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ABSTRACT 
 
Cor ruga ted  bu lkheads  a re  o f ten  used  in  chemica l  tankers  and  
p roduc t  tankers  in  o rder  to  he lp  f ac i l i t a te  ca rgo  tank  wash ing  
e f f i c ien t l y .  Su f f i c ien t  se rv ice  records  have  demons t ra ted  the  
advan tages  and  con t r ibu t ions  to  the  advanced  des igns  bes t  
su i ted  to  la rger  ca rgo  tank  capac i t y  a r i s ing  f rom the  inc reased  
demand fo r  the  t ranspor t  o f  p roduc t  o i l s  and  chemica l  
p roduc ts .  I t  i s  obv ious ly  impor tan t  in  sh ip  des ign  to  
p roac t i ve ly  lea rn  f rom sa t i s fac to ry  exper ience  and  to  re f lec t  
feedback  f rom pas t  damage records  as  an  impor tan t  par t  o f  
ve r i f y ing  the  e f fec t i veness  o f  the  app l i ca t ion  o f  the  la tes t  
des ign  techno log ies .  Th is  paper  summar izes  some o f  the  
recen t  deve lopments  in  the  des ign  o f  co r ruga ted  bu lkheads  
cons ider ing  the  spec i f i c  l im i ta t ion  o f  the  des igns  o f  p roduc t  
and  chemica l  tankers  and  a lso  shows the  impac t  o f  scan t l i ng  
and  re la ted  key  des ign  i ssues .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1.   INTRODUCTION 
 
Con tamina t ion  o f  ca rgo  i s  one  o f  the  mos t  c r i t i ca l  hazards  fo r  
chemica l /p roduc t  tankers  f rom the  v iewpo in t  o f  sa fe ty ,  the  
p reven t ion  o f  mar ine  po l lu t ion  and  the  qua l i t y  o f  p roduc ts .  
However ,  due  to  the  var ious  demands  fo r  the  t ranspor t  o f  
p roduc ts ,  the  t ype  o f  ca rgo  loaded  in  each  cargo  tank  may  vary  
w i th  each  voyage .  
Consequent l y ,  sh ip  opera to rs  t r y  to  m in im ize  the  amount  o f  
ca rgo  rema in ing  a f te r  un load ing  and  car ry  ou t  ca rgo  tank  
wash ing  p r io r  to  nex t  ca rgo  load ing  no t  on ly  to  meet  the  
requ i rements  o f  i n te rna t iona l  regu la t ions  bu t  a lso  to  meet  
commerc ia l  requ i rements  to  ma in ta in  the  qua l i t y  o f  ca rgo .  
To  app ly  comple te  cargo  tank  wash ing ,  i t  i s  mos t  impor tan t  no t  
to  c rea te  shadow areas  caused  by  in te rna l  s t ruc tu res .  The  la rge  
web f rames  and  s t i f feners  p rov ided  on  the  boundar ies  o f  the  
ca rgo  tanks  eas i l y  become compl i ca ted  shadow ob jec ts .  Even  
though the  number  o f  ca rgo  tank  c lean ing  mach ines  i s  
inc reas ing ,  i t  i s  ve ry  d i f f i cu l t  to  comple te ly  wash  the  s t i f fened  
sur faces  w i th  such  mach ines .   
To  so lve  th is  p rob lem,  co r ruga ted  bu lkheads  have  been  app l ied  
to  chemica l  and  p roduc t  tankers  to  conver t  the  cargo  tank  
boundar ies  in to  more  eas i l y  access ib le  p lane  sur faces .  Such  
p lane  sur faces ,  o f  course ,  con t r ibu te  to  m in im iz ing  the  amount  
o f  rema in ing  cargo  i t se l f  a f te r  un load ing  and  a lso  he lp  fac i l i t a te  
eas ie r  coa t ing  and  inspec t ion  o f  co r ruga ted  bu lkheads  as  a  
resu l t .  
 
 
2 .   2007  REVISION OF MARPOL ANNEX I I  AND IBC CODE  
 
The se lec t ion  o f  t ypes  o f  ca rgo  tank  bu lkheads  in  the  des ign  
s tage  depends  on  var ious  cons idera t ions  fo r  sh ip ’s  des ign .  F rom 
the  regu la to ry  po in t  o f  v iew,  when a  tanker  i s  des igned  to  ca r ry  
nox ious  l i qu id  subs tances  (NLS)  under  MARPOL Annex  I I  [1 ]  and  
the  IBC Code [2 ] ,  the  max imum quan t i t y  o f  res idue  permi t ted  
a f te r  un load ing  i s  s t r i c t l y  res t r i c ted .   Moreover ,  the  cargo  tank  
sur faces  mus t  be  o f  a  su i tab le  t ype  fo r  e f fec t ive  wash ing  by  
means  o f  ro ta ry  wa te r  je ts  so  tha t  the  r i sk  o f  mar ine  po l lu t ion  by  
the  d ischarge  o f  NLS a f te r  ca rgo  tank  wash ing  can  be  min im ized .   
 
The  res t r i c t ion  leve l  depends  on  the  po l lu t ion  ca tegor ies  
ass igned  to  each NLS under  MARPOL Annex I I .  T rad i t i ona l l y ,  
sma l le r  tankers  hav ing  deadwe igh t  o f  l ess  than  20 ,000 t  have  
been  reg is te red  as  p roduc t /chemica l  tankers  to  ca r ry  c lean  
p roduc t  o i l s  and  var ious  NLS,  and  thus  norma l l y  have  been  
des igned  w i th  co r ruga ted  bu lkheads  to  fu l f i l  t he  sa id  
requ i rements .  On the  o ther  hand ,  due  to  the  inc reased  demand 
fo r  the  t ranspor t  o f  p roduc t  o i l s  and  NLS,  the  s ize  o f  



produc t /chemica l  tankers  has  g rown becoming  over  30 ,000  DWT 
recen t l y .  
 
