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ABSTItaCT

71iis paper summarizes  the results of exten,give researeh  on  the desig. n  loacts usedjbr  strength  assessment  of'various merehant

ship  structures  such  as  tankers, hutk carriers,  and  container  ships.  111re main  aim  ofthe research  was  to develop praetical
methods  for estimating  design loacls acting  on  primaly  structural  fnembers' oftankers, bulk carriers,  and  eontainer  ships

based on  rationat  technical  backgrounds.

In this stuc6J:

ij Design  sea  states  that  closely  resemble  the actual  sea  states  which  a"e  considered  as  being the most  severe  for hull
  structures  are  proposed

2) Practieal methods  f}]r estitnating  the design sea  states are proposed based on  paramen"ic  stzadies  using  the resutts  of
  series  calcutations  on  representative  merchant  ships.

3) Practieal methoalgfor  estimating  design regular  waves  that  result  in the same  level of'stffesses as  that induced  in irreguXar

  waves  undbr  design sea  states are  proposed
tij  Practical methods.for  estimating  clesig. n  toaats such  as  ship  snotions,  aeceterations,  hull-girder bending moments,  and

  Ju]dbodynamic pressures that  are  indueed ttnder  clesig. n  regulanvave  conditions  are  bricfly introduced.

T7ie.findingy in this study  have been sttmmcxrized  and  inrpiemented in new  design siandardts.for  tanker, bulk carrieny and

coniainer  skip  structures  (Gztidelines ,for 7tinker &ructures, 2001, Aiippon Kaiji 1<},okai; Guidetines .for Bzalk Carrier
Skructures, 2002, Nippon  Kaiji K))okai; andCuidelinesfor  container  Carrier Slrructures, 2003, ,Vippon  Kaij'i Ib,okaij.

1(leJ;wortts.' 7lrnker .ytructures; Bulk carrier  st"uetures;

Design regular  waves;  Design loacls

Coniainer ship  sn'ztctures;Slrrength  as,s'essment; Design  sea  states,'

1. INTRODUCTION

The strength  of  ship  structures  is generally evaluated  by

setting design loads, perfbrming structural ana]ysis  using

these design loads, and  by asscssing  yielding, buckling and

fatigue strength  using  the resu]ts ofthe  structural ana]ysis.  In

this sequence  of  strength  assessment  procedures, the setting

of  design loads comes  first. Thus, the accuracy  of  the design

loads is considered  to be an  extremely  jmportant requirement,

especially  since  it significantly  influences the fina] structura]

scantlings  and  the safety  ofthe  ship  structure.  Furthermore,

desigri loads should  be closely  ]inl(ed with  clesign conditions

or  operating  conditions  related  to hull structural  strength,  and

should  always  be reforenced  over  the entire service  life ofa

ship  starting with  the design stage, through  construction,

operation,  and  finally the serapping  ofthe  ship.

  However,  most  of  the design loads currentiy  proposed are
used  as  standard  loads for the  sake  of  convenience,  and  their

relationships  with  the sea  states  actual]y  encountered  by  the

shjp  are  ambiguous.  For this reason,  it is difificult to offer

these  design loads to designers and  ship  operators  fbr use  as

design conditions  and  operating  conditions.  and  to cstablish

clear-cut  relationships  between  these  conditions.  In vicw  of

this background, various  efforts,  for example,  by many

researchers  (Toki (1997), Kawabe  (l999), ClassNK (L999),
and  Baarholm  &  Moan  (2000)) have been made  in recent

years for developing cstiniation niethods  of  the design sea

states  in a rationa]  manner.  However, these niethods  cannot

be considered  practical. (Jnder these circumstances,  the

authors  developed practical methods  for estimating  design

sea  states  for primary structural mcmbers  of  tankers

(Shigemi &  Zhu, 2003), bu]lc carrjers (Zhu &  Shigemi,
2003), and  container  ships  focusing mainly  on  yielding and
buckling strengths  for which  the  maximum  Ioads are  critical.
'rhese

 methods  are  detailod in this paper. The authors  have
also  developed practical methods  for estimating  design
regu]ar  waves  and  design ]oads corresponding  to the design

sea  states,  which  are  also  described in this paper.
*
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  The  design sea  states, design regular  waves  and  design

loads used  in this paper are  defined as  fo11ows:

Design  sea  state: Short-term sea  state that generates response

values  equivalent  to the long-term predictions of  stress

(North Atlantic Ocean, who}e  year, exceedance  probability

9=10-S, all headings) fbr primary stmctural  members  ofthe

ship.Dasign

 regular  wavei  Regular wave  that generates response

values  equivalent  to the response  values  generated in

irreguLar waves  under  design sea  state.

Design  loatts: Loads  acting  on  the  hull structure  under  design

regular  waves.

  The  work,  the results  ofwhich  are  detailed in this paper,

has been done in five stages,  which  may  be summarized  as

fo11ows.

1) Stress response  functiens are  determined for primary

   structural  merpbers  of  a  doub]e-hull VLCC,  a  Cape-size

   buLk carrier, and  a post-Panamax container  ship  using  the

   most  advanced  structural  analysis  method  currently

   available.  The combinations  of  mean  wave  period and

   wave  encountering  angle  when  the standard  deviation pcr

   significant  wave  height becomes maximurn  are  evaluated

   by using  the results of  short-terni  predjctions, and  the

   dominant short-term  sea  states  for strength  of  primary
   stmctural  members  are selected.

2) The  dominant load components  that reproduce

   short-term  sea states equivalent  to the selected  short-term

   sea  states  at  stress  level are  identified. LJsing these

   identified dominant load components,  the significant

   wave  heights and  maximum  wave  heights that generate

   respenses  equivalent  to thc leng-term predictions of  the

   stresses are  eva]uated.  Here, the long-term prediction is

   made  by the widely  used  !ong-term prediction methods

   proposed, e.g.,  by Fulcuda (1967).
3) Based on  the results of  stages  1) and  2), the short-term

   sea  states that generate the response  values  equivalent  to

   the Iong-term predictions of  the stresses  acting  on

   primary structuraE members  oftankers,  bulk carriers, and

   container  ships  are  proposed  as  design sea  states.

