f or

offs h or e pl atf or m m ust ers. J o ur n al of L oss Pr e v e nti o n i n t h e Pr o c ess I n d ustri es. 2 0 0 5;

1 8( 4 – 6); 4 8 8 – 5 0 1. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.jl p. 2 0 0 5. 0 7. 0 2 1

2 8. K u nl u n S, Y a n L, Mi n g X. A s af et y a p pr o a c h t o pr e di ct h u m a n err or i n criti c al fli g ht t as ks.

Pr o c e di a  E n gi n e eri n g.  2 0 1 1;  1 7:  5 2 – 6 2.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. pr o e n g. 2 0 1 1. 1 0. 0 0 7.

2 9. Z h o u J L, L ei Y, C h e n Y. A h y bri d H E A R T m et h o d t o esti m at e h u m a n err or pr o b a biliti es

i n l o c o m oti v e dri vi n g pr o c ess. R eli a bilit y E n gi n e eri n g a n d S yst e m S af et y. 2 0 1 9; 1 8 8: 8 0 –

8 9. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.r ess. 2 0 1 9. 0 3. 0 0 1

3 0. W a n g W, Li u X, Qi n Y. A m o difi e d H E A R T m et h o d wit h F A N P f or h u m a n err or

ass ess m e nt i n hi g h-s p e e d r ail w a y dis p at c hi n g t as ks. I nt er n ati o n al J o ur n al of I n d ustri al
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Er g o n o mi cs.  2 0 1 8;  6 7:  2 4 2 – 2 5 8.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. er g o n. 2 0 1 8. 0 6. 0 0 2.

3 1. Gi bs o n W H, Mills A M, S mit h S, Kir w a n B K. R ail w a y A cti o n R eli a bilit y Ass ess m e nt, a

R ail w a y S p e cifi c A p pr o a c h t o H u m a n Err or Q u a ntifi c ati o n. R ail H u m a n F a ct ors.

S u p p orti n g R eli a bilit y, S af et y a n d C ost R e d u cti o n. T a yl or & Fr a n cis; 2 0 1 2.

3 2. Gr o z d a n o vi c M.  Us a g e of H u m a n R eli a bilit y Q u a ntifi c ati o n M et h o ds. I nt er n ati o n al J o ur n al

of O c c u p ati o n al S af et y a n d Er g o n o mi cs. 2 0 0 5; 1 1( 2): 1 5 3 – 1 5 9. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 8 0 3 5 4 8. 2 0 0 5. 1 1 0 7 6 6 4 4

3 3. L e e SJ, Ki m J, J u n g W. Q u a ntit ati v e esti m ati o n of t h e h u m a n err or pr o b a bilit y d uri n g s oft

c o ntr ol o p er ati o ns. A n n als of N u cl e ar E n er g y. 2 0 1 3; 5 7: 3 1 8 – 3 2 6. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. a n u c e n e. 2 0 1 3. 0 2. 0 1 8.

3 4. Kir w a n B, Gi bs o n H, K e n n e d y R, E d m u n ds J, C o o ksl e y G, U m b ers I. N u cl e ar A cti o n

R eli a bilit y Ass ess m e nt ( N A R A): A D at a B as e d H R A T o ol. Pr o b a bilisti c S af et y

Ass ess m e nt a n d M a n a g e m e nt. 2 0 0 4; 1 2 0 6 - 1 2 1 1.

3 5. Kir w a n B. T h e v ali d ati o n of t hr e e H u m a n R eli a bilit y Q u a ntifi c ati o n t e c h ni q u es - T H E R P,

H E A R T a n d J H E DI: P art III - pr a cti c al as p e cts of t h e us a g e of t h e t e c h ni q u es. A p pli e d

Er g o n o mi cs. 1 9 9 7; 2 8(I): 2 7- 3 9.  

3 6. W a n g L, W a n g Y, C a o Q, Li X, Li J, W u X. A fr a m e w or k f or h u m a n err or ris k a n al ysis of

c o al mi n e e m er g e n c y e v a c u ati o n i n C hi n a. J o ur n al of L oss Pr e v e nti o n i n t h e Pr o c ess

I n d ustri es.  2 0 1 4;  3 0( 1):  1 1 3 – 1 2 3.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.jl p. 2 0 1 4. 0 5. 0 0 7.

3 7. Isl a m R, A b b assi R, G ar a ni y a V, K h a n FI. D et er mi n ati o n of h u m a n err or pr o b a biliti es f or

t h e m ai nt e n a n c e o p er ati o ns of m ari n e e n gi n es. J o ur n al of S hi p Pr o d u cti o n a n d D esi g n.

2 0 1 6; 3 2( 4): 2 2 6 – 2 3 4. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 5 9 5 7/J S P D. 3 2. 4. 1 5 0 0 0 4.

3 8. Er d e m P, A k y u z E. A n i nt er v al t y p e- 2 f u z z y S LI M a p pr o a c h t o pr e di ct h u m a n err or i n

m ariti m e tr a ns p ort ati o n. O c e a n E n gi n e eri n g. 2 0 2 1; 2 3 2(J a n u ar y): 1 0 9 1 6 1.

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. o c e a n e n g. 2 0 2 1. 1 0 9 1 6 1.
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3 9. A k y u z E, C eli k E. T h e r ol e of h u m a n f a ct or i n m ariti m e e n vir o n m e nt ris k ass ess m e nt: A

pr a cti c al a p pli c ati o n o n B all ast W at er Tr e at m e nt ( B W T) s yst e m i n s hi p. H u m a n a n d

E c ol o gi c al  Ris k  Ass ess m e nt.  2 0 1 7;  2 4:  6 5 3 – 6 6 6.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 8 0 7 0 3 9. 2 0 1 7. 1 3 9 6 1 8 4.

4 0. Xi Y T, G u o C. A m et h o d f or m ari n e h u m a n err or pr o b a bilit y esti m at e: A PJ E- S LI M. A p pl.