In  add i t i on  to  the  inc reased  demand o f  t ranspor ta t ion ,  the  
re levan t  amendments  to  MARPOL Annex  I I  and  the  IBC Code 
concern ing  the  above  requ i rements  have  en te red  in to  fo rce  f rom 
1s t  January  2007 .  Under  these  majo r  amendments ,  the  po l lu t ion  
ca tegor ies  fo r  NLS were  fu l l y  rev ised  inc lud ing  assoc ia ted  
requ i rements ,  and  many  NLSs  have  been  re -ca tegor ized  in to  
h igher  po l lu t ion  r i sk  ca rgoes .  For  ins tance ,  “Vege tab le  o i l s ”  and  
“Methy l  a l coho l ”  a re  now sub jec t  to  requ i rements  concern ing  the  
max imum quant i t y  o f  ca rgo  res idue  permi t ted ,  a l though  such  
requ i rements  were  p rev ious ly  no t  app l i cab le  to  these  cargoes .  
Wh i le  “Vege tab le  o i l s ”  and  “Methy l  a l coho l ”  cou ld  p rev ious ly  be  
t ranspor ted  by  o i l  t ankers  w i th  s t i f fened  bu l kheads  be fo re  2007 ,  
now they  sha l l  be  car r ied  by  chemica l  tankers  w i th  co r ruga ted  
bu lkheads  fu l f i l l i ng  the  requ i rements  under  MARPOL Annex  I I  
and  the  IBC Code.  
 
As  th is  amendment  a lso  acce le ra ted  the  demand o f  la rge  s ize  
p roduc t /chemica l  tankers  w i th  co r ruga ted  bu lkheads ,  co r ruga ted  
bu lkheads  a re  now o f ten  used  in  the  la tes t  MR tanker  des igns  
w i th  50 ,000  DWT and  a re  be ing  fu r ther  ex tended  in to  the  des ign  
o f  l a rger  vesse ls  ins tead  o f  p lane  bu lkheads  w i th  web  f rames .  
 
 
3 .   STRUCUTRAL TYPES OF CORRUGATED BULKHEAD 
 
Cor ruga ted  bu lkheads  can  be  ca tegor i zed  in to  two  ma in  t ypes .  
One i s  the  “hor i zon ta l l y  co r ruga ted  bu lkhead”  and  ano ther  i s  the  
“ve r t i ca l l y  co r ruga ted  bu lkhead”  as  shown in  F igure  1  be low.  
 
    

 
 

 
 

 

  
 
 
 

 

(a) horizontal  
(large) 

(b) horizontal  
(small) 

(c) vertical  
(large) 

(d) vertical  
(small) 

F igure  1 :  Types  o f  co r ruga ted  bu lkheads  
 
When the  span  o f  co r ruga t ion  becomes longer  in  la rger  vesse ls ,  
i n te rna l  ve r t i ca l  webs  a re  p rov ided  on  hor i zon ta l l y  co r ruga ted  
bu lkheads ,  wh i le  upper  and /o r  lower  s too ls  a re  p rov ided  on  



ver t i ca l l y  co r ruga ted  bu lkheads  to  shor ten  the  e f fec t i ve  bend ing  
span  o f  co r ruga t ion .  
 
Wh i le  the  hor i zon ta l l y  co r ruga ted  bu lkhead  a l lows  the  var ia t ion  
o f  th i ckness  in  the  d i rec t ion  o f  the  vesse l ’ s  dep th  and  a l lows  the  
max imum cargo  tank  capac i t y ,  th i s  des ign  i s  o f ten  app l ied  to  
easy  chemica l  tankers  and  p roduc t  tankers  wh ich  car ry  l im i ted  
p roduc ts  sub jec t  to  less  s t r ingen t  requ i rements .  In  the  opera t ion  
o f  these  sh ips ,  the  r i sk  o f  ca rgo  con tamina t ion  i s  lower  and  
some in te rna l  s t ruc tu res  may  be  accep ted .  Of  course ,  i f  i n te rna l  
ve r t i ca l  webs  a re  no t  requ i red  due  to  shor te r  co r ruga t ion  spans ,  
hor i zon ta l l y  co r ruga ted  bu lkheads  a re  a lso  app l ied  to  the  parce l  
chemica l  tankers  tha t  a re  requ i red  to  ca r ry  va r ious  k inds  o f  
p roduc ts  w i th  comple te  cargo  tank  wash ing .  In  the  case  o f  
ve r t i ca l l y  co r ruga ted  bu lkhead ,  a l though  the  ins ta l la t ion  o f  upper  
and /o r  lower  s too ls  lead  to  some loss  o f  ca rgo  capac i t y ,  the  
cargo  tank  boundary  can  a lways  be  kep t  a  p lane  sur face  fo r  
comp le te  ca rgo  tank  wash ing .  
 
Wh i le  i t  a l so  depends  on  the  sh ipyard ’s  fac i l i t y  and  fabr i ca t ion  
p rocedure ,  ve r t i ca l l y  co r ruga ted  bu lkheads  tend  to  be  used  
ra ther  than  hor i zon ta l l y  co r ruga ted  bu lkheads  in  recen t  chemica l  
tanker  des igns .  Ac tua l l y ,  o f  the  approx imate ly  700  chemica l  
tankers  hav ing  e i the r  co r ruga ted  bu lkheads  and  newly  reg is te red  
w i th  our  c lass i f i ca t ion  soc ie ty  these  pas t  20  years  (1990-2009) ,  
i t  was  con f i rmed tha t  abou t  85% o f  the  co r ruga ted  bu lkheads  
des igns  cons is ted  o f  ve r t i ca l l y  co r ruga ted  type ,  wh i le  the  
rema in ing  15% compr ised  hor i zon ta l l y  co r ruga ted  one .  
 
 
4.  TYPES OF CORRUGATED BULKHEADS DAMAGES 
 
Wh i le  many  success fu l  co r ruga ted  bu lkheads  serv ice  h is to r ies  
have  been  recorded ,  severa l  damages  have  been  repor ted  and  
some o f  wh ich  resu l t ing  in  hazardous  damages  due  to  the  
leakage  o f  ca rgo  in to  an  ad jacen t  compar tment .  The  typ ica l  
t ypes  o f  damage have  been  g rouped in to  fou r  ma in  t ypes  as  
shown in  4 .1 -4 .4 .  However  i t  shou ld  be  a lso  no ted  these  damage 
types  w i l l  no t  d i rec t l y  l i nk  to  ex is t ing  vesse ls  hav ing  s im i la r  
a r rangement  because  such  sh ips  have  d i f fe ren t  des ign  
cons idera t ion /scan t l i ng  o f  s t ruc tu ra l  members  espec ia l l y  fo r  
vesse ls  hav ing  good  serv ice  records .  
 