   Practicafi methods  for estimating  the desigri sea states

   using  sirnplified  fomnulae are  also  proposed  based on  the

   resutts ofseries  calculations.

4) For fumher practical use  from the design viewpoint,

   regular  waves  that generate response  values  equivalent  to

   the response  values  under  design sea  states are proposed
   as design regular  waves,  considering  that the  regular

   waves  are simple  and  the phases between various  design
   loads are  clear.  Various loads that act  on  the hull

   structure  in the design regular  waves  are also proposed  as

   design loads. Furthermore, practical methods  fbr

   estimating  the design regular  "aves  and  design loads

   using  simplified  forrnulae are proposed based on  the

   results  ofseries  calculations.
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5) The  design loads obtained  by the siTnplified  formulae

   proposed  here are applied  to the hold models  of  a

   double-hul] VLCC,  a  Cape-size bulk carrier, and  a

   post-Panamax  container  ship. The resulting  stresses are

   then cornpared  with  the long-terrn predictions of  stresses,

   and  the validity  ofthe  simplfied  formulae is verified.

2. Design  Sea  State
2.1 Mean  Wave  Period and  Wave  Enceuntering

AngleMal<ing
 use  of  the statistical property that only  the  sea state

at which  the maximum  response,  that is, the standard

deviation of  the response  value  becomes  maximum,  is

significant  for the Long-term predicted yalue  in the range  of

small  exceedance  probability (where the extreme  value  may

occur  just once  or several  times in the intended service life

of  a ship)  (Mano, 1972), the selection  of  the mean  wave

period and  wave  encountering  angle  required  for setting  the

design sea  state  is studied.

  Short-term predictions of  stress were  calcu]ated  for a

double- hull VLCC  CL x  B  ×  D  ×  d=  320 rn ×  60 m  ×  29 m  ×

20 m),  a Cape-size bulk carrier (L × B ×  D  ×  d= 280 m  × 45 m
× 24m  × ]8m),  and  a  post-Panamax  container  ship

(I.× BxDxd=287mx  40mx  24mx  13 m)  using  the FE
models  shown  in Figure 1, respectively.  Representative

structural  members  considered  to bc severely  stressed  from

the viewpoint  of  stmctural  strength  were  selected  from  each

hoLd of  each  ship.  Fjgure 2 shows  examples  of  them, The

stress components  selected  for plate members  included

norrnal  stress  (ol, q) in the longitudinal, transverse and

vertical  directions and  shear  stress (Tb,) components  that are

considercd  to be dominant on  the strength  of  each  member

examined.  Axial strcsses  (ol,) were  selected  for face piates.
Short-term predictions of  254 stresses  each  for the tank¢ r

and  bulk carrier, and  150 stresses for the container  ship  were

made  for each  load condition.

  Table 1 shows  the analysis  conditions  used  for calculating

stress response  functions and  short-term  predictions. Full

load condition,  panial load condition,  and  bal[ast condition

were  chosen  in the  calcu]ations  for the tanker and  container

ship  respectively,  while  homogenous load condition,

alternate load condition,  norrnal  ballast condition,  and  heayy

ballast condition  were  chosen  for the bulk carrier. The design
speed  of  each  ship  was  used  in the wave  load analyses.

ISSC-1964 wave  spectrum  and  directionality function

((2fn)cos20(e is the relative  angle  between ship  heading and

the mean  direction o'fpropagation  ofthe  wave  system))  were

used  in short-term  predictions. 
rlb

 consider  the effect of  the

nonlinearity  of  hydrodynamic pressure near  the waterline

due to wave  heiglrt in the stmctural  analysis, stress response

functions were  determined using  the time history analysis  of

one  wave  period divided into twelve  equal  parts.
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(a) Double-hull VLCC  model

Fig.1

  (b) Cape-size bulk carrier  model

FE  models  used  for direct structural  analysis.

(c) Post-Panamax container  ship

Table 1Analysis  Conditions

Tankerandcontainership Futttoadcondition PaM'alloadcondition rvormalballastcondition
LoadconditionBulkcarrier

Homogeno"stoad
conde'rion

AlternatetoadconditienNarmatbaUastconditionHeavybnttastcondition

Waveheig.kt(H) H;5.0m

liJcrvelengthOb"Lr,nV XtZ..=O.4,O,6,O.S,i,O,1.2,1.4,L7,2,O,2.3

Maveeneounteringanglerxi x=(),30,6(j,9e,l20,150,180,210,240,270,300,330deg.

U

6=an'vm-m

b

Bottom shell  Floorl

(a) Double-hull VI.CC
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(c) Post-Panamax container  ship

Examples  oflocations  "'here  stresses  of  critical  structural  meinbers  are  exarnined.
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Dominant  sea  states  in terms  ofmean  wave  period and  wave  encountering  angle.
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 Fig. 3 shows  the  distributions of  deminant sea  states  set  for

various  stress components,  taking the fu11 load condition  of  each

ship  as reprcscntative  examples.  
rllne

 numbers  in the figure

represent  the total number  of  ]ocaions examined,  where  the mean

wave  period (IL) and  the wave  encounteimg  angle  (Jlri) at which

the sta]idard  deviation per significant  heiglit becomes  m`iximum

coincide.  The larger this tota] numbeg  the more  dominaErt are  the

effects of  the mean  wave  period and  the wave  encoumteting  angle

on  hn11 structura1  strength.  In the example  of  the tankeg the

dominant short-term sea  slates are concentrated  at  7L.=13s,

z-l800  (head sca), TL･=13 s, x=900  (beam sea),  and  n.= 10 s,

x  
-
 1200 (oblique sea). ln the example  of  the bulk carTier, they are

eoncentiated  at Tv=12  s, xr1800  (head sea),  7},z=11 s, x-OO

(tbllowing sea),  and  T,.-9 s, z 
-
 1 200 (oblique sea). in the example

of  the container  ship,  they are  concentrated  at 7L. - 1O s, x 
=1

 800

thead seal,  n.=8 s, z  
-900

 foeam sea)  and  Vl.-9 s, x  
tt1200

(obtiquesea).
 [Ihe above  results  and  those of  other  load conditions

investigated show  that the design sea states set for each  load

condition  for the primary structura1  members  examined  can  be

represented  by a few specific short-term sea states.