M e c h.  M at er.  2 0 1 1;  9 7 – 9 8:  8 2 5 – 8 3 0.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 4 0 2 8/ w w w.s ci e ntifi c. n et/ A M M. 9 7- 9 8. 8 2 5.

4 1. A k y u z E, C eli k E.  T h e r ol e of h u m a n f a ct or i n m ariti m e e n vir o n m e nt ris k ass ess m e nt: A

pr a cti c al a p pli c ati o n o n B all ast W at er Tr e at m e nt ( B W T) s yst e m i n s hi p. H u m a n a n d

E c ol o gi c al Ris k Ass ess m e nt. 2 0 1 8; 2 4( 3): 6 5 3 – 6 6 6. A v ail a bl e fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 8 0 7 0 3 9. 2 0 1 7. 1 3 9 6 1 8 4

4 2. A k y u z E, C eli k E. A m o difi e d h u m a n r eli a bilit y a n al ysis f or c ar g o o p er ati o n i n si n gl e p oi nt

m o ori n g ( S P M) offs h or e u nits. A p pli e d O c e a n R es e ar c h. 2 0 1 6; 5 8: 1 1 – 2 0. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. a p or. 2 0 1 6. 0 3. 0 1 2

4 3. L e e L W, C h e n S M. F u z z y m ulti pl e attri b ut es gr o u p d e cisi o n- m a ki n g b as e d o n t h e

e xt e nsi o n of T O P SI S m et h o d a n d i nt er v al t y p e- 2 f u z z y s ets. 2 0 0 8 I nt er n ati o n al

C o nf er e n c e o n M a c hi n e L e ar ni n g a n d C y b er n eti cs, v ol. 6, I E E E, 2 0 0 8: 3 2 6 0 – 3 2 6 5.

4 4. Z a d e h L A. T h e C o n c e pt of a Li n g uisti c V ari a bl e a n d Its A p pli c ati o n t o A p pr o xi m at e

R e as o ni n g – 1, I nf or m ati o n S ci e n c es. 1 9 9 5; V ol. 8: 1 9 9 – 2 4 9.

4 5. M e n d el J M. A d v a n c es i n t y p e- 2 f u z z y s ets a n d s yst e ms. I nf. S ci. ( N y). 2 0 0 7; 1 7 7: 8 4 – 1 1 0.

A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.i ns. 2 0 0 6. 0 5. 0 0 3

4 6. C astill o O, M eli n P. T y p e- 2 F u z z y L o g.: T h e or y a n d A p pli c ati o n, S T U D F U Z Z. 2 0 0 8;

2 2 3: 1 4 5- 1 5 4

4 7. M e n d el J M, R J o h n, F Li u.  “I nt er v al T y p e- 2 F u z z y L o gi c S yst e ms M a d e Si m pl e. ” F u z z y

S yst e ms, I E E E Tr a ns a cti o ns. 2 0 0 6; 1 4 ( 6): 8 0 8 – 8 2 1. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 1 0 9/ T F U Z Z. 2 0 0 6. 8 7 9 9 8 6.

4 8. M e n d el J M. U n c ert ai n R ul e- B as e d F u z z y L o gi c S yst e ms: I ntr o d u cti o n a n d N e w Dir e cti o ns.

Pr e nti c e- H all, N e w J ers e y, U S A; 2 0 0 1.

2 2

A s s e s s m e nt of h u m a n err or c o ntri b uti o n t o c o nt ai n er l o s s ri s k u n d er f a ult tr e e a n al y si s a n d i nt er v al t y p e- 2 f u z z y l o gi c- b a s e d S LI M a p pr o a c h

https://doi.org/10.4028/www.scientific.net/AMM.97-98.825
https://doi.org/10.1080/10807039.2017.1396184
https://doi.org/10.1016/j.apor.2016.03.012
https://doi.org/10.1016/j.ins.2006.05.003


4 9. S ol o A M G. I nt er v al t y p e-t w o f u z z y l o gi c f or q u a ntit ati v el y d efi ni n g i m pr e cis e li n g uisti c

t er ms i n p oliti cs a n d p u bli c p oli c y. R es e ar c h M et h o ds: C o n c e pts, M et h o d ol o gi es, T o ols,

a n d A p pli c ati o ns. 2 0 1 5; 2 – 4: 6 4 3 – 6 5 1. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 4 0 1 8/ 9 7 8- 1-

4 6 6 6- 7 4 5 6- 1. c h 0 3 0

5 0. D e mir el H, A k y u z E, C eli k E, Al ar ci n F. A n i nt er v al t y p e- 2 f u z z y Q U A LI F L E X a p pr o a c h

t o m e as ur e p erf or m a n c e eff e cti v e n ess of b all ast w at er tr e at m e nt ( B W T) s yst e m o n- b o ar d

s hi p. S hi ps a n d Offs h or e Str u ct ur es. 2 0 1 9; 1 4( 7): 6 7 5- 6 8 3.

5 1. C eli k E, G ul M, A y di n N, G u m us A T, G u n eri A F. A c o m pr e h e nsi v e r e vi e w of m ulti- crit eri a

d e cisi o n- m a ki n g a p pr o a c h es b as e d o n i nt er v al t y p e- 2 f u z z y s ets, K n o wl e d g e- b as e d

S yst e m. 2 0 1 5; 8 5: 3 2 9 – 3 4 1. 

5 2. M e n d el J M. A d v a n c es i n t y p e- 2 f u z z y s ets a n d s yst e ms. I nf or m ati o n S ci e n c es. 2 0 0 7; 1 7 7( 1):

8 4 – 1 1 0. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.i ns. 2 0 0 6. 0 5. 0 0 3.