4.1  DAMAGES CAUSED BY WELDING DEFECTS 
 
I t  was  repor ted  tha t  c racks  were  observed  in  the  we ld ing  
be tween the  ver t i ca l l y  co r ruga ted  bu lkhead  and  inner  bo t tom 
p la te .  As  th is  connec t ion  was  a t  the  end  o f  co r ruga t ion  span ,  the  



s t ress  leve l  o f  we ld ing  was  very  h igh  espec ia l l y  a t  the  corner  o f  
co r ruga t ion .  
I t  was  assumed tha t  the  c rack  in i t i a ted  as  a  resu l t  o f  l oca l  s t ress  
concen t ra t ion  due  to  over lapp ing  o r  undercu t t ing  o f  we ld ing  a t  
the  co rner  o f  the  cor ruga t ion .  
 
4.2  DAMAGES OF SCALLOPS OR BRACKETS TOES AT 

STRESS CONCENTRATION AREA 
 
I t  was  repor ted  tha t  c racks  were  observed  a t  the  c r i t i ca l  a rea  o f  
co r ruga ted  bu lkhead  re la ted  s t ruc tu res ,  
no tab ly :  
•  the  sca l lop  a t  the  corner  o f  the  lower  s too l  d iaphragm jus t  

be low the  ver t i ca l l y  co r ruga ted  bu lkhead  
•  the  b racke t  toe  o f  the  ver t i ca l  web  p rov ided  on  the  hor i zon ta l l y  

co r ruga ted  bu lkhead  
I t  was  assumed tha t  the  c racks  were  in i t i a ted  by  the  s t ress  
concen t ra t ions  resu l t i ng  f rom the  sca l lop  and  shape  o f  the  
b racke t  toe .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igu re  2 :  Cracks  a t  sca l lop  and  b racke t  toe .  
 
 
4.3  DAMAGES DUE TO LACK OF SUPPORTING STRUCTURES 
 
Severa l  k inds  o f  damages  wh ich  were  seemed to  be  caused  by  a  
lack  o f  suppor t ing  s t ruc tu res  were  a lso  repor ted .  These  
inc luded :  
•  The  connec t ion  be tween the  ve r t i ca l l y  co r ruga ted  bu lkhead  

w i th  the  inner  bo t tom p la te  (w i thou t  lower  s too l ) ,  and  
•  the  connec t ion  be tween the  ver t i ca l l y  co r ruga ted  bu lkhead  w i th  

the  lower  s too l  top  p la te  
 
 
 

 
 

(Vertically corrugated bulkhead) (Horizontally corrugated bulkhead) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igure  3 :  Cracks  due  to  lack  o f  suppor t ing  s t ruc tu res .  
 
In  case  o f  a  d i rec t  connec t ion  be tween the  ver t i ca l l y  co r ruga ted  
bu lkhead  and  inner  bo t tom p la te ,  bo th  f langes  o f  the  cor ruga ted  
p la te  shou ld  be  suppor ted  by  an  adequate  back ing  s t ruc tu re  in  
o rder  to  e f fec t i ve ly  t rans fe r  the  load .  The  c rack  was  assumed to  
be  caused  by  the  insu f f i c ien t  load  t rans fe r  member  and  r ig id i t y  
o f  the  back ing  s t ruc tu re .   
On  the  o ther  hand ,  i f  a  lower  s too l  i s  p rov ided ,  bo th  f l anges  o f  
co r ruga ted  p la te  can  be  suppor ted  by  the  s too l  p la te  d i rec t l y .  
However ,  some c rack  damages  have  been  recorded  even  in  
these  cases .  I t  was  assumed tha t  the  s lan ted  s too l  p la te  was  no t  
su f f i c ien t  to  t rans fe r  the  load  in  the  damaged cases .  I t  was  
cons idered  tha t  the  f i t t i ng  ang le  o f  the  suppor t ing  s t ruc tu re  was  
a lso  an  impor tan t  fac to r  in  e f fec t i ve ly  t rans fe r r ing  the  load  and  
to  avo id ing  unaccep tab le  s t ress  concen t ra t ions .  
 
4.4  DAMAGES DUE TO LACK OF CONTINUITY 

(MISALIGNMENT)  
 
Even  though  e f fec t i ve  suppor t ing  s t ruc tu res  were  p rov ided ,  
some c rack  damages  were  recorded  a t  the  end  connec t ions  o f  
ve r t i ca l l y  co r ruga ted  bu lkhead .  Judg ing  f rom the  de ta i l s ,  i t  was  
assumed tha t  d i f fe rences  in  the  th ickness  and  the  we ld ing  
leng th  be tween the  cor ruga t ion  and  i t s  suppor t ing  s t ruc tu re  was  
the  cause  o f  the  damages .  
 
For  the  purpose  o f  e f fec t i ve  t ransmiss ion  o f  loads  f rom the  
cor ruga ted  bu lkhead  to  the  undernea th  suppor t ing  s t ruc tu res ,  i t  
i s  cons idered  tha t  the  adequate  con t inu i t y  o f  p la te  th ickness  and  
we ld ing  leng th  a re  a lso  impor tan t  fac to r  o f  the  des ign .  
 
 
 
 

(Direct connection to inner bottom) (With lower stool) 



 
 
 
 
 
 
 
 
 
 
 
 
                F igure  4 :  Crack  due  to  lack  o f  con t inu i t y .  
 
 
5.  DESIGN DEVELOPMENT BASED ON FEEDBACK FROM 

EXPERIENCES 
 
In  o rder  to  m i t iga te  any  r i sk  o f  s im i la r  damages  re la ted  to  
co r ruga ted  bu lkhead  s t ruc tu res ,  lessons  lea rned  f rom pas t  
exper ience  and  ver i f i ca t ion  resu l t s  us ing  the  la tes t  des ign  
techno log ies  have  been  incorpora ted  in  new des igns .  
 
5 .1  DESIGN OF SUPPORTING STRUCTURES 
 
Cons ider ing  the  e f fec t i ve  suppor t  o f  co r ruga t ion  f langes ,  f l oo rs  
and  g i rders  have  been  p rov ided  jus t  under  the  cor ruga t ion  
f lange  in  recen t  des igns .  
 