  1[b accurately  detennine the structural  response  in imegular

waves,  the stress response  functions should  be determined by

perfonning structural  analysis  beforehand for all coinbinations  of

wavelength  and  waye  cncountering  angles in regular waves.  lhis

secms  to be irnpractical ftom a design point of  view.  On  the other

hand, if the correlation  between design sea  states  strictLy selected

using  stress response  functions and  those selected  using

wave-induced  load response  functions can  be confimied,  thcn the

design sea  states  can  be sct  more  easily  by wave-induced  load

response  functions instead of  stress response  functions.

  Accordingly, the wave-induced  load components  considered  to

be doniinant on  the stresses  in structuxal  members  are  identified

from the load components  (ship motions,  accelerations,

hydrodynamic pressures, wave-induced  sectional forces, and

moments).  Furthe4 the doTninant load components  that could

repreduce  short-term  sea  states  equiva]ent  to the short-term  sea

states selected  at the stress level are proposed, as indicated below

(Shigemi &  Zhu, 2003),

  (1 ) Vlenical bending moment  (head sea)

  e) Venica] bending mornent  (following seaj

  (3 ) Roll

  (4) Hydrodynamic  pressure at waterlme

  By  using  the dominant load components  (1) to (4), the mcan

wave  period and  wavc  cncountering  angle  ofthe  desigri sea states

can  be easily  dctermined as  those at which  the standard  deviation

54

per significant  wave  height of  eaclt  dominant load component

becornesmaximum.

22 Significant Wave  Height

Significant wave  height (Hw) for generating the long-term

prediction (a) (exceedance probahility Q=10-g, alI headings) of

various  load responses  as  lflOOO times the maximum  expected

value  is given by the formula below, IACS wave  data (!ACS,
2000) is used  for 1ong-term predictions.

             a(9=lo  
S)

  H  =:                           (m) (1)   n.

      2 × [RLcMD 1' Hriv (Tl, , X)],.,. × 1 ･9

Here, [RJo.iJyVi}pf7},;x)].. is the maximum  value  of  standard

deviation per sigrtifTicant wave  height determined from the

response  function of  load component,  2 is the constant  for

determining the sigriificant  value  o'f extreme  value  in irregular

iesponse  from the standard  deviation, and  1.9 is the constatrt for

determimbig the maximum  response  value  of  1 
,OOO

 waves  from the

sigrlificantvalue.

 The results of significant wave  height obtained  by Ea. (1) for
each  of  the load conditions  corresponding  to vertical  bending

moment  (A4L), hydrodynarnic pressure at the waterline  CPJw.), and

rolting motion  (Rotl) are shown  in Figure 4. The horizontal axis

indicates the wavelength  ofregular  waves  at which  the response

function of  each  load component  becomes maximum,  while  the

venical  axis  indicates the significant  wave  heighr. The  notations

C`711itll",

 
t`7ipart'

 and  
"7inbafi'

 in Figure 4 indicate the results of

the fu1] ]oad, partia] load, and  normal  ballast conditions

corresponding  to series calculations for 27 tankers. 'Ihc

 notations

"Bfoom",

 
"B:12ilt',

 
"B-nbar',

 
CCB-hbex"',

 and  
"B-parf'

 are  the

results of  the homogenous load, alternate ]oad, noitrnal baltast

heavy ballast, and  partial load cond{tion, respectivelM  for sori'es

calculations  on  22 bulk carries.  In addition.  the notations  
"C:fi{M',

`ccipurf',
 and  

"C-mbcti"
 indicate the resu]ts of  the fu11 load, partjal

load, and  normtl  ballast condition  corresponding  to series

calculations  on  18 container ships.

 A]though seme  variation  can  be observed  in the short

wavelength  region  in Figure 4, it can  be concluded  that the

si.enificant  wave  height bears a  strong  relationship  with  the

wayelengths  of  regular  wavcs  wben  the ]oad response  function

becomes maxi]nuin  regardless  of  the type of  ship,  type of  load

components,  ship  lengh, or  load conditions. Consequently the

sigriificant wave  height can  be set by determining the wave]ength

when  the response  function of  each  dorrimant load component

becomes  maximulln  and  by  
"fitting"

 the [wave]ength of  regular

waves]  
-

 [signiflcant wave  height] relationship.
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Sighficant wave  heights in short-term  sea states

resu]ting  in same  level of  response  as long-temm

prediction at 1OB (relaion between wavelengtii  and

significantwayeheight).

2.3 Proposal forDesign Sea States
Based en  the evaluations given in Sections 2.1 and  2.2, the

short-temm  sea  states  set  for the dominant load components  (1) to
(4) are  proposed as  desigri sea  states,  assigned  the notations  given

below for identification, and  used.

