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           1. gntroduction
            ,

  A  ship's  hull is a  typical box girder structure,  and  is
subjected  to longit'udinal bending due to distributed
weights,  buoyancy fbrces and  wave  leads. To design a
ship's  hull thae withstands  these loads, some  allowab}e
stresses  have been introduced  in a  structural  design so
that the deck andfor  bettom piating do not  undergo

bucklinglplastic collapse,  From  this point of  view,

mttny  research  works  have been performed on  buck-
linglplastic cellapse  stTength  of  isolated plates and
stiffened  plates both theoreticaily and  experimentally,

and  useful  results  have been obtained.

  At the same  time, it is very  important to kttow the
lead carrying  capacity  of  a  ship's  hull as  a  whole  from
the viewpoints  of  safety  and  economy,  Such infor-
mations  may  fundamentally be obtained  by perform-
ing FEM  analysis  on  a  ship's  hull that considers  both
material  and  geometrical nonlinearities.ii2)  However,
such  analysis  may  require  excessive  eiforts  and  corn-

puting  time  even  with  today's super  computers.  Fbr
that,somesimplifiedmethodisrequired.  As far as
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 the maximum  bendirig moment  carried  at  a  girder
 
cross-section

 is  cencerxLed,  simple  methods  were  pro-
 posed  by Ni$hihara3) and  Ende  et.  al.4) ln their meth-
 ods,  however, the redu"tion  in ioad carrying  capacity

 pf individual members  after  their ultirnate  strength

 is not  considered,  although the  ultimate  bellding mor

 ment  was  estimated  wit-h fairly geod  accuracy,

  On  the ether  hand, Ueda  et.al.5) developed eMcient
elements  for p}ates and.  stiffened  plates under  biaxial
tensile andlor  compressive  and  shear  ioads. In their
method,  a  stiffened  paveel surrounded  by longitudinal
and  transverse girders Es censidered  as  one  element
and  the stiffYtess  matrix  is derived for this large uniZ
considering  the influences ef  buckling and  yielding,
This  work  was  done iR the framework of  the ldealized
Structural Unit Method  (rSUM).6}                             Applying the im-
proved  unit,  Paik7,8) simuiated  the celiapse  behaviour
of

 
ship's

 hull girders subjected  to longitudinal bendillg
mement.  

'

  Smith et.ai.9-i3)  p,toposed another  simple･but  eM-

eient  method  te analyse  progressive collapse  behaviour
of

 box girder structures  under  longitudinal bending.
The fundament,al idea of  Smith's method  is based on

that by Caldwell,i4) but his method  takes into ac-

{;ount  of  the progressive loss in stiflhess of a cross-
section  due to buckling and  yielding in structural  com-

ponents. Smith deseribed the procedure  of  his method
as  fo11ows:9) 

'
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"(g)
 the hull cross-section  is divided into srnall ele-

ments;(ii)

 verticai  curvature  of  the hull is assumed  to occur

incrementally; correpsponding  incremental elernent

strains  are  calculated  on  the assumption  that plane-
sections  remain  p]ane and  that bending occurs  abont

the instantaneous elastic  neutral  axis  of the  cross-

sectioni(iii)

 element  incremental stresses  are  derived
frorn incremental strains  using  the slopes  of  stress-

straln  curves;

(iv) element  stresses  ure  integrated over  the cross-

section  to obtain  bellding moment  increments;  mcre-

rnental  curvatures  and  bending moments  are  suimned

to pTovide cumulative  values."

  ffis method  may  be regarded  as  a rather  slmple

rnethod  comparing  to iSUM,  but easily  givcs solu-

tions which  is aecurate  enough  under  pure bending.
The  only  diMculty  in Smith)s methed  is thc deriva-

tion of  average  stress-strain  relationships  of  compo-

nent  elements  taking into accou"t,  of  buckling and

yielding, [Ib obtain  such  stress-strain  relat･ionships,

Smith perforrned elastoplastic  large deflection FEix'{
aRaiysis,  Such analysis  may  require  much  works  espe-

eially  wheii  t･he number  of  elemcnts  becomes large.