To  ver i f y  the  e f fec t i veness  o f  suppor t ing  s t ruc tu re ,  ana lys is  o f  
se lec ted  parameters  has  been  car r ied  ou t  us ing  f in i te  e lement  
ana lys is .  F igure  5  shows  how the  s t ress  o f  the  corner  o f  the  
cor ruga ted  p la te  w i l l  be  decreased  by  p rov id ing  a  r ig id  
suppor t ing  s t ruc tu re  e f fec t i ve ly  undernea th  the  cor ruga t ion  
f lange .  
 
The  cond i t ions  o f  the  ca lcu la t ion  a re  shown be low.  
•  T ransverse  ver t i ca l l y  co r ruga ted  bu lkhead  was  mode l led  w i th  

re levan t  suppor t ing  s t ruc tu res .  
•  One  s ide  o f  the  cor ruga t ion  f l ange  was  suppor ted  by  the  f loo r  

p la te .  
•  Ano ther  s ide  o f  the  f lange  was  suppor ted  by  var ious  types  o f  

s t i f feners ,  as  shown in  Tab le  1 .  
•  50mm x  50mm she l l  e lements  were  used  
•  S ta t i c  ca rgo  p ressure  was  se t  as  an  ou t -o f -p lane  load  
•  Von-Mises  s t resses  a t  the  corner  o f  co r ruga t ion  were  compared  

to  ve r i f y  the  e f fec t i veness  o f  suppor t ing  s t ruc tu res  
 
 



Tab le  1 :  Dep th  o f  S t i f fener  fo r  Se lec ted  Cases  

  

   *1 :  Suppor t ing  s t ruc tu re  (case  5 )  i s  equ iva len t  to  f l oo r  
       *2 :  d0 :  Dep th  o f  cor ruga t ion  as  shown in  F igure  5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igure  5 :  Re la t i ve  s t ress  by  dep th  o f  suppor t ing  s t ruc tu re .  
 
 
F rom th is  ana lys is ,  i t  was  con f i rmed tha t :  
•  S t ress  a t  the  co rner  o f  the  end  cor ruga t ion  dec reases  i f  a  

deeper  suppor t ing  s t ruc tu re  i s  f i t t ed  be low the  cor ruga t ion  
f l ange .   

•  When the  suppor t  dep th  exceeds  ha l f  o f  the  dep th  o f  
co r ruga t ion ,  the  s t ress  reduc t ion  ra t io  becomes lower .  

•  Ha l f  o f  the  dep th  o f  co r ruga t ion  dep th  i s  cons idered  an  
e f fec t i ve  dep th  fo r  a  suppor t ing  s t ruc tu re  

•  Suppor t ing  s t ruc tu re  such  as  f l oo r /g i rde rs  undernea th  the  
cor ruga t ion  f lange  a re  su i tab le  

 
5.2  APPLICATION OF FULL PENETRATION WELDING 
 
To  improve  the  we ld ing  a t  the  lower  end  o f  co r ruga ted  bu lkheads ,  
fu l l  pene t ra t ion  we ld ing  ins tead  o f  f i l l e t  we ld ing  has  been  
app l ied  a t  the  corner  o f  the  cor ruga t ion  in  recen t  des igns .  I t  i s  
expec ted  tha t  the  app l i ca t ion  o f  fu l l  pene t ra t ion  we ld ing  w i l l  
l ower  the  s t ress  concen t ra t ion  and  min im ize  the  r i sk  o f  c rack ing  
a t  the  lower  end  o f  co r ruga ted  bu lkheads .   
 
 

Case  1  2  3  4  5 ( *1 )  
Dep th  o f  

s t i f fener /d 0 ( *2 )  0 .31  0 .46  0 .62  0 .92  2 .06  
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F igu re  6 :  Improvement  o f  we ld ing  a t  lower  co r ruga ted  bu lkhead .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igure  7 :  S t ress  d is t r ibu t ion  a t  the  corner  o f  co r ruga t ion .  
 
F igure  7  shows the  s t ress  d is t r ibu t ion  a t  the  corner  o f  a  lower  
end  connec t ion  o f  a  ve r t i ca l l y  co r ruga ted  bu lkhead  us ing  very  
f ine  mesh (17mm x  17mm)  FEA mode l  re f lec t ing  the  ac tua l  
shape  o f  the  corner  rad ius .  As  can  be  seen  in  th is  f i gu re ,  s t ress  
concen t ra tes  a t  the  co rner  o f  the  cor ruga t ion  and  d ras t i ca l l y  
decreases  toward  the  cen te r  o f  the  cor ruga t ion  f lange  and  web.  
Accord ing ly ,  i t  was  con f i rmed tha t  fu l l  pene t ra t ion  we ld ing  was  
e f fec t i ve  a t  the  v ic in i t y  o f  the  cor ruga t ion  corner  as  a lso  shown 
f rom the  damage exper ience .  Moreover ,  wh i le  the  use  o f  f i l l e t  
we ld ing  has  some r i sk  o f  a l low ing  unexpec ted  gaps  to  rema in  a t  
the  lower  end  o f  co r ruga ted  bu lkhead ,  fu l l  pene t ra t ion  we ld ing  i s  
e f fec t i ve  in  m i t iga t ing  the  r i sk  o f  s t ress  concen t ra t ions  caused  
by  unexpec ted  gaps .   
 
To  ver i f y  the  e f fec t i veness  o f  fu l l  pene t ra t ion  we ld ing  and  the  
e f fec t  o f  gaps  in  f i l l e t  we ld ing ,  case  s tud ies  were  car r ied  ou t  
us ing  very  s imp l i f i ed  we ld ing  mode l .  
 