5 3. K a hr a m a n C, O zt a ysi B, S arı  I U, T ur a n o gl u E. F u z z y a n al yti c hi er ar c h y pr o c ess wit h

i nt er v al t y p e- 2 f u z z y s ets. K n o wl e d g e- B as e d S yst e ms. 2 0 1 4; 5 9: 4 8 - 5 7. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. k n os ys. 2 0 1 4. 0 2. 0 0 1

5 4. C eli k E, Bilisi k O N, Er d o g a n M, G u m us A T, B ar a cli H. “ A n I nt e gr at e d N o v el I nt er v al

T y p e- 2 F u z z y M C D M M et h o d t o I m pr o v e C ust o m er S atisf a cti o n i n P u bli c Tr a ns p ort ati o n

f or Ist a n b ul. ” Tr a ns p ort ati o n R es e ar c h P arti cl e E: L o gisti cs a n d Tr a ns p ort ati o n R e vi e w.

2 0 1 3; 5 8: 2 8 – 5 1. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.tr e. 2 0 1 3. 0 6. 0 0 6

5 5. C h e n T Y, C h a n g C H, L u J F R. “ T h e E xt e n d e d Q U A LI F L E X M et h o d f or M ulti pl e Crit eri a

D e cisi o n A n al ysis B as e d o n I nt er v al T y p e- 2 F u z z y S ets a n d A p pli c ati o ns t o M e di c al

D e cisi o n M a ki n g. ” E ur o p e a n J o ur n al of O p er ati o n al R es e ar c h. 2 0 1 3; 2 2 6 ( 3): 6 1 5 – 6 2 5. 

A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. ej or. 2 0 1 2. 1 1. 0 3 8.

5 6. C eli k E, A k y u z E. A n i nt er v al t y p e- 2 f u z z y A H P a n d T O P SI S m et h o ds f or d e cisi o n- m a ki n g

pr o bl e ms i n m ariti m e tr a ns p ort ati o n e n gi n e eri n g: t h e c as e of s hi p l o a d er. O c e a n

E n gi n e eri n g. 2 0 1 8; 1 5 5: 3 7 1- 3 8 1.
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5 7. E m br e y D E, H u m p hr e ys P C, R os a E A, Kir w a n B, a n d R e a K.  S LI M- M A U D: a n a p pr o a c h

t o ass essi n g h u m a n err or pr o b a biliti es usi n g str u ct ur e d e x p ert j u d g e m e nt. N U R E G/ C R-

3 5 1 8. U S N u cl e ar R e g ul at or y C o m missi o n. W as hi n gt o n D C; 1 9 8 4. 

5 8. C ali xt o E, Li m a G B A, Fir mi n o P R A. C o m p ari n g S LI M, S P A R- H a n d B a y esi a n N et w or k

M et h o d ol o gi es. O p e n J o ur n al of S af et y S ci e n c e a n d T e c h n ol o g y. 2 0 1 3; 0 3( 0 2): 3 1 – 4 1.

A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 4 2 3 6/ ojsst. 2 0 1 3. 3 2 0 0 4

5 9. P ar k K S, L e e J. A n e w m et h o d f or esti m ati n g h u m a n err or pr o b a biliti es: A H P- S LI M.

R eli a bilit y E n gi n e eri n g a n d S yst e m S af et y. 2 0 0 8; 9 3( 4): 5 7 8 – 5 8 7. A v ail a bl e fr o m:

htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.r ess. 2 0 0 7. 0 2. 0 0 3

6 0. Kir w a n B. A g ui d e t o pr a cti c al h u m a n r eli a bilit y ass ess m e nt. L o n d o n: T a yl or & Fr a n cis;

1 9 9 4.

6 1. S p ur gi n AJ. H u m a n r eli a bilit y ass ess m e nt t h e or y a n d pr a cti c e. B o c a R at o n ( F L): C R C

Pr ess; 2 0 1 0.

6 2. Isl a m R, Y u H, A b b assi R, G ar a ni y a V, K h a n F. D e v el o p m e nt of a m o n o gr a p h f or h u m a n

err or li k eli h o o d ass ess m e nt i n m ari n e o p er ati o ns. S af et y S ci e n c e. 2 0 1 7; 9 1: 3 3- 3 9.

6 3. Z h a n g M, Z h a n g D, G o erl a n dt F, Y a n X, K uj al a P. Us e of H F A C S a n d f a ult tr e e m o d el f or

c ollisi o n ris k f a ct ors a n al ysis of i c e br e a k er assist a n c e i n i c e- c o v er e d w at ers. S af et y

S ci e n c e. 2 0 1 9; 1 1 1: 1 2 8- 1 4 3.

6 4. K or n e c ki AJ, Li u M. F a ult tr e e a n al ysis f or s af et y/s e c urit y v erifi c ati o n i n a vi ati o n s oft w ar e.

El e ctr o ni cs.  2 0 1 3;  2( 1):  4 1 – 5 6.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 3 3 9 0/ el e ctr o ni cs 2 0 1 0 0 4 1

6 6. Kristi a ns e n S. M ariti m e Tr a ns p ort ati o n S af et y M a n a g e m e nt a n d Ris k A n al ysis. O xf or d:

Els e vi er B utt er w ort h H ei n e m a n n; 2 0 0 5.

6 7. Kristi a ns e n S. M ariti m e tr a ns p ort ati o n: s af et y m a n a g e m e nt a n d ris k a n al ysis. N e w Y or k,

U nit e d St at es: R o utl e d g e: L a n g e wi es c h e; 2 0 1 3.
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6 8. A k y u z E, Arsl a n O, T ur a n O. A p pli c ati o n of f u z z y l o gi c t o f a ult tr e e a n d e v e nt tr e e a n al ysis

of t h e ris k f or c ar g o li q u ef a cti o n o n b o ar d s hi p. A p pli e d O c e a n R es e ar c h. 2 0 2 0; 1 0 1(J u n e):

1 0 2 2 3 8. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. a p or. 2 0 2 0. 1 0 2 2 3 8.

6 9. Ari ci S S, A k y u z E, Arsl a n O. A p pli c ati o n of f u z z y b o w-ti e ris k a n al ysis t o m ariti m e

tr a ns p ort ati o n: T h e c as e of s hi p c ollisi o n d uri n g t h e S T S o p er ati o n. O c e a n E n gi n e eri n g.