  In the presenL paper, the average  stress-strain  re-

}ationships of  eiemeiLts  were  derived in ati analytical
manner.  Then,  according  to the Smith's rnethod,  a

computer  code  
"HULLS'V"

 was  developed to analyse

the progressive coliapse  behaviour of  t･he cross-seetion

efa  hull girder subjected  to longitudinal bending. Af-
ter perforining example  {;alculatiens  on  existing  girder
specirnens  to check  the  rationality  o'f the proposed
method,  progressive collapse  behaviour of  the cross-

section  of  an  existing  bu]k carrier  of  6e,OOO DWT  was

analysed  bot,h under  sagging  and  hogging conditions,

       2. Methed  of  Anagysis

- e(u)

 Cross-sectiona

/

  2.1 Gemeraa  Assumpeions

  The  longitudinal stiffening  system  is usually  em-

ployed in large ships  at  their midlength  part, and  the

deck, bottom and  side  plating are  stithned  by a  num-

ber of  lengitudinal stifleners  and  girders. {f an  extreme

bellding load acts  on  a  hulE gircler, t･he most  possiblc
collapse  mode  may  be  the overal}  collapse  ofstiflened

panel after  local col}apse  of individval plates between
stiffeners,  In the fb}lowing, such  collapse  mode  is as-

surned  to derive average  stress-strain  relat/ionships  of

elements.

  Figure 1 shows  a  typical element  coilsisting  of  a  stiff-

ener  and  attaghed  plating. ･When  this  elernent  is sub-

jected to compressive  load in the a)cial direction, the

stiffener  iiiay defiect as  illdicated in Fig. 1 (b). In this
case,  three types of  modeling  may  be possible, which

are two  single  span  models,  AB  and  BC,  and  a  dou-

ble span  model,  12. Arnong them,  the double span

model  rriay  be rnost  rational  and  only  this modei  is

considered.

mr

(b) Deflection mode  under  axial  compression

Fig. 1 Elemertt for progressive cotlapse  analysis

  
'Ib

 derive average  stress-strain  relationship  of  astiff-

ener  element,  t,he following assumpt,iens  are  made:

(1) Attuched platings  behave  as  isolated plat,es.
(2) Plane  cross-sections  remain  plane, and  the  strain

varies  linearly over  the cross-sectioii,

(3) The  inaterial  is assumed  to be elastic-peefectly

plastic,(4)
 The  deformation in t,orsional buckling mode  of  a

stiffeller  is not  considerecl.

  
r17he

 average  stress-strain  relattonships  of  isolated

plates are  derivcd combining  the results  of  elastic  large
defiection analysis  and  rigid  plastic mechanism  atial-

ysis. Those  of  st,iffener  elemcnt,s  are  derived collsid-

ering  elastoplasLic  stress  distributions at  both  ends  of

the  elernent  which  satisfy  the equilibrium  conditions

of  forces and  moments.

  2.2 Average  stress-strain  reaationships  of  iso-

      lated plates

  2.2.1 Initial imperfections due to welding  and  de-

       fiection mode  iincler  thrust

  When  ]ongitudinal st,iflening  system  is emp}oyed,

t･.he dominallt compressive  andler  tensile load acts  on

the plate in the direction of  its longer side  as indi-

cated  in Fig. 2. All sides  are  assumed  to be simply

supported  and  remain  straight  while  subjected  to in-

plane movements.

  The  plates in a  ship  strllcture  usually  contain  weld-

ing residual  stresses  and  initial defiection assoeiated

by fi]let, welding  of  stiflhners  to the plating. In this

papcr, a  rectangular  distribution of  welding  residua}

stresses  is assurn(,id  considering  the continllity condi-

ro
LL----

 e-

Fig. 2 Rectangular plate with  initial

       imperfections due to welding

 x"."F
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tion of  plates. From  the self  equilibrium  conditioii  of

residual  stresses,  the fbllowing relationship  is derived.