 
 

(a )  F i l l e t  We ld ing  (b )  Fu l l  Pene t ra t ion  Weld ing  
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F igure  8 :  S imp l i f i ed  mode l  o f  we ld ing  and  app l ied  load  cases  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igure  9 :  Re la t i ve  Von-Mises  s t ress  a t  Pos i t i on  A .  
(S t ress  o f  Fu l l  Pene t ra t ion  =  1 .0 )  

 
 
The  resu l t  shows sens i t i ve  s t ress  concen t ra t ions  due  to  gaps  
caused  by  tens i le  loads ,  wh i le  the  e f fec t  o f  gaps  i s  no t  so  
dominan t  in  s t ress  concen t ra t ion  resu l t i ng  f rom bend ing  loads .  
Cons ider ing  the  combina t ion  o f  loads  in  the  ac tua l  cond i t ion  o f  
such  a  cor ruga ted  bu lkhead ,  i t  i s  assumed tha t  the  p resence  o f  
unaccep tab le  f i l l e t  we ld ing  gaps  w i l l  resu l t  i n  s t ress  leve ls  a t  
the  we ld ing  toe  (Pos i t i on  A)  tha t  a re  eas i l y  1 .3~2 .5  t imes  tha t  
compared  w i th  fu l l  pene t ra t ion  we ld ing .  I t  was  a lso  observed  
tha t  h igher  s t ress  by  tens i le  load  occurs  a t  the  roo t  due  to  the  
reduced  th roa t  th i ckness  by  gaps .  Of  course ,  i t  i s  need less  to  
say  tha t  such  gaps  have  to  be  adequate ly  con t ro l led  under  
norma l  sh ipbu i ld ing  qua l i t y  s tandards ,  however  fu l l  pene t ra t ion  
we ld ing  w i l l  m i t iga te  the  r i sks  o f  gaps  sa t i s fac to r i l y .   
Moreover ,  g r inder  t rea tment  has  been  app l ied  recen t l y  a t  the  
corners  o f  co r ruga t ions  to  f i n i sh  the  we ld ing  toe  smooth ly  and  
thereby  decrease  the  s t ress  concen t ra t ion  a t  the  pos i t i on .  

Tensile load

Fixed

Tensile load

Fixed

GapGap

AA

GapGapGapGapGapGap

AA



Al though  i t  i s  a lso  e f fec t ive  to  remove any  we ld ing  de fec ts  such  
as  undercu t t ing  and  over lapp ing  comple te ly ,  such  t rea tment  
shou ld  be  app l ied  w i th  ca re  so  as  no t  to  reduce  the  th roa t  
th i ckness  o f  the  we ld ing  beyond  unaccep tab le  leve ls .  
 
5.3  OTHER STRUCTURAL ARRANGEMENTS 
 
Sca l lops  in  the  d iaphragms in  way  o f  the  connec t ions  o f  the  
s too l  s ides  to  the  inner  bo t tom and  to  the  s too l  top  p la te  a re  
norma l l y  c losed  as  s t ress  concen t ra t ion  pos i t i on  in  recen t  
des igns .   
 
As  gusse t  and  shedder  p la tes  have  been  common ly  app l ied  to  
the  cor ruga ted  bu lkheads  o f  la rge  bu lk  ca r r ie rs  to  reduce  s t ress  
concen t ra t ions  a t  the  lower  end  connec t ion ,  case  s tud ies  us ing  
F in i te  E lement  Ana lys is  (FEA)  to  ve r i f y  the  s t ress  leve ls  have  
been  conduc ted  fo r  t r i a l  re in fo rcement  us ing  gusse t  and  shedder  
p la tes .  A l though  each  s t ress  leve l  cou ld  be  ver i f i ed  toge ther  
w i th  i t s  e f fec t i veness  to  lower  s t ress  concen t ra t ions  a t  the  end  
connec t ion  o f  the  cor ruga ted  bu lkhead ,  some techn ica l  key  
i ssues  s t i l l  rema in  regard ing  the  app l i ca t ion  o f  th i s  k ind  o f  
re in fo rcement  to  p roduc t /chemica l  tankers  as  shown be low.  
 
•  Adequate  a r rangement  o f  manho les  and  a i r  ho les  i s  necessary  

to  avo id  the  fo rmat ion  o f  any  gas  pocke ts  in  the  enc losed  
space  fo rmed by  the  gusse t  and  shedder  p la tes .  

•  We ld ing  be tween the  gusse t /shedder  p la te  and  cor ruga t ion  
needs  to  be  done  care fu l l y ,  s ince  cor ruga t ion  i s  norma l l y  
cons t ruc ted  no t  by  bu i l t -up  bu t  co ld - fo rmed by  bend ing  w i th  
co rner  rad i i .  

•  When shedder  p la tes  c ross  th rough  the  web p la te  o f  the  
cor ruga t ion ,  h igher  s t ress  concen t ra t ions  occur  a t  the  c ross  
po in ts  as  shown in  F igure  10 .  To  avo id  such  s t ress  
concen t ra t ions ,  wh ich  may  lead  to  the  c rack ing  and  subsequent  
ca rgo  con tamina t ion ,  suppor t ing  b racke ts  o r  ca r l i ngs  need  to  
be  p rov ided  on  the  shedder  p la tes .  However  those  
b racke ts /ca r l i ngs  need  to  be  p rov ided  on  the  backs ide  o f  the  
cargo  tank  in  o rder  to  a l low comple te  ca rgo  tank  wash ing  
w i thou t  any  shadow areas .  Compl i ca ted  fabr i ca t ion  in  a  nar row 
space  i s  requ i red  to  we ld  the  b racke ts  o r  ca r l i ngs  under  the  
shedder  p la tes .  

•  Non-c ross  type  gusse t  and  shedder  p la tes  a re  p re fe rab le  to  
avo id  the  compl i ca ted  fabr i ca t ion  descr ibed  in  the  above ;  
however ,  h igher  gusse t  p la te  w i l l  c rea te  a  la rge  enc losed  
space  (vo id  o r  ba l las t  tank ) .  Th is  wou ld  f i na l l y  leads  to  a  loss  
o f  ca rgo  capac i t y ,  wh ich  i s  c r i t i ca l  i n  tanker  des igns .  

 
U t i l i za t ion  o f  gusse t  and  shedder  p la tes  i s  one  o f  the  op t ions  fo r  
re in fo rc ing  the  lower  end  connec t ions  o f  ve r t i ca l l y  co r ruga ted  



bu lkheads .  However  in  the  ac tua l  des ign  o f  tankers ,  i t  i s  no t  
common to  app ly  th i s  re in fo rcement ,  s ince  the  des igners  t r y  to  
m in im ize  the  r i sk  o f  d i f f i cu l t  fab r i ca t ion ,  wh ich  may  lead  to  
de fec ts  o f  we ld ing  and  loss  o f  i n tegr i t y ,  fo r  the  sa fe  opera t ion  o f  
tankers  ca r ry ing  f lammab le  l i qu ids .  
Accord ing ly ,  i t  i s  recommended no t  to  make  the  p rov is ion  o f  
gusse t  and  shedder  p la tes  mandato ry  in  tanker  des igns  even  i f  i t  
i s  requ i red  and  sa t i s fac to ry  app l ied  in  the  des igns  o f  bu lk  
ca r r ie rs .  
 