2 0 2 0; 2 1 7: 1 0 7 9 6 0.

7 0. K u z u A C, A k y u z E, Arsl a n O. A p pli c ati o n of F u z z y F a ult Tr e e A n al ysis ( F F T A) t o

m ariti m e i n d ustr y: A ris k a n al ysi n g of s hi p m o ori n g o p er ati o n. O c e a n E n gi n e eri n g. 2 0 1 9;

1 7 9: 1 2 8- 1 3 4.

7 1. L a v as a ni S M, R a m z ali N, S a b z ali p o ur F, A k y u z E. Utilis ati o n of F u z z y F a ult Tr e e A n al ysis

( F F T A) f or q u a ntifi e d ris k a n al ysis of l e a k a g e i n a b a n d o n e d oil a n d n at ur al- g as w ells.

O c e a n E n gi n e eri n g. 2 0 1 5; 1 0 8: 7 2 9- 7 3 7.

7 2. S h afi e e M, E nj e m a E, K oli os A. A n I nt e gr at e d F T A- F M E A M o d el f or Ris k A n al ysis of

E n gi n e eri n g S yst e ms: A C as e St u d y of S u bs e a Bl o w o ut Pr e v e nt ers. A p pli e d S ci e n c es.

2 0 1 9; 9( 6): 1 1 9 2. d oi: 1 0. 3 3 9 0/ a p p 9 0 6 1 1 9 2

7 3. W a n g L, W a n g J, S hi M, F u S, Z h u M. Criti c al ris k f a ct ors i n s hi p fir e a c ci d e nts. M ariti m e

P oli c y  a n d  M a n a g e m e nt.  2 0 2 0;  1 – 1 9.  A v ail a bl e  fr o m: 

htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 3 0 8 8 8 3 9. 2 0 2 0. 1 8 2 1 1 1 0.

7 4. A y di n M, C a mli y urt G, A k y u z E, Arsl a n O. A n al ysi n g h u m a n err or c o ntri b uti o ns t o

m ariti m e e n vir o n m e nt al ris k i n oil/ c h e mi c al t a n k er s hi p. H u m a n a n d E c ol o gi c al Ris k

Ass ess m e nt; 2 0 2 1. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 8 0 7 0 3 9. 2 0 2 1. 1 9 1 0 0 1 1.

7 5. A y di n M, A k y u z E, T ur a n O, Arsl a n O. V ali d ati o n of ris k a n al ysis f or s hi p c ollisi o n i n

n arr o w w at ers b y usi n g f u z z y B a y esi a n n et w or ks a p pr o a c h. O c e a n E n gi n e eri n g. 2 0 2 1;

2 3 1: 1 0 8 9 7 3.

7 6. U n g S T. E v al u ati o n of h u m a n err or c o ntri b uti o n t o oil t a n k er c ollisi o n usi n g f a ult tr e e

a n al ysis a n d m o difi e d f u z z y B a y esi a n N et w or k b as e d C R E A M. O c e a n E n gi n e eri n g.

2 0 1 9; 1 7 9( S e pt e m b er 2 0 1 8): 1 5 9 – 1 7 2. 
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7 7. L ars e n R, P a ci n o D. A h e uristi c a n d a b e n c h m ar k f or t h e st o w a g e pl a n ni n g pr o bl e m.

M ariti m e E c o n o mi cs & L o gisti cs. 2 0 2 0: 1- 2 9.

7 8. S o ut h Afri c a n M ariti m e S af et y A ut h orit y. R e p ort of t h e pr eli mi n ar y e n q uir y i n- t o t h e

e x pl osi o n a n d fir e o n b o ar d t h e m v “ S e a El e g a n c e ” o n 1 1 O ct o b er 2 0 0 3 at t h e D ur b a n

A n c h or a g e. A n n e x t o I M O D S C 1 0/I N F. 2. D ur b a n: S o ut h Afri c a n M ariti m e S af et y

A ut h orit y; 2 0 0 4.

7 9. M ari n e A c ci d e nt I n v esti g ati o n Br a n c h. A n n u al r e p ort. S o ut h a m pt o n, U K: M ari n e A c ci d e nt

I n v esti g ati o n  Br a n c h;  2 0 0 8.  A v ail a bl e  fr o m: 

htt p:// w w w. m ai b. g o v. u k/ p u bli c ati o ns/ a n n u al _r e p orts. cf m.

8 0. Eri cs o n C. F a ult Tr e e A n al ysis – A Hist or y Clift o n A. Eri cs o n II T h e B o ei n g C o m p a n y;

S e attl e, W as hi n gt o n. S yst e m; 1 9 9 9: 1 – 9.

8 1. K ar ni k N N, M e n d el J M.  “ O p er ati o ns o n T y p e- 2 F u z z y S ets. ” F u z z y S ets a n d S yst e ms.

2 0 0 1; 1 2 2 ( 2): 3 2 7 – 3 4 8. A v ail a bl e fr o m: htt ps:// d oi. or g/ 1 0. 1 0 1 6/ S 0 1 6 5- 0 1 1 4( 0 0) 0 0 0 7 9-

8.