 Short-tcrm sea  state  set  according  te C1): Desigri sea  state  L-180

 Short-term sea state set according  to (2): Design sea  state  L-O

 Short-tenm sea  state  set  according  to (3)i Design sea state R

 Short-term sea  state set  according  to (4): Design sea  state  P

 The design sea  state  L-180 is a short-term  sea  state in which  the

acceleraion  in tiie venical  direction due to the combination  of

pitching and  heaving motions,  and  the vertical  bending moment

generally become maximum.  The  desigri sea  state L-O is a

short-tenn sea state  almost  siniilar to the design sea  state  L-i80,

but the acceleration  in the vertica]  direction becomes  mini'mum.

The  design sea state R  is a short-teun  sea  state  in wiiich the

transverse acceleration due to ro11ing motion  and  the

hydrod)mamic pressure having asymmenic  distribution general]y

become maximuin.  The desigri sea state P is a short-term  sea  state

in which  the hydrodynamic pressure at the water]ine  of the

weather  side and  the acceleration in the vertical  direction due to

heaving motion  generally become maximum.

 Furthermore, practical methods  tbr setting the design sea state,

such  as wave  encountering  angte, mean  wave  period and

sig]iMcant  wave  height, are  proposed as  shown  in Table 2 based

on  the results of  the series calculations for tankers, bulk carriers,

and  container  ships  pertbrmed on  dominant load components

using  the strip  method.  A  tota1 of27  tankers, 22 bull( carriers and

18 container  ships were  used  for the series ealculations.

 Tab]es 3-5  s]iow  the wave  encountering  angles  for dominant

load companefits  when  the standard  deviation per sigr]ificant wave

height becomeg maxi'mum  for tankers, bulk carrfiers  and  container

ships.  Ml. Roll, and  Pw.  in the tables indicate the results for

vertical bending moment  amidships,  rol]ing  motion,  and

hydrodynamic pressure at  the waterline, respectively.  From [[lables

3-5, it is observed  that the wave  encountering  angle  when  the

standard  deviation per sigriilicant height becomes rnaximum

remains  constant  as  given below, regardIess  of  the type o'fthe  ship

and  length of  the ship.

  Design sea state L-180] i800 (head sea)

  Design sea  state  L-O: OO (fo11owing sea)

  Design sea state R: 900 or 60e (beam or quartering sea)

  Design sea  state  P: 900 (bearn sea)

 Although the wave  encountering  angte  deterrnined for vertica]

ber]ding moment  in the full ]oad condition  in Table 3 and  Table 4

cannot  be specifically identified as 180 or O degrees, it can  be

covered  by  considering  both L-180 and  L-O as tlie design sea

states.

 Moreover. ir is observed  in the cases oftankers  and  bulk carriers

that there are  some  ditferences between the short-temn  sea  state P

(beam sea  x=900)  selected  based on  the response  functions of

wave-induced  loads and  the short-terTn sea state P (ob]ique sea,

x=1200)  se]ected  from the stress response  functions in the
hornogenous load condition  in Section 2. 1 .

Table2Desigri Sea States

DesigncondMonIYayeencoimteringang]e(ts)MeAnwaveperiod(TFi) /Maiimumwaveheight(H.ag)

LJISO
Headsea(18Odeg.)

bO
Followingsea

(Odeg.)

1'ij!'O.8S{(27rA,)fg}i'2(s)

y,1,-180.LrO,R,P
A,/Wavelengthol'desigri
regu1arwai,ccorresponding

tocachdcsignseastate.
]nmeters

R XR(secTable6)

Ifma-=I.9HF,](M)
HJi,･/Signifieantwavcheight,calculatedasbelow
lliii-.CJC?1(M)

ci=lo.7)'-{(3oo-Lyleo}iS Ls3oem
C"i=10.75 300m<Ls3som
CJ,-10.75-{(L.350)1150}i･S350m<L
Cij={<L+;,-2s)IL}ii2

L/Scantlinglcngthol'ship,inmetersP
l3earnsca(C)Odesr.)
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  Howeveq the short-tenn  prediction is corrrparatively  jmsensitive

to the wave  encoumtering  angle  and  the mean  wave  period, and  the

difierence is smal1; therefore, the eflect due to this ditference is

comsidered  to be srnall. Meanwhile, with  a  reduction  in draft, as in

the panial load condition  apd  bal1ast condition, the short-term sea

state selected by the stress  response  fimctions also  approaches  900

from 12oo.

  Figures 5 and  6 show comparisons  between the mean  wave

periods (TL7.}) and  significant wave  heights (H"D) determiiied

directly from short-tenm  predictions and  those (Z7, and  Hnt-)

determined by the simpltfied formulae shown  in Table 2,

corTesponding  to the design sea states L-180, R and  P  for tankers,

bulk carr:iers, and  container  ships, respectively  It is concluded

from Figures 5 and  6 that the  mean  wave  period and  significant

wave  height can  be estirnated with adequate accuracy  using  the

simplified  forrnulae proposed in 
rlable

 2.

Table3 WaveEncounteringAngleswhenStandardDeviations

    ofDorninant  Wave-Induced Loads Become  Maximum

                    forTlankers

Dominantwave-

inducedloads
My Roll PwL

NumberLpp(m)fullnbalpartfuLlnbalpartfullnbaipart
111eISOIBO-90ge'ge90-

2130IBOIBO-9090'9090-
3143180aBo-9090-ge90'
4145asot8018090909090ge90

5fi60oasolso909090909090
6a65180IBoaso90ge90909090

7i7018018018090ge90909090
8172IBOIBOIBO90ge90909090
9IBOri80IBO-9090-9090-

10ri94oaBo{se909090909090
ria200otse18e909090909090

122ao180180ree909090909090
a32a5180180180909090tt909090
a4220180IBO180ge9090909090

ri5220ri80riBO18090ge90909090
ri6230180IBOaBo909090909090
17230aso180t80909090909090

IB235ot80180909090909090
19235t80aso160909090909090
20260ISOISO1809090909090go

21305ori80IBO90ge90909090

22310o180asogege90909090
23315oIBOaBD909090909090
243riBo180rtBO90909090ge90
2S320IBOtBOteo909090909090