 
 
 
 
 
  
 
 
  
 
 
 
 

F igure  10 :  C losed  sca l lops  and  c ross - type  shedder  p la te .  
 
 
6.  LATEST RULE REQUIREMENTS FOR CORRUGATED 

BULKHEADS 
 
Common St ruc tu ra l  Ru les  (CSR)  fo r  Doub le  Hu l l  O i l  Tankers  [3 ]  
have  been  newly  app l ied  to  doub le  hu l l  o i l  tankers  o f  150m 
leng th  and  above  and  con t rac ted  fo r  cons t ruc t ion  on  o r  a f te r  1  
Apr i l  2006 .  As  the  CSR a lso  cover  the  s t ruc tu re  o f  co r ruga ted  
bu lkheads ,  the  CSR have  been  deve loped  to  re f lec t  feedback  
f rom pas t  damage exper iences  toge ther  w i th  the  la tes t  des ign  
c r i te r ia  o f  f i n i te  e lement  ana lys is  (FEA) .  
 
6.1  REQUIREMENTS OF STRUCTURAL ARRANGEMENT IN  CSR 
 
For  the  adequate  s t ruc tu ra l  a r rangement  cons ider ing  the  
con t inu i t y  o f  s t reng th ,  p resc r ip t i ve  requ i rements  o f  s t ruc tu ra l  
a r rangement  and  we ld ing  a re  requ i red  by  the  CSR.  For  example :  
 
-  Sh ips  w i th  a  mou lded  dep th  equa l  to  o r  g rea te r  than  16m are  

to  be  f i t ted  w i th  a  lower  s too l .   
-  The  ex tens ion  o f  the  s too l  top  p la t ing  beyond the  cor ruga t ion  

i s  no t  to  be  less  than  the  as -bu i l t  f l ange  th ickness  o f  the  
co r ruga t ion .  



-  Wi th in  the  reg ion  o f  the  cor ruga t ion  dep th  f rom the  s too l  top  
p la te  the  ne t  th i ckness  o f  the  s too l  s ide  p la te  i s  no t  to  be  less  
than  90% o f  tha t  requ i red  fo r  the  cor ruga ted  bu lkhead  f lange  a t  
the  lower  end  and  i s  to  be  o f  a t  leas t  the  same mate r ia l  y ie ld  
s t reng th .  

-  Con t inu i t y  i s  to  be  ma in ta ined ,  as  fa r  as  p rac t i cab le ,  be tween 
the  cor ruga t ion  web and  suppor t ing  b racke ts  ins ide  the  s too l .  
The  b racke t  ne t  th i ckness  i s  no t  to  be  less  than  80% o f  the  
requ i red  th ickness  o f  the  cor ruga t ion  webs  and  i s  to  be  o f  a t  
l eas t  the  same mate r ia l  y ie ld  s t reng th .  

-  Sca l lops  in  the  d iaphragms in  way  o f  the  connec t ions  o f  the  
s too l  s ides  to  the  inner  bo t tom and  to  the  s too l  top  p la te  a re  
no t  permi t ted .  

 
-  For  sh ips  w i th  a  mo lded  dep th  less  than  16m,  the  lower  s too l  

may  be  e l im ina ted .  
-  Doub le  bo t tom f loo rs  o r  g i rde rs  a re  to  be  f i t ted  in  l i ne  w i th  the  

cor ruga t ion  f langes  fo r  t ransverse  o r  long i tud ina l  bu lkheads ,  
respec t i ve ly .  

-  B racke ts /ca r l i ngs  a re  to  be  f i t ted  be low the  inner  bo t tom and  
hopper  tank  in  l i ne  w i th  co r ruga t ion  webs .  Where  th is  i s  no t  
p rac t i cab le  gusse t  p la tes  w i th  shedder  p la tes  a re  to  be  f i t ted .  

-  Wi th in  the  reg ion  o f  the  cor ruga t ion  dep th  be low the  inner  
bo t tom the  ne t  th i ckness  o f  the  suppor t ing  doub le  bo t tom f loo rs  
o r  g i rders  i s  no t  to  be  less  than  the  ne t  th i ckness  o f  the  
cor ruga ted  bu lkhead  f lange  a t  the  lower  end  and  i s  to  be  o f  a t  
l eas t  same mate r ia l  y ie ld  s t reng th .  

-  B racke ts /ca r l i ngs  a r ranged  in  l i ne  w i th  the  cor ruga t ion  web a re  
to  have  a  dep th  o f  no t  less  than  0 .5  t imes  the  cor ruga t ion  dep th  
and  a  ne t  th i ckness  no t  less  than  80% o f  the  ne t  th i ckness  o f  
the  cor ruga t ion  webs  and  a re  to  be  a t  leas t  the  same mate r ia l  
y ie ld  s t reng th .  

-  Cu t  ou ts  fo r  s t i f feners  in  way  o f  suppor t ing  doub le  bo t tom 
f loo rs  and  g i rders  in  l i ne  w i th  co r ruga t ion  f langes  a re  to  be  
f i t ted  w i th  fu l l  co l la r  p la tes .  

-  Sca l lops  in  b racke ts ,  gusse ts  p la tes  and  shedder  p la tes  in  way  
o f  the  connec t ions  to  the  inner  bo t tom or  co r ruga t ion  f lange  
and  web a re  no t  permi t ted .  

-   Fu l l  pene t ra t ion  we lds  a re  to  be  used  in  the  lower  end  o f  
ve r t i ca l  co r ruga ted  bu lkhead  connec t ions .  