              2btay=(b-2bt)a.  (1)
The  general form  of  initial cleflectien may  be expressed

as:
               oo

          wo  =  ZAom sin  
MaTXur

 sin  
!ift

 (2)
              m=1

and  the total deflection under  inplame compressive

!oad as:
               oo

          tt; 
=ZAm

 sin  
M.TX

 sin  {St (3)
              m=1

  However, it is known that oniy  a  singie  deflection
terin is amplified  while  other  comporaents  become  neg-
llgibly small  wit,h  the increase of  compressive  load
above  buckling ioad iintil  secon{lary  buckling takes
place.i5) Consequently, the behavioiir of  a  plate can
be approximated  by taking  single  defiection modes,

Ao.  and  A.  in Eqs.(2) and  (3), respectively,  m  is
a  number  of  halgwaves of  a  stable  deflection rllode

above  buckling ioad, and  is taken as:

      m  =  1 for alb  -< 1.3

      m  =:  n  for n-  O.7 <  alb  Sn+  O.3

where  afb  is the aspect  ratio  of  the plate, ttnd  n  is an

integer great,er than  l., Hereafter, Aom  and  Am  are

denoted  as  Ae and  A, respectively.

  2.2.2 Relationship between average  stress  and  de-
       fleetien

  Performing elastic  large deflection ana]ysis,  the re-
lationship between average  compressive  stress,  ff, and

defiection, A, is derlved as fbliows.t6)

           Err2

           iJ6rmb2 (11cr2 +  a'2)(A2  
-
 A3)

S,Xm mts

             +tTcro(1-AolA)-a

                 cr-y slri ptT

               
---,r'a

 r. ,) 
=O

 (4)

where  a  =  almb  and

                  Et2T2

         
crcrO

 
=

 rfClnv- .2)s2  (11tr +a)2  (s)

           pt=o.f(try+a.)=2btlb  (6)
                             '

  The  relatgonship  bet,ween average  stress  and  deflec-
tion is derived a}so  according  to the plastic mechanism
analysis  assuming  rigid--.perfectly  plastic materiai.  De-
pending on  

't･he
 aspect  ratio,  afb,  ef  the plate, two sets

of  plastic mechanisin  may  exist  as  illustratred in Fig.3.
For each  mechanism,  Lhe  fo11owlng relat,iollships  are

derived.i7)

ev f. 1.0

r=
L

le---t.-----I

h--+mm---`=ias

ra

±

Ffalll)l}'"<IIJ/li!))tsh'im
 

Amn-ei

  - a ----

3 Plastic mechanism  ofplate  -nder  thrust

       m4s  + (1/ct' 
-

 1)mgo12 =  (21cr -  1)ifA

 dv >･ 1.0

            rn4s  +  (dv -  1)'rnnf2 =,- V]1

where  trrm =  crfay  
,A

 =  .4./t  and

                 Mgo  =  1 -  
uff'2

             
･mo

 ==  2myolvrgr/rtngo

            rn4s  ='  4ry2golVI':P-l5mgo

  The  average  strcss-(l,eflection  relationship

ITroin that expressed  by Eq.(4) to that by
Eq.(8) at  their  intersection,

sive  ultimate  strengt,h.

  2.2.3 Rekitionship between  average  stvess

       erage  strain

  Accerding  to the eEastic  Iarge deflection
the average  strain  is expressed
stress  and  defiection as  fol]ows.i6)

        E =  crIE  +  (m2T218a2)(A.2 -  AZ)

  en  Lhe other  hancl, i/he average  strain  by
mechanisrn  ana]ysis  is fixpressed  as:

cw <  l.O

         E =  crIE  +  (V,m2fa2)(A2 -  .4Z)

or >  1.e

         e =  crIE  + (2rn2/ab)(A2 -  Ag)

(7)

(8)

(9)(10)(11)

              changes

            Eq.(7) or
which  gives the corripres-

              and  av-

             analysis,

  in terms  ef  the average

Fig.