26320aBoaBoase909090909090
27323a8od80aBe909090909090

Table  4Wave  Encountering  Angles When  Standard Deviations ofDominant  Wave-induced Loads  Become

                         Maximum  for Bulk  Carriers

Dominantwave-
inducedloads

My Roll PvvL

NumberL,,(m)fullfaltnbalhbalpartfullfaltnbalhbalpartfullfaltnbalhbalpart
1 107180-180--90-90--90-90L'
2 127180-IBO--90H90--90-90L-
3 ri38180-180--90-90+-90-90--
4 ri48rt80-180--90-90-'90-90--
5 150180-180--90-90--90-90--
6 160180-180-ri8090-90-9090-90'90
7 172180o180ri80'90909090-90909090-
8 174180o180180'90909090-90909090-
9 ri77rt80e180rt80-90-9090-90J9090-
10 181180ort80180-90909090-.90909090-
11 182"80o180180-90909090-90909090'
ri2 2ri5ri80o18018018090909090909090909090
ri3 217180-180180-90-9090-90-9090"
rt4 2ri7180o180--909090--909090--
15 225180-ri8018018090-90909090'909090
16 230180-180"80"8090-90909090-909090
d7260oo1801801BO90909090909090909090
18 278180o18018018090909090909090909090
A9 278ri80o"8018018090909090909090909090
20 280180o180ri80ri8090909090909090909090
21 285oo180o-90909090-90909090-
22 285180od80180t8090909090gege90909090
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       3 6 9 12 t5 d8 3 6 9 t2 ri5 18 3 6 9 d2 15 f8

                TvF  <s) TvF (s) TvF (s>

    (a) L-180  (vertical bending  moment)  (b) R  (rolling motion)  (c) P  (hydrodynamic pressure)

Fig. 5 Comparisons of  mean  wave  periods obtained  by direct load analyses  and  those obtained  by simplified

       fbrmulae fbr tankers, bulk carriers, and  container  ships.

grr,,TkfiR
'

.

T'

tlXee'lg :
tk'- -

,si

               HwF  (m) HwF (m) HvvF (m)

   (a) L- 180 (vertical bending moment)  (b) R  (rolling motion)  (c) P (hydrodynamic pressure)

Fis,. 6 Comparisons ofsignificant  wave  heigl)ts obtained  by direct load analyses  and  those  obtained  by simplified

       formu]ae for tankers, bulk carriers,  and  container  ships.

     
'1'able

 5 Wave  EncounteringAngles When  Standard Deviations ofDominant  Wave-induced Loads Become

                                  Maximum  for Container Ships

Deminantwave-

inducedloads
My Roll PwL

NumberLpp(m)fullnbalpartfullnbalpartfullnbalpart

1 "od80'18060'9090-90
2 "2i180'18060J9090'90
3 136t80180180606090909090
4 asoaso'"8060'9090'90
5 ri72160-18060J9090-90
6 181180'd8060'9090'90
7 ri91aso'-60''90''
8 195180-18060'9090-90
9 202180-18060-9090-90
dO230180180180606090909090
11230180'ri8060'9090'90
n2236180180t80606090909090
13261180180180606090909090
14 273180'18060'9090'90
15281180-18060'9090'90
16 283180IBOri80606090909090
17 283rt80'"8060t9090'90
IB2871801801806D6090909090
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3. Design Regular Waves
Tb  evaluate  hull structura1 strength  under  design sea  states,

howeveg  either  short-term  predictions need  to be made  using

wave  spectra after determining the response  functions of  stresses,

or simulation  in irregu]ar waves  must  be carried  out.  Howeveg

both methods  are  presently impractical from the design point of

view.  In view  of the tibovc, design loads are  proposed based on

design rcgular  wavcs  for dominant load components  in this section.

The design rcgular  wayes  proposed here are regular waves  that

generate response  values equivalent  to the response  values

genetated in jrregular waves  under  the design sea  states proposed

in Section 2.

  
'IUble

 6 gives a summarty'  ofpractical  methods  for sening  desigri

regular  waves  using  simpLified  fbrmulae for tanlcers. bulk caniers,

and  container  ships deve]oped based on  the results  of  series

calculations  for each  respective  ship  t)T)e performed on  the

dominatit load corrrponents  using  the strip method,

  Figure 7 shows  comparisons  of  the wavelengths  (AD
dctermined using  the simplified  forrnu[ae listed in 'lable 6 and

these at.)) determined by direct load analyses  using  the strip

method  for 27 tankers, 22 bulk carriers,  and  i8 containcr  ships.

From Figure 7, it is concluded  that the simplified formulae for the

wavelen.cnhs  ofthe  desigri regu]ar  wavcs  are  adequately accurate.

  in IUble 6, C4 is taken as thc coefficient for cerrecting the

response  value in irregular wayes  to the response  value  in reguiar

waves  considering  the configuTation  of  the response  function in

regular waves  and  the wave  spcctrum  of  the irres,ular waves,

Figure 8 shows  the results  of  C4 of  the series calcuiations

corresponding  to the design sea states L-180, R  and  P for tankers,

bulk caiTiers. and  container  ship. As  the configuration  of  the

response  function and  the wave  spectrum  for the same  load

componcnt  are  similar,  the yalue  of  Q  remains  practically

constant  as sho"Ti  in Figure 8, regardless  ofthc  type of  ship,  load

conditions  and  length of  the ship.  The bold lines in the figure

indicate the mean  value  of  (t.4, which  have been proposed for each

dominant load cemponent,  as  shown  in lable 6.