8 2. P a n H S, Y u n W Y. F a ult tr e e a n al ysis wit h f u z z y g at es. C o m p ut ers a n d I n d ustri al

E n gi n e eri n g. 1 9 9 7; 3 3 ( 3 – 4): 5 6 9 – 5 7 2.
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< Fi g ur e 1. T h e tr a p e z oi d al m e m b ers hi p f u n cti o n of I T 2 F S >  
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< Fi g. 3 Str u ct ur e of f a ult tr e e f or t h e l oss of c o nt ai n er at p ort >

T ET E

B E 1B E 1 B E 2B E 2 B E 3B E 3 B E 4B E 4 B E 5B E 5 B E 6B E 6 B E 7B E 7 B E 8B E 8 B E 9B E 9 B E 1 0B E 1 0 B E 1 1B E 1 1 B E 1 2B E 1 2 B E 1 3B E 1 3 B E 1 4B E 1 4 B E 1 5B E 1 5 B E 1 6B E 1 6 B E 1 7B E 1 7 B E 1 8B E 1 8 B E 1 9B E 1 9 B E 2 0B E 2 0 B E 2 1B E 2 1 B E 2 2B E 2 2 B E 2 3B E 2 3 B E 2 4B E 2 4 B E 2 5B E 2 5

B E 2 6B E 2 6 B E 2 7B E 2 7 B E 2 8B E 2 8 B E 2 9B E 2 9 B E 3 0B E 3 0

I E 1I E 1 I E 2I E 2 I E 3I E 3

I E 4I E 4 I E 5I E 5 I E 6I E 6 I E 7I E 7 I E 8I E 8 I E 9I E 9 I E 1 0I E 1 0 I E 1 1I E 1 1 I E 1 2I E 1 2

I E 1 3I E 1 3

O RO R O RO R O RO R
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4 9
5 0
5 1
5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0

A s s e s s m e nt of h u m a n err or c o ntri b uti o n t o c o nt ai n er l o s s ri s k u n d er f a ult tr e e a n al y si s a n d i nt er v al t y p e- 2 f u z z y l o gi c- b a s e d S LI M a p pr o a c h

2 9



< T a bl e 1. M ari n e e x p erts’ pr ofil e d et ails >

   M ari n e E x p ert E x p eri e n c e
           I D  A g e             C o m p a n y P ositi o n ( as y e ar)

           1 4 3               C o m p a n y A  O pr. M a n a g er 1 4   
           2 4 8               C o m p a n y B           O c e a n g oi n g M ast er 1 5
           3 4 3               C o m p a n y C           O c e a n g oi n g M ast er 1 0
           4 4 1               C o m p a n y B           O c e a n g oi n g M ast er 1 8
           5 4 4               C o m p a n y B           O c e a n g oi n g M ast er 1 3  
           6 6 4               C o m p a n y C           O c e a n g oi n g M ast er 2 5
           7 4 3               C o m p a n y C           O c e a n g oi n g M ast er 2 2
           8 3 6               C o m p a n y D            C F S O pr. M a n a g er 1 0
           9 3 5               C o m p a n y C            O c e a n g oi n g M ast er 1 1    
          1 0 4 0              C o m p a n y C            O c e a n g oi n g M ast er 1 6
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 < T a bl e 2. T as k a n al ysis f or c o nt ai n er h a n dli n g o p er ati o n >

       T as k     D es cri pti o n of T as k

1 E q u all y distri b uti n g of w ei g ht i nsi d e t h e c o nt ai n er
2 St a c ki n g of g o o ds i nsi d e t h e c o nt ai n er a g ai nst t o m o v e
3 Pr o p erl y p a c ki n g of g o o ds i nsi d e c o nt ai n er a g ai nst t o d e gr a d ati o n/ c h e mi c al r e a cti o n
4 A c c ur at el y d e cl ari n g t h e t y p e/ m at eri al of g o o d 
5 A c c ur at el y d e cl ari n g t h e c o nt ai n er’s w ei g ht

6 Ti g ht e ni n g/r e-ti g ht e ni n g l o os e l as hi n g g e ar (l as hi n g b ars, t ur n b u c kl es) 
7 L o c ki n g t h e cl e ats o n all si d es of all h at c h c o v ers 
8 L o c ki n g all t wist l o c ks as a p pr o pri at e a g ai nst t o m o v e
9 A d h eri n g t o t h e r e c o m m e n d e d l as hi n g f or c es 

1 0
M ai nt ai ni n g of t h e d e c k fitti n gs (fi x e d s o c k et, l as hi n g pl at e, c ell g ui d e) a g ai nst t h e 
f or c es i m p os e d b y c o nt ai n ers

1 1 K e e pi n g all l as hi n g e q ui p m e nt (t wist l o c k, c o n e, b ar) q u alifi e d a n d r e a d y f or us e
1 2 S el e cti n g t h e l as hi n g g e ar c o m p ati bl e wit h fi x e d d e c k fitti n g
1 3 W ell o p er ati n g of g a ntr y/ m o bil e cr a n e
1 4 C o nt ai n er h a n dli n g b y a tr ai n e d cr a n e o p er at or
1 5 P ort a d e q u at e n ess a n d o p p ort u niti es f or l o a di n g (li g hts, br e a k w at er, c a p a bilit y.. et c)
1 6 B ei n g a w ar e of t h e wi n d f or c es t hr o u g h o ut o p er ati o n 
1 7 Pr e p ari n g of t h e st o w a g e pl a n i n a c c or d a n c e wit h t h e r e q uir e m e nts of c o d es
1 8 M ai nt ai ni n g pr o p er c o m m u ni c ati o n as t o t h e o p er ati o n al pr o c ess
1 9 M ai nt ai ni n g pr o p er c o m m u ni c ati o n b et w e e n s hi p cr e w a n d r es p o nsi bl e s h or e p ers o n n el
2 0 C o nt ai n er h a n dli n g b y s pr e a d er c o nsisti n g of a st e el fr a m e a n d f o ur h o o ks
2 1 Fr e q u e ntl y c h e c ki n g of t h e st a c k e d c o nt ai n ers a g ai nst l e a k a g e
2 2 L o a di n g of t h e s p e ci al-t y p e c o nt ai n er i n a c c or d a n c e wit h t h e r e q uir e m e nts
2 3 C h e c ki n g of c o u pl e d l as hi n g e q ui p m e nt s uffi ci e n c y a g ai nst b ei n g missi n g
2 4 Ti m el y c h a n gi n g i n b all ast as t o t h e s hi p’s c o n diti o n