 
Cons ider ing  the  ver i f i ca t ion  resu l t s  in  sec t ions  5 .1  to  5 .3  above ,  
i t  i s  cons idered  reasonab le  and  e f fec t ive  to  app ly  the  above  
requ i rements  in  o rder  to  have  sa t i s fac to ry  con t inu i t y  o f  s t reng th .  
As  fo r  the  we ld ing  a t  the  lower  end  o f  ve r t i ca l l y  co r ruga ted  
bu lkheads ,  app l i ca t ion  o f  fu l l  pene t ra t ion  we ld ing  i s  requ i red  no t  
on ly  a t  the  cor ruga t ion  corner  bu t  a lso  a long  the  para l le l  po r t ion  
o f  the  cor ruga t ion  f lange /web.  F rom the  v iew po in t  o f  the  
in tegr i t y  o f  l i qu id - t igh tness ,  app l i ca t ion  o f  fu l l  pene t ra t ion  



weld ing  g ives  h igher  sa fe ty  ra ther  than  f i l l e t  we ld ing  a lso  in  
a reas  no t  sub jec t  to  h igh  s t ress .  However ,  i t  i s  no t  requ i red  to  
app ly  edge  t rea tment  such  as  a  g r inder  o r  add i t iona l  T IG  
we ld ing  wh ich  g ives  more  smoothed  sur face  under  the  
requ i rements  o f  the  CSR.   
Cons ider ing  the  recen t  feedback  f rom damage records  and  
ana lys is ,  i t  i s  the  op in ion  o f  mos t  Japanese  sh ipbu i lde rs  tha t  fu l l  
pene t ra t ion  we ld ing  shou ld  be  requ i red  on ly  to  the  corner  par t  o f  
the  cor ruga t ion ,  s ince  the  s t ress  concen t ra t ion  and  subsequen t  
damage records  were  observed  p r imar i l y  in  the  l im i ted  corner  
a rea  and  no  damage record  lead ing  to  loss  o f  l i qu id - t igh tness  
has  been  repor ted  a t  f i l l e t  we ld ing  o f  para l le l  pa r t .  Ac tua l l y  i t  
was  recen t  p rac t ice  be fo re  the  in t roduc t ion  o f  the  CSR to  app ly  
fu l l  pene t ra t ion  we ld ing  and  g r inder  t rea tment  to  the  corner  par t  
and  thus  cons idered  sa t i s fac to ry .  
 
6.2  REQUIREMENTS OF F INITE ELEMENT ANALYSIS (FEA)  IN  

CSR 
 
In  add i t i on  to  p resc r ip t i ve  requ i rements ,  the  fo l low ing  FEA are  
requ i red  by  the  CSR in  o rder  to  ve r i f y  the  scan t l i ngs  o f  each  
cor ruga ted  bu lkhead  and  i t s  re la ted  s t ruc tu res :  
 
•  Overa l l  s t ress  and  buck l ing  ana lys is  by  coarse  mesh  (app .800  

mm x  800  mm)  
•  F ine  mesh  s t ress  ana lys is  o f  l ower  end  connec t ion  o f  ve r t i ca l l y  

co r ruga ted  bu lkhead  (50  mm x  50  mm)  
As  i t  i s  we l l  known tha t  the  leve l  o f  s t ress  represen ted  a t  s t ress  
concen t ra t ion  a reas  i s  s t rong ly  sens i t i ve  to  mesh  s ize ,  case  
s tud ies  have  been  done  to  inves t iga te  the  impac t  o f  the  above  
requ i rements  and  c r i te r ia  in  the  ru les .  
 
Paramet r i c  ana lys is  was  car r ied  ou t  chang ing  the  s i ze  o f  the  
mesh  a round  the  corner  co r ruga t ion  to  know the  sens i t i v i t y  o f  
s t ress  leve ls .  The  ana lys is  was  car r ied  ou t  under  the  fo l low ing  
cond i t i ons :  
 
•  Vesse l  s i ze :  MR Tanker   
•  Mode l  s i ze  and  app l ied  load :   

3  Tank  leng th  mode l ,  z ig -zag  load ing  case  
•  Type  o f  co r ruga t ion :  

 Ver t i ca l l y  co r ruga ted  bu lkhead  w i th  lower  s too l  
•  Ne t  th i ckness :  22mm (cor ruga ted  bu lkhead ,  s too l  top  p la te ,  and  

s too l  s ide  p la te )  
•  Des ign  dens i t y  o f  ca rgo :   

0 .8 ,  1 .025 ,  1 .3 ,  1 .5 ,  1 .85  ( t /m3)   
•  S ize  o f  mesh :   

Very  f i ne  mesh  (17mm x  17mm)  
F ine  mesh  (50mm x  50mm)  



Coarse  mesh  (615mm x  615mm)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        F igu re  11 :  FEA models  us ing  d i f fe ren t  mesh  s ize .  
 
 
F igure  12  shows the  resu l t s  o f  the  Von-Mises  s t resses  fo r  
d i f fe ren t  s i ze  o f  e lement ,  wh ich  be longs  to  the  cor ruga t ion  web 
and  inc ludes  the  corner  o f  the  co r ruga t ion .  “D is tance  f rom 
cor ruga t ion  corner ”  means  the  d is tance  f rom the  cor ruga t ion  
corner  to  the  cen te r  o f  the  eva lua ted  e lement .  (Ex :  25  mm fo r  50  
mm x  50  mm f ine  mesh. )  The  resu l t s  be tween coarse  mesh and  
f ine  mesh  were  der i ved  by  the  averaged  s t ress  us ing  the  s t ress  
o f  f i ne  mesh  e lements  in  the  reg ion .   
F ive  cases  o f  des ign  cargo  dens i t y  were  app l ied  as  cargo  loads .  
I t  was  subsequent l y  con f i rmed tha t  the  tendency  o f  s t ress  
inc rease  was  the  same regard less  o f  des ign  cargo  dens i t y .  
On  the  o ther  hand ,  i t  was  c lear l y  observed  tha t  the  e lement  
s t resses  o f  the  co r ruga t ion  co rner  s t rong ly  depend  on  the  s i ze  
o f  the  mesh ,  espec ia l l y  in  the  range  be low 200mm x  200mm.   
As  the  ex ten t  o f  s t ress  w i l l  d i rec t l y  a f fec t  the  scan t l i ngs  
norma l l y  needed fo r  a  co r ruga ted  bu lkhead ,  i t  i s  reasonab le  and  
impor tan t  to  de f ine  the  s ize  o f  the  f ine  mesh  such  as  50mm x  
50mm common ly  used  fo r  the  eva lua t ion  o f  the  s t ress  
concen t ra t ion  a rea .  
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F igure  12 :  Von-Mises  s t ress  o f  co r ruga ted  corner  
(γ=cargo  dens i t y ,  t /m 3 )  

 
 
However ,  a t  the  same t ime,  the  fo l low ing  impor tan t  i ssues  were  
a lso  repor ted  f rom var ious  des igners  to  sa t i s fy  the  c r i te r ia  o f  
50mm x  50mm f ine  mesh  ana lys is  in  the  CSR.  
 