  In Tlabie 6, Cf is taken  as  the correction coedicient  considering

the three-dirnensional etlects and  nonlinear  effects  due to wave

height in 1arge waves.  Based on  the results  ofmodeL  tests (Zhu et
al, 2002; Miyake  and  Zhu, 2004) and  analysis using  the Rtm]<ine

source  method  (Miyake and  Zhu, 2001), the va]ues  of  the

corrcction  eoeficient  Ci are  proposed, Figure 9 shows  an  example

ofthc  model  test results of a blLmt ship  in lai'ge waves.  11iis figure

shows  the results  of  short-term  predictions of  ro]ling  motion  in a

beam sea  tr=90C) obtained  by the measured  dattt 
[CH=6

 m':,

`CH-

 10 m:"  and  
`CH･-

 12 m"  in the figure indicate the model  test

results  corresponding  to the wave  heights o'f6 m,  1O m  and  12 m,

respectively.  
"Snip

 method':  indicates the resuks  calculated  using

the strip method.  From  the figure, it can  be seen  that the model  test

results  corresponding  to a 6 m  wave  height agrve  well  with  the

results  obtained  by the strip  method.  However, the maximum

valLLe  of  shert-terrn prediction decreatses as  the wave  heiglit

increases from 6 m  to ]2 in, due to nonlinear  phenomena.

    600
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Fig. 7
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Cemparisons of  wavelengths  ofdesign  regular  waves  obtained  by direct load anttlyses a-d  those obtained

by  simpiiticd  formu]ae for t'ankers, buik carriers, and  container  seiips.
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'lable6
 Design  Regular Waves

Designconditiens

L.180L-ORP

Wa\c  ellceuntering  angte  (xf>

ISO (deg)O(deg)XRgo

 cdeg)

Wavelengthe)

AL.J,･,=qi(1+a-f`ij)L {ln)

J.., z C"{1+(2di)/(3`tl)}L(m)

AR =  g l(2n> L,2 (m)

Ap={e.2+(C,,cC)ILt,}L (m)

Regular wave  hcight (U-

Hi
 
=
 
(J･i

 
'Cj

 
'
 
llTnnxJ

 (nl)

 C4/  Correction coeencicnt  for

   regularwaveheight

 Cs / Cerrcction eoetilcient  for 3D

    andnen-lineareffects

C:4

O.65

O.42O.70

C5

O.9

e.ge.7

Where/CLi
 
=O.6,

 Ci.] --O.4 for taiikcis aiid bullc caniers
CJ.i=O.5. C,., --O,15 for container  ships

f'E =  T. (s) ･ JLR=' 90 (deg) for tankers  and  bulk carriers

7}, .= O.5{lk +(71f -2z}'7k !g)i'2} (s),xR= 60 (deg)･ when  T,, >2Jil,  tg; 7'. ･= T, (s).xR= 90 Cd¢ g), when

Notes/xR
 / wai,c  cncountering  angle  for desjgn condition  R. in degrees

Tk/ wave  encounteringperiod.  in secends
7h / natural  period ofroll  motion,  in seconds
F/ design speed  ofship,  in knots
`Il / dcsign moulded  drall of  ship. in mcters
ct  / draft aniidsl]ips  for thc  rercvant  load condition,  in mcteTs
FL / wave  height of  dcsign rcgutar  wave  corresponding  tc) each  des{3n sea  state. in metcrs
I4,,,,.ej / maxirnuni  -･ttve height corresponding  to each  design sca  state. m  nietcrs

l. / scantling  tength of  ship. in meters
A, / vvavelength  ofdesign  regular  wave  coiresponding  to each  desigil sea  state.  in mcters

zas2ffV/gfor container  ships

d3o,4  6o.4t

 o,2  o,2

   loo  aso  2oo  2so  3oo  3so  aoo

          Length  of  ship  (m)

 (a) L-l80  (vertica] bending mornent)

        Fig, 8 Coefficient C4  correspondin

uc.ag

sigA  sea  slEi/El'7e/ ft

  
i

tswh.ptne
Uuli zTpart  sTtnbal  xB-hem

B-ieit -Bpart oB-hbal  +B-nha[

CIull .C-mbal  iC-part

  lse 2oo 2so 3oo

     Length of  ship  Cm)

 (b) R (rolling motion)

g te the  design regu

350
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 O,6to
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lar waves  determined by each  dominant load.

Fig. 9
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4. Design  Loads

Practical methods  for setting  design loads using  simplified

formulae are briefly intioduced in this Section, Although a detailed

discussion or  the sirnplified formulae and  their backgroundi is

omitted  herc due to limhations in space, the fo11owing design loads

have been deve[oped based on  the res[Lits obtained  by series

calculations  on  the tankers, bulk can/iers,  and  container  ships  using

the snip  Tnethod  in design regular  waves  merrtioned  in Section 3,

Details of thc proposed simpljfied formulae can  be tbund in the

respective  Guidelines (ClassNK, 20el, 2002, and  2003) listed in

die Rcferences section ofthis  papen

  (1) Ship motions  lpitchng, rolling)

  (2) Accelerations at the center  ofgtzvity  of  sip

     (verticaLandmsversedirections)

  (3) Accelerations at the center  ofgravity  oftmnk  or  hold

     (verticalandtransversedirections)

  (4) Hydrodynamicpi'essures

  (5) Hull girder moments  (hoimnta1 bending momenO

  (6) Superimposition ratio ofhul1  girder stresses

 Mgure 10 gives a  eomparison  of  the long-term values  of

pitehing motion,  rol]ing  motion,  and  venical  acceleTation  at  the

center ofgravity  ofthe  ship dne to heavin.-.a motion  for the fu11 load

condirion  corresponding  to tankers. bulk can'iers,  and  container

shjps  obtained  by direct load aiialyses  (PitchD, Rolij), A,i,..D) and

the values obtained  by the simplified foimu]ae (PitchB Roler,

AmuxO  as  some  examples  of  ship  motions  and  acceleraion.