2 5 Pr o p erl y a cti v ati n g/ d e a cti v ati n g of h e eli n g/ b all ast s yst e m 

2 6 Fr e q u e ntl y c h e c ki n g t h e visi bilit y li n e a n d/ or st e eri n g li g ht si g ht

2 7 A d h eri n g t o t h e p er missi bl e st a c k w ei g ht

2 8 A d h eri n g t o p arti al l o a di n g q u a ntit y

2 9 A d h eri n g t o m a x G M a n d str ess v al u es

3 0 A d h eri n g t o p er missi bl e s e q u e n c es of m ass es i n st a c ks
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 < T a bl e 3. G e o m etri c m e a ns of P S F r ati n gs b as e d o n t h e m ari n e e x p erts’ e v al u ati o ns >

P erf or m a n c e S h a pi n g F a ct or

      T as k Str ess E x p eri e n c e Tr ai ni n g F ati g u e Ti m e Li m. C o m pl e xit y S af et y C ult ur e

1. 7 3 4 4 2 4 3
2. 7 2 4 4 2 5 3
3. 7 2 3 5 2 4 3
4. 6 2 4 5 4 5 3
5. 5 3 3 6 4 5 2
6. 5 2 3 3 2 3 3
7. 4 3 3 2 3 4 2
8. 4 3 4 3 2 4 2
9. 7 2 3 5 3 4 3
1 0. 7 2 4 3 3 6 3
1 1. 5 4 4 3 3 4 3
1 2. 7 3 4 5 4 4 5
1 3. 6 3 3 4 2 3 3
1 4. 5 2 3 3 3 5 4
1 5. 6 3 4 5 4 4 4
1 6. 6 2 3 5 4 5 3
1 7. 5 2 2 3 3 3 3
1 8. 6 3 3 3 2 5 3
1 9. 7 3 4 4 2 5 4
2 0. 4 3 3 3 3 3 2
2 1. 4 2 3 3 3 4 2
2 2. 6 3 3 4 4 3 3
2 3. 3 3 4 3 2 4 2
2 4. 5 2 3 4 3 4 4
2 5. 5 2 3 5 3 3 3
2 6. 4 3 3 3 3 3 2
2 7. 7 2 3 5 4 4 3
2 8. 7 2 3 5 3 3 3
2 9. 6 2 3 5 3 3 3
3 0. 6 3 4 4 3 3 3
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T a bl e 4: Li n g usiti c t er ms a n d t h eir c orr es p o n di n g I T 2 F Ss

Li n g uisti c  Ass ess m e nt         T e r m I nt e r v al T y p e 2 F u z z y S ets

 V er y L o w V L (( 0. 0; 0. 0; 0. 0; 0. 1; 1. 0; 1. 0) , ( 0. 0; 0. 0; 0. 0; 0. 0 5; 0. 9; 0. 9))
 L o w L (( 0. 0; 0. 1;0. 1; 0. 3; 1. 0; 1. 0) , ( 0. 0 5; 0. 1; 0. 1; 0. 2; 0. 9; 0. 9))
 M e di u m L o w M L (( 0. 1; 0. 3;0. 3; 0. 5; 1. 0; 1. 0) , ( 0. 2; 0. 3; 0. 3; 0. 4; 0. 9; 0. 9))
 M e di u m M (( 0. 3; 0. 5; 0. 5;0. 7; 1. 0; 1. 0) , ( 0. 4; 0. 5; 0. 5; 0. 6; 0. 9; 0. 9))
 M e di u m Hi g h M H (( 0. 5; 0. 7; 0. 7; 0. 9;1. 0; 1. 0) , ( 0. 6; 0. 7; 0. 7; 0. 8; 0. 9; 0. 9))
 Hi g h H (( 0. 7; 0. 9; 0. 9; 1. 0; 1. 0;1. 0) , ( 0. 8; 0. 9; 0. 9; 0. 9 5; 0. 9; 0. 9))
 V er y Hi g h V H (( 0. 9; 1. 0; 1. 0; 1. 0; 1. 0;1. 0) , ( 0. 9 5; 1. 0; 1. 0; 1. 0; 0. 9; 0. 9)) 
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< T a bl e 5. C al c ul at e d a v er a g e I T 2 F v al u es  >

P S F
Cris p       N or m alis e d

I T 2 F Ss V al u e           V al u e

Str ess
E x p eri e n c e
Tr ai ni n g
F ati g u e
Ti m e Li m.
C o m pl e xit y
S af et y C ult ur e           

(( 0. 3 6; 0. 5 5; 0. 5 5; 0. 7 3; 1; 1) , ( 0. 4 6; 0. 5 5; 0. 5 5; 0. 6 4; 0. 9; 0. 9))
(( 0. 7 6; 0. 9 2; 0. 9 2; 0. 9 9; 1; 1) , ( 0. 8 4; 0. 9 2; 0. 9 2; 0. 9 6; 0. 9; 0. 9))
(( 0. 4 2; 0. 6 2; 0. 6 2; 0. 8; 1; 1) , ( 0. 5 2; 0. 6 2; 0. 6 2; 0. 7 1; 0. 9; 0. 9))
(( 0. 7 6; 0. 9 2; 0. 9 2; 0. 9 9; 1; 1) , ( 0. 8 4; 0. 9 2; 0. 9 2; 0. 9 6; 0. 9; 0. 9))
(( 0. 7 2; 0. 8 8; 0. 8 8; 0. 9 6; 1; 1) , ( 0. 8; 0. 8 8; 0. 8 8; 0. 9 2; 0. 9; 0. 9))
(( 0. 3 8; 0. 5 8; 0. 5 8; 0. 7 7; 1; 1) , ( 0. 4 8; 0. 5 8; 0. 5 8; 0. 6 8; 0. 9; 0. 9))
   (( 0. 8 2; 0. 9 6; 0. 9 6; 1; 1; 1) , ( 0. 8 9; 0. 9 6; 0. 9 6; 0. 9 8; 0. 9; 0. 9))