  (12)piastic

(13)

                                        (14)

  Unt,il the  compressive  ultimate  strength  is attained,
the average  stress-strain  relationshi'p  is expressed  by
Eq.(12). At  the  ultimai/e  strength,  the  strain  is as-
surned  to increase from the value  evaluated  by Eq.(12)
to that by Eq.(13) or  Eq.(14). After this, the average
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stress-strain  relationship  is expressed  by  Eq.(13) or

Eq.(14).

  IIere, when  a  plate is thick andi  undergee$  plastie
buckling, t,he inplane plastic  strain  until  buckling is
not  considered,  since  the first term  in Eqs.(12), (13)
and  (14) represents  the elastic  inplane strain,  and  thc

second  term  the straill  produced  b}' iateral defiection.
For such  a  case,  a  constant  valiie  eyaluaiued  as  the

difference between the buckling strain  calculated  eias-

tieally and  the yield strain  is added  te the st,rain  af\,er

£he  ultimate  strength  has bae}i attained.

  SVhen  a  stifllener  eiement  is subjected  to tensile ax-
inl force, the stress-strain  relationship  of  an  elast･ic-

perfectly plastic material  is assumed  as  the average

stress-strain  relationship  in a  teii$ile rartge.

  2.2.4 Infiuence of  weldiiig  residual  seresses

  "rhen there  exist  wegding  residual  stresses  as  ilius-
trat･ed in Fig,2, the cornp:essive  ;oad is not  carried  at

the central  part of  t/he plaLe after  t'his part has been

yielded under  compressive  ]oad hnt. is carried  oijly  ai,

t'he side  parts where  residuai  stresses  are  in tension,
For this stage,  t-he tangcntial inplane rigidity  can  be

approximated  by 2btElb, That, is, when  the ultimate
strength  is great･er than  ov  

-
 o'., sche t,nngent,lal im-

plane rigidity  is set equal  to 2btElb at  the stress  leve]
higher than  ay  

-
 a..

  On  the other  hand,  when  tensile ]oad is applied,

the side  parts can  not  carry  tensile load, since  these

paTts are  already  yielded in tension, Irg this case,  t,he

tangential vigidity  is expressed  as:

dfflde =  (1 -  2bt !b)E (15)

  The influences of  welding  resi(Suul stresses  on  plttte

behaviour both under  tensile and  eompressive  loading
are  schematically  shown  iii Fig, 4. The  decrease in

buckling strength  due to welding  residual  stre$ses  is

automatically  evaluated  when  Eq.(4) is used.

  2.2.5 Accuracy of  stress-strain  relationship  by the

       proposed  method

  [Ib examine  the accurac}T  of  the average  stress-straiy]

relationship  of  a  plate  derived by the prop  osed  rnethod,

a  series  of  e}astoplastic  large deflection FEM  analysis

was  performed.  Calcuiated stress-defiection  curves  for
the p}ate of  alb  ==  O.8 are  plottedi in Fig.5 (a) togethe]'
with  those  by Y]q.(7), It i's seen  that the defiectiom

produeed  by the plastic rnechanism  analysis  is smal}er
than  that by FEM  allalysis, I'his rnay  be partly be-
cause  

".he
 elastic  defiection component  is ignorcd in

Eq.(7). Altheugh  more  precise discvssion is necessar.v･

on  this, the defiectio]i is modyfied  by  devgding rr te get,
better agreement  with  that by FEM  analysis.  That is,
Eqs.(7) and  (8) are  modified  as  fbllows:

a<1.0

    m4s  + (lfa' 
-

 1)rngo12 =  (21av -  1)if2 7t (16)

1.CatOva,s

o.e

os･

02i

 x. `

--e--"-
 : PRESENT HETHeD

xs.xxH-

-OLr

 
UO'crO

 
-(ey-gt)

Fig. 4 Influenee of  weSding  residual  stresses  on

       plate behaviour under  inplane load

o

 1.0.ulgv

 o.s

O.6

O.4

O.2

o

L 4 unLL- ,u-J
  D.S 1.0  1.S 2.0 !.5 3,O 3.5
                                utt