[[1]ree-dirnensiona] effk)cts and  nonlinear  efllxts  in large waves  are

not  considered  in the long-term predictions. Therefore, the

correction  coeficient  Cf shown  in ll}ble 6 ]ias not  been used  in the

simplified fomnulae. (Hereinafteg the same  assumption  is made  for

the comparison  with long-terrn values).  AIthough there are slight

differences in the results using  the sirnplified forrnulae, Figure 10

shows  that thc simplified formulae are quite accurate  for practical

use.

 Figure 11 shows  cornparisons  of  the hydrodynamic pressurc
distributjons at  the midship  eross  section  obtained  by  the sirxpli  fied

formulae and  those obtained  based on  the ]ong-term prediction for

the full load condition  corresponding  to the double-hull VLCC,

Cape-size bulk carrrien and  post-Panannax container  ship,

rcspectively, ]n each  figure, the left sjde of  the sectjon is the

weather  side, while  the right side is the lee side.

 From  Figure 11, it is observed  that the hydrodynamic pressure

(Rt,) corTesponding  to the desigri re.ciular waves  P ig almost  equal

to the long-term prediction vatae  from the waterline  to the bilge

keel, the hydrodynamic pressure CPie) corresponding  to the design

regular wavcs  R. is a]most  equal  to the long-tenn prediction value

around  the bilge keel, and  the hydrod}mamic pressure (J'r)
corresponding  to design regular  waves  L-I80 and  L-O ls almost

equal  to the long-term prediction value  near  the bottom center]bie,

That is, the snaxirnurn  values  for the hydrodyt]amic pressir[es Pp,

PR, and  A. found using  the gimplified tbrrnu]ae are  seen  to be

almost  equivalent  to t}ie long-term predictfion value  for

hydrodymainicpressure.

 Funherrnore, as  an  example,  the distu'butions ofthc  external  and

internal dynarnic pressures obtained  by the proposed simplified
formulae corresponding  to the four ktinds of  design regular  wayes

are shown  in Figare 12 for the double-hullVLCC tbr reference.

20
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Fig. IO

oo4

 S 12 16 20

  PitchF(deg)

75

60

S'45gLo6

 30or

 15

oo15
 30 45

  RollF (deg)60
 75

pm't'QE5:!<

ll Lf!leff- .i' 
i

9

6

3

o

t  hpt/
         

'7
 eT-fuJj  

-

v  
lglff:ii

e3  6 9 12 15
 AHeaueF{mls2)

Comparisons  of  the pitch, roll  and  acceleratien  at  the center  of  gravity ofa  ship  due to heave obtained

by direct load analyses  and  those  obtained  by  the  simplified  formulae fbr thc  full Load condition.

60 ClasslNKTECHNICAL  BULLETIN  2005

NII-Electronic  



NIPPON KAIJI KYOKAI (ClassNK)

NII-Electronic Library Service

NIPPONKAIJIKYOKAI{ClassNK)

 !VLCC'i'LXiia,

t.fio

 
40

 
.40

 Fio 11
   o'Comparisons  ofthe  pressure distributions obtained  by Iong-term prediction and  those obtained  by  the

simplified  formulae for fuIHoad  condition  corresponding  to a  double-hu]] VLCC,  Cape-size bulk

carrier, and  post-Panamax  container  ship.
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(a) L-180 (head sea)  (b) L-O (fbllowing sea)  (d)P(beam sea)

Fig. 12 Four different kinds ofdesign  loads (external and  internal dynamic pressures) in regular  design waves

       fbr a  double-hull VLCC.

ee
lrtti

5. Verification of  Design Loads by Structural

  Analysis
5.1 Method  ofVerification

Thc  accuiacy  of  the simplified  fbrmulae is vetfified  by  comparing

the stresses  obtained  by direct stmctural  analysis  applying  the

design loads obtained  by the proposed simplified formLdae with

the long-term predictions of  stress  for the double-hul] VLCC,

Cape-size bu]k carTieg  and  post-Panarriax corrtainer  ship  referred

to in Section 2.1.

 The stress dctermined by the simplified  fbrrrruIae is the stress

per wave  height obtained  by Ioading the ho]d model  shown  in

Figure 13 witli the ditll:rence in the design loads corresponding  to

the wave  crest and  trough (or weather  side down and  up)

determined by the simplified  formulae multiplied  by the design

wave  height determined by the simplified formulae. [Ilhe long-term

predjction of  stress is detetmined directly using  the stress  response

function of  the entire  sbip  mode]  shoiMn  in Figure 1. For

estimating  the long-term predictions, the ISSC-1964 wave  spectra

(directional distribution: cos2e),  the IACS  wave  data, and  the

probability level of  1 O'ts were  used.

 the coinpared  membems  for the tanker were  the piimary
suuctural  members  at the midship  section  (No. 3 C.O.Z)  shownin

Figure I4(a). 
'Fhe

 compared  members  for the bulk carrier were  the

primary structural  membems  at the midshlp section  between Nos. 5

and  6 holds shown  in FigtLre t4Cb). Furthermore, the compared

members  foi' the eontainer  ship were  the primar}J stmcturaf

mernbers  at the midship  section  between No$. 5 and  6 holds

shoiMn  in Figure 14(c). For the Cape-size bu]k. carrier3  the No. 5

hold is a cargo  ho]d and  the No. 6 hold is an  empty  hold in

atternate load condition. The stress components  used  for

cornparison  were  axial  stresses  (oD, shear  stresses  (oki,), and

norrnal stresses (q) in the uansverse or  vertical  direction of  the

ship,  and  each  of  these stresses  were  identified by a(focing  the

notations  
t`a'?ky"

 and  
`Vl

 respectively.