0. 6 0 4
0. 9 2 9
0. 6 7 3 
0. 9 2 9
0. 8 9 3
0. 6 3 7
0. 9 5 7                      

   0. 1 0 7
   0. 1 6 5
   0. 1 1 9
   0. 1 6 5
   0. 1 5 8
   0. 1 1 4
   0. 1 7 1             
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< T a bl e 6. C al c ul at e d H E P v al u es f or c ar g o h a n dli n g o p er ati o n >

     T as k
C al c ul at e d

S LI L o g - H E P H E P

1. 3. 7 3 - 3. 3 5 4, 4 8 E- 0 4
2. 3. 7 5 - 3. 4 1 3, 8 6 E- 0 4
3. 3. 5 1 - 2. 7 3 1, 8 5 E- 0 3
4. 3. 9 9 - 4. 0 6 8, 6 1 E- 0 5
5. 3. 8 9 - 3. 7 8 1, 6 5 E- 0 4
6. 2. 8 4 - 0. 8 6 1, 3 8 E- 0 1
7. 2. 8 6 - 0. 9 2 1, 2 0 E- 0 1
8. 2. 9 5 - 1. 1 7 6, 7 2 E- 0 2
9. 3. 4 9 - 2. 6 8 2, 0 9 E- 0 3
1 0. 3. 7 8 - 3. 4 7 3, 3 8 E- 0 4
1 1. 3. 7 6 - 3. 4 3 3, 7 0 E- 0 4
1 2. 4. 3 4 - 5. 0 4 9, 1 2 E- 0 6
1 3. 3. 4 4 - 2. 5 3 2, 9 2 E- 0 3
1 4. 3. 4 0 - 2. 4 1 3, 8 7 E- 0 3
1 5. 4. 2 4 - 4. 7 7 1, 7 1 E- 0 5
1 6. 3. 7 5 - 3. 4 0 3, 9 7 E- 0 4
1 7. 2. 8 8 - 0. 9 6 1, 0 9 E- 0 1
1 8. 3. 4 0 - 2. 4 1 3, 9 1 E- 0 3
1 9. 3. 8 4 - 3. 6 4 2, 2 7 E- 0 4
2 0. 3. 0 4 - 1. 4 0 3, 9 5 E- 0 2
2 1. 2. 8 7 - 0. 9 4 1, 1 4 E- 0 1
2 2. 3. 4 6 - 2. 5 9 2, 5 8 E- 0 3
2 3. 2. 8 7 - 0. 9 5 1, 1 3 E- 0 1
2 4. 3. 4 0 - 2. 4 2 3, 8 3 E- 0 3
2 5. 3. 4 1 - 2. 4 5 3, 5 2 E- 0 3
2 6. 3. 0 4 - 1. 4 3 3, 7 6 E- 0 2
2 7. 3. 7 4 - 3. 3 7 4, 2 2 E- 0 4
2 8. 3. 5 8 - 2. 9 2 1, 2 1 E- 0 3
2 9. 3. 5 0 - 2. 7 1 1, 9 4 E- 0 3
3 0. 3. 5 8 - 2. 9 2 1, 1 9 E- 0 3
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 < T a bl e 7. F a ult tr e e e v e nts f or t h e l oss of c o nt ai n ers >

E v e nt D es cri pti o n

T E C o nt ai n er l oss

I E 1 F ail ur es ass o ci at e d wit h c ar g o

I E 2 F ail ur es ass o ci at e d wit h l as hi n g

I E 3 F ail ur es ass o ci at e d wit h c ar g o h a n dli n g

I E 4 P a c ki n g f ail ur e

I E 5 Misi nf or m ati o n

I E 6 L as hi n g pl a n ( c o m pl y wit h C S M) vi ol ati o n

I E 7 D e c k-fitti n g a n d l as hi n g e q ui p m e nt f ail ur e

I E 8 T er mi n al-i n d u c e d h a n dli n g f ail ur es

I E 9 St o w a g e pl a n f ail ur e

I E 1 0 C o m m u ni c ati o n f ail ur e

I E 1 1 I m pr o p er h a n dli n g

I E 1 2 I m pr o p er b all ast o p er ati o n

I E 1 3 St o w a g e pl a n a p pli c ati o n f ail ur e

B E 1 I n c orr e ct w ei g ht distri b uti o n

B E 2 M o bilit y d u e t o p o or st a c k

B E 3 I n a c c ur at e p a c ki n g

B E 4 Mis d e cl ar ati o n/ u n d er d e cl ar ati o n of t h e a ct u al t y p e/ m at eri als of c ar g o

B E 5 Mis d e cl ar ati o n/ u n d er d e cl ar ati o n of t h e a ct u al w ei g ht of t h e c o nt ai n er

B E 6 L o os e l as hi n g g e ar (l as hi n g b ars a n d t ur n b u c kl es)

B E 7 U nl o c k e d h at c h cl e ats 

B E 8 U nl o c k e d t wist l o c ks

B E 9 E x c e e di n g t h e r e c o m m e n d e d l as hi n g f or c es

B E 1 0 D e c k fitti n gs f ail ur e

B E 1 1 Br o k e n/ b e nt e q ui p m e nt (t wist l o c ks, t ur n b u c kl es, b ars, et c.)