•  Cons iderab le  scan t l i ng  inc rease  i s  requ i red  even  fo r  des igns  

hav ing  sa t i s fac to ry  se rv ice  exper ience ,  i f  the  ex is t ing  
cor ruga t ion  span  i s  ma in ta ined .  

•  The  requ i red  scan t l i ngs  a re  cu r ren t l y  reach ing  a lmos t  the  
max imum th ickness  a l lowab le  o f  co r ruga t ion  due  to  the  bend ing  
capac i t y  o f  the  fac i l i t i es  used  to  fab r i ca te  co ld - fo rmed 
cor ruga te  bu lkheads .  

•  Once  the  th ickness  exceeds  the  a l lowab le  leve l ,  the  des igners  
have  to  mod i fy  the  span  o f  co r ruga t ion  by  p rov id ing  
upper / lower  s too ls  o r  by  mod i fy ing  the  des ign  spec i f i c  g rav i t y  
o f  the  cargo  tanks  to  a  lower  va lue .  

•  In  each  case ,  o f  course ,  a  h igher  leve l  o f  sa fe ty  w i l l  be  
ach ieved  by  the  mod i f ied  des ign .  However ,  i t  w i l l  a l so  lead  to  a  
loss  o f  ca rgo  capac i t y  fo l lowed by  h igher  bu i ld ing  cos ts  and  
opera t ion  cos ts  compared  w i th  s im i la r  des igns  w i th  
demons t ra ted  h is to ry  o f  success fu l  se rv ice  exper ience .  

 
Cons ider ing  the  above  s i tua t ion  in  recen t  sh ip  des igns ,  i t  i s  
cons idered  necessary  to  con t inuous ly  wa tch  the  serv ice  
h is to r ies  o f  tankers  hav ing  cor ruga ted  bu lkheads  and  to  ve r i f y  
whe ther  the  la tes t  ru les  a re  rea l l y  appropr ia te  f rom the  
v iewpo in t  o f  bo th  sa fe ty  and  re l iab i l i t y .  
As  a  m in imum,  g r inder  t rea tment  and /o r  use  o f  an t i - fa t igue  s tee l  
shou ld  be  rev iewed poss ib le  so lu t ions  fo r  he lp ing  to  keep  
scan t l i ng  inc reases  a t  reasonab le  leve ls ,  i f  sa t i s fac to ry  
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procedures  fo r  the  des ign ,  cons t ruc t ion  and  survey  can  be  
es tab l i shed .  
 
 
7.  CONCLUSIONS 
 
Cor ruga ted  bu lkheads  a re  essen t ia l  s t ruc tu res  fo r  p roduc t  and  
chemica l  tankers  and  su f f i c ien t  se rv ice  records  have  
demons t ra ted  the  advan tages .  In  recen t  des igns  o f  tankers ,  
co r ruga ted  bu lkheads  a lso  tend  to  be  app l ied  in  la rger  s i zed  
p roduc t  and  chemica l  tankers  cu r ren t l y  be ing  bu i l t  i n  response  
to  the  inc reased  demand fo r  the  t r anspor t  o f  p roduc t  o i l s  and  
chemica l  p roduc ts  and  the  amendment  o f  MARPOL Annex  I I  and  
the  IBC Code.   Ru les  and  des igns  o f  co r ruga ted  bu lkheads  have  
been  improved  to  cover  va r ious  complex i t i es  o f  fab r i ca t ions  and  
opera t ions  based  on  sa t i s fac to ry  se rv ice  exper ience  toge ther  
w i th  feedback  f rom damage records  and  recen t  des ign  
techno log ies  us ing  FEA.   
 
Such  feedback  i s  a lso  incorpora ted  in  the  la tes t  ru les  cover ing :  
•  genera l  s t ruc tu ra l  a r rangements  
•  suppor t  s t ruc tu re  inc lud ing  i t s  con t inu i t y   
•  fu l l  pene t ra t ion  we ld ing ,  and  
•  assessment  by  FEA.  
 
I t  i s  need less  to  say  tha t  sa fe ty  shou ld  a lways  be  the  f i r s t  
p r io r i t y  in  the  co r ruga ted  bu lkheads  des ign ,  wh ich  p lays  a  key  
ro le  in  ma in ta in ing  sa t i s fac to ry  s t ruc tu ra l  i n tegr i t y  w i thou t  any  
fa i lu res  lead ing  to  ca rgo  con tamina t ion ,  wh i le  a t  the  same t ime 
re ta in ing  p lane  sur faces  tha t  be t te r  fac i l i t a te  comple te  cargo  
tank  wash ing .  
However ,  i t  has  been  a lso  repor ted  tha t  cons iderab le  scan t l i ng  
inc rease ,  wh ich  may  beyond  the  capac i t y  o f  ex is t ing  fac i l i t i es  o f  
many  yards  to  fab r i ca te  us ing  co ld - fo rming  techno log ies ,  i s  
requ i red  by  f ine  mesh  ana lys is  in  the  CSR.  In  some cases ,  
des igners  have  mod i f ied  the  in i t i a l  des ign  to  save  unaccep tab le  
scan t l i ng  inc rease  even  i f  the  des ign  has  sa t i s fac to ry  se rv ice  
exper ience  w i thou t  any  damages .  
Con t inuous  upda t ing  o f  the  ru les  and  des igns  no t  on ly  requ i r ing  
inc reased  th ickness  bu t  a lso  a l low ing  fo r  the  es tab l i shment  o f  
new techno log ies  shou ld  be  per fo rmed,  wh i le  wa tch ing  the  
va luab le  se rv ice  exper ience  o f  ex is t ing  des igns  care fu l l y .  
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