(a) Double-hu]1 VLCC

   Fig. 13
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(b) Cape-size bulk carrier
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(c) Post-Pariamax container  ship

Hold FE tnodels  LLsed  fOr structural  analysis  under  design loads determined using  simplified  fbrmulae.
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Locations ofthe  prirnary structural  members  used  in the comparative  study.
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 (c) Container ship  (fu11 load condition)

Comparisons ofthe  stresses obtained  by long term  prediction and  those obtained  by the  simplified  forrnulae.

5.2 Verification Results of  the Design Loads

Figure 15 shows  coinparisons  of  the maximum  stress  values

amons,  the four cascs  of  design regular  waves  obtained  by the

simplified  fbnnulae and  the long-term predictions for the fu11 load

condition.  It can  be concluded  from Figure 15 that the maximum

values  determined using  the simplified formulae genera1]y

rqproduce  the lons,-tenm predictions to a  fairly good  level of

accuracy  At  some  of  the locations, the stresses by the simplified

formulae exceed  or underestimate  the long-terrn predictions by

about  20 to 30%.  Even  at these Locanions, the maxiinum  valucs  as

shown  in Figure 15 are comparatively  small, and  their rnaximum

difference is only  about  20 Nhnm2.  Therefore, their etfect  on

strength  assessrnent  is considered  to be small.

6. CONCLUSION
Considering the strength o{'primary  stmctura1  meinbers,  dominant

short-term  sea  states, which  generate response  values  equivalent  to

long-term predictions ofstt'ess  at the probal)ility leyel (l}=.1O'S, were

cvatuated  and  proposed as design sea states, and  practical methods

for setting the desigri sea  states  were  pi'oposed using  the results  of

sericscalculations.

 In addirio4  regular  waves  that generate response  values

equivalent  to the response  values  gerierated in irregu]ar waves

have been proposed as  design regular waves,  and  ]oads acting  on

the hull structure  in the design regular  waves  were  proposed as  th.e

design loads. Furthermore, piactical methods  for setting the desi-gn

regular waves  and  desigri loads were  pmposed  using  simplified

formulae based on  series  calcu}ations.

 The conclusions  dmxm  from the study  described in this paper

can  be summarized  as  fo1]ows:

l) The dominant shoit-term sea states fbr primary structural

  members  ofta]ilcers,  bulk can'iers,  and  container  ships  can  be

  represented  by a few specific sbort-term sea states,

  Furtliermore, the dominant short-term  sea  states  can be

  identified with  good accLrracy  using  the response  functions of

  the fo11owing dominant load components  without using  stress

  responsefunctions:

    knical bending moment  (head seaj

    Vertical bending moment  (following seal

    Roll

    1ivttve-induced hydrodynamic pressure at waterline.

2) A  method  was  proposed to convert  the maximum  wave

  heights in design sea states to wave  heights of  desigri regular

  waves  that generate response  values equivaient  to the response

  values  generated in irregular waves  under  desigri sea states. In

  addition.  a  correction  method  considering  three diinensional

  etlects and  nonlinear  efflicts due to wave  height in laige waves

  was  proposed.
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3) When  threedirnensional et}lects and  nonlinear  efR)cts  due to

  wave  helght in ]aige waves  ate  not  considereq  the prqposed

  simplified formulae of  design loads can be used  to assigri

  values  equivalent  to the long-term predictions of

  corresponding  loads.

4) The va]ues for stresses obtained  by structuial  analysis using

  the  proposed design [oads under  identical conditions  were

  confirtned to be equiva]ent to the long-term predictions of

  stresses.

 By using  the proposed method,  desigri loads can  be set easily for

obtaining  stresses  that are equivalent  to long-term predictions of

stresses, which  are otherwise  obtained  by direct ]oad analyses  and

]arge-scale stmctura1  analyses  for deterrnining stress  response

fimctions. Tl]at is, by using  the proposed method,  tedious direct

load analyses  and  structural analyses  cari be avoided, As the design

]oads proposed in this paper are  universally  applicable  to tmkers,

bulk caniers, and  container ships regardless ofthe  differences in

structura1 configurations, intended cargoes,  and  loading conditions,

it would  be expected  that they would  assist  in iational desigri for

not  Qnly  conventional  ships but also double side  skin  bullc carriers

and  novel  ships.

 Furthcmnore, combining  with  studies on  yielding, bucklin.g,

ultimate  and  fatis,ue strenghs  (Harada, 2001 and  
irlamamoto,

2001), and  studies  en  the esimation  of  corrosion  and  wastage  ef

ships in service (Yamamoto, i998), praodcal and  rational  strengh

assessment  standards  for tankeq  bulk canier.  and  container  ship

structures have been devcloped (ClassNK, 200 1, 2002. and  2003).

 On the other  hand, to proper]y associate  desigri sea  states  that

aie  used  to evaluate structural strength  with  the most  severe actual

sea states that are encountered  or Iikely to be enceuntered  by a ship

during ks jifetime, natural  plien(miena such  as  spatial  psofiles of

waves  in such  severe sea  states and  their transformations over  tirne,

the loads applied  o]] the ship  under  the effects  of  such  sttong

noniinear  phenomen4  elasto-plastic  response  of  the hull structure

by a cotnplete noniinear  appioach  when  such  loads are  appUed,

and  many  similar  topics remain  to be studied  and  explained.  [Ehe

anthors  wisti to fumber their stadies into these topics.

 Finally, desigtiers need  to submit  proposais for ship  operating

conditions  froin the perspective of  structum1 strength, operators

need  to clarify  the ship  operaing  condhions  boin the perspective

ofsafe  operation, and classification societies need  to propose more

rational  design loads and  strength  assessment  standards

cons{deimg  ship  operational  eifects.  It i's the authors' fitm

convietion  that the parties eoncerned  will  tal<e apprepriate  steps  to

ertianee the safety and  reliahility of  ship structLires frorn this aspect

as  well,
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