B E 1 2 I m pr o p er e q ui p m e nt f or fi x e d d e c k fitti n gs

B E 1 3 G a ntr y/ M o bil e cr a n e f ail ur e

B E 1 4 O p er at or h a n dli n g f ail ur e

B E 1 5 P ort r estri cti o ns

B E 1 6 L a c k of a w ar e n ess f or wi n d eff e ct 

B E 1 7 I n a d e q u at e pl a n ni n g

B E 1 8 Mis c o m m u ni c ati o n as t o t h e o p er ati o n's a ct u al pr o c ess

B E 1 9 L a c k of c o m m u ni c ati o n b et w e e n cr e w a n d st e v e d or e/f or e m a n

B E 2 0 H o o k S pr e a d er Us a g e

B E 2 1 L e a k a g e c o nt ai n er l o a di n g

B E 2 2 I n c orr e ct s p e ci al-t y p e c o nt ai n er l o a di n g

B E 2 3 Missi n g e q ui p m e nt

B E 2 4 B all ast c h a n g e f ail ur e

B E 2 5 H e eli n g/ b all ast s yst e m f ail ur e

B E 2 6 E x c e e di n g t h e m a x. n u m b er of c o nt ai n ers i n e a c h st a c k

B E 2 7 E x c e e di n g p er missi bl e st a c k w ei g ht

B E 2 8 E xtr e m e p arti al l o a di n g

B E 2 9 E x c e e di n g t h e m a x G M a n d str ess v al u es

B E 3 0 N e gl e cti n g p er missi bl e s e q u e n c es of m ass es i n st a c ks

A s s e s s m e nt of h u m a n err or c o ntri b uti o n t o c o nt ai n er l o s s ri s k u n d er f a ult tr e e a n al y si s a n d i nt er v al t y p e- 2 f u z z y l o gi c- b a s e d S LI M a p pr o a c h

3 6



< T a bl e 8 . R a n ki n g of b asi c e v e nts a c c or di n g t o F uss el- V ess el y i m p ort a n c e > 

B asi c E v e nts
F ail u r e P r o b a bilit y

of B Es
N u m b e r
of M C S

M C S El e m e nts F V-I R a n ki n g

B E 1 4, 4 8 E- 0 4 3 B E 1, B E 1 B E 4, B E 1 B E 5 4. 4 8 E- 0 4 2 0

B E 2 3, 8 6 E- 0 4 3 B E 2, B E 2 B E 4, B E 2 B E 5 3. 8 6 E- 0 4 2 3
B E 3 1, 8 5 E- 0 3 3 B E 3, B E 3 B E 4, B E 3 B E 5 1. 8 5 E- 0 3 1 7
B E 4 8, 6 1 E- 0 5 4 B E 4, B E 1 B E 4, B E 2 B E 4, B E 3 B E 4 8. 6 5 E- 0 5 2 8
B E 5 1, 6 5 E- 0 4 4 B E 5, B E 1 B E 5, B E 2 B E 5, B E 3 B E 5 1. 6 5 E- 0 4 2 7
B E 6 1, 3 8 E- 0 1 1 B E 6 1. 3 8 E- 0 1 1
B E 7 1, 2 0 E- 0 1 1 B E 7 1. 2 0 E- 0 1 2
B E 8 6, 7 2 E- 0 2 1 B E 8 6. 7 2 E- 0 2 6
B E 9 2, 0 9 E- 0 3 1 B E 9 2. 0 9 E- 0 3 1 5
B E 1 0 3, 3 8 E- 0 4 1 B E 1 0 3. 3 8 E- 0 4 2 5
B E 1 1 3, 7 0 E- 0 4 1 B E 1 1 3. 7 0 E- 0 4 2 4
B E 1 2 9, 1 2 E- 0 6 1 B E 1 2 9. 1 2 E- 0 6 3 0
B E 1 3 2, 9 2 E- 0 3 1 B E 1 3 2. 9 2 E- 0 3 1 3
B E 1 4 3, 8 7 E- 0 3 1 B E 1 4 3. 8 7 E- 0 3 1 0
B E 1 5 1, 7 1 E- 0 5 1 B E 1 5 1. 7 1 E- 0 5 2 9
B E 1 6 3, 9 7 E- 0 4 1 B E 1 6 3. 9 7 E- 0 4 2 2
B E 1 7 1, 0 9 E- 0 1 1 B E 1 7 1. 0 9 E- 0 1 5
B E 1 8 3, 9 1 E- 0 3 1 B E 1 8 3. 9 1 E- 0 3 9
B E 1 9 2, 2 7 E- 0 4 1 B E 1 9 2. 2 7 E- 0 4 2 6
B E 2 0 3, 9 5 E- 0 2 1 B E 2 0 3. 9 5 E- 0 2 7
B E 2 1 1, 1 4 E- 0 1 1 B E 2 1 1. 1 4 E- 0 1 3
B E 2 2 2, 5 8 E- 0 3 1 B E 2 2 2. 5 8 E- 0 3 1 4
B E 2 3 1, 1 3 E- 0 1 1 B E 2 3 1. 1 3 E- 0 1 4
B E 2 4 3, 8 3 E- 0 3 1 B E 2 4 3. 8 3 E- 0 3 1 1
B E 2 5 3, 5 2 E- 0 3 1 B E 2 5 3. 5 2 E- 0 3 1 2
B E 2 6 3, 7 6 E- 0 2 1 B E 2 6 3. 7 6 E- 0 2 8
B E 2 7 4, 2 2 E- 0 4 1 B E 2 7 4. 2 2 E- 0 4 2 1
B E 2 8 1, 2 1 E- 0 3 1 B E 2 8 1. 2 1 E- 0 3 1 8
B E 2 9 1, 9 4 E- 0 3 1 B E 2 9 1. 9 4 E- 0 3 1 6
B E 3 0 1, 1 9 E- 0 3 1 B E 3 0 1. 1 9 E- 0 3 1 9

5 0
5 1
5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0
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D e cl ar ati o n of i nt er e st s

☒ T h e a ut h ors d e cl ar e  t h at t h e y h a v e n o k n o w n c o m p eti n g fi n a n ci al i nt er ests or p ers o n al r el ati o ns hi p s
t h at c o ul d h a v e a p p e ar e d t o i nfl u e n c e t h e w or k r e p ort e d i n t his p a p er.

☐ T h e a ut h ors d e cl ar e t h e f oll o wi n g fi n a n ci al i nt er ests/ p ers o n al r el ati o n s hi ps w hi c h m a y b e c o n si d er e d
as p ot e nti al c o m p eti n g i nt er ests:
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