(a) Average stress-defiection  reEationships

 

     1,o ?.o 3.o a.c s,o 6.o                                      7.0
                                   etCy

     (b) Average stress-strain  relationships

Fig. 5 Comparison between calculated  results  by

       the present  method  and  FEM  (Plate)
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a>1.0

           m4s+(a-1)me12  =.' ff2Z (17)

  Defiection by Eq.(16) is plotted by a dashed line in
Fig.5 (a), which  shows  good agreement  with those by
FEM  analysis.

  The  average  stress-strain  relastionships  derived by
the proposed  method  are  plotted in Fig, 5 (b) com-

paring with  those by FEM  analysis.  Equation (16)
was  used  to evaluate  defiection in the  post-ultimate
strength  range.  Good  correlations  are observed  be-
tween  both results.

  2.3Average  Stress-Strain  Relationship  of

     Stiifeners  wit}t  Piating
  2.3.1 Assumed  defiect･ien mode

  A  stiffener  is assur'ned  to be  initiallgy deflected along
its span  in the fo)]owing rnode:

                         rx

                wo  ==  6o si"-  (18)
                          a

The  total defiection under  compressive  axial loa(l is
expressed  as  the sum  o'f the elasLic  and  the  p]astic
components.i8)

                w=:  we+ivP  (!9)

The  e}astic  component  is assiimed  to be in the sarne

niodie  with  initial defiectiou as follows,

               we=6.  sin EL' (2o)
                          a

According to Ref.l9), the coefficient  of  elastic  compo-

nent  is evaluated  as:  ･

             tirn =6of(1-PIPLr)  (21)

where  P  an,d IZ,. are  the applied  compressive  load and
the elastic  buckling lead, respectively,

,uiOt:,ilketfighfarii.h.al,i.dg  kh,emsp:1,ass)tic 
component

 
is
 
as"

O rm<. x  <  (a -  aP)12

                 wi"=2cxla  (22)

(a -- aP)12  S =  (- a12

   wp  =:c  
---2.l:/?

 +  
2.-:
 +i-g(il,  +  :i"L)] (23)         [

  1ijom the assumed  dieflection modes,  the curvuture

K  and  its elastic  and  p]astic components  at  the  mid-

span  point  a,re derivedi as  follows:

                K..  Ke+Ki)  (24)
             ,Ke ==  (xVa)2(fi.-6o) (25)
                K)" =4elaaP  (26)
,Deflection and  curvatm'e  components  in a  single span

/cange  are  shown  in Fig.6.
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                  a

  
Ps

 iMl

 wL

Ll2iz

/

                                   P2

Fig, 8 Forces and  moments  acting  on  both

       ends  of  stiffener  elernent

  2.3.2 Axial force and  bending moment  at  cross-

       sectlon

  The strai  rt nlld  stress  distribut'･io"s at･ cross-sections

i and  2 take olle of  the patterns inclicatcd in Fig.7. In
the  plate part/, thc stress-strain  relat,ienship  (ierived

by  the meLhod  in 2.2 is used.  If unloading  is detected
iN the plate, t,he stress-strain  re}ation$hip  is assurne(tt

to follow the unloading  pat/h. Axlikl forces alld  bend-

ing moments  at  each  eross-scetion  are  evnluat,ad  by
integrating strcsses  in. Fig,7.

  2.3.3 Equilibrium  cond",iens

  Neglecting thc reaction  forces at  supporting  points,
the following equilibriu'm  coiiclitions of  forces and  [no-

rnents  httve to  be satisfied.

                  .P] =.F)L,  (27)

           Mle +Mi  -  pm(.Di +  il2)12 (28)

where  Pi, R], Mh  M2  and  PiJ are  indicnt,ed in Fig.8,

  Ilerc, if the  average  stress-strain  relatlonships  de-

rived  by  the method  in 2.2 are  used  for the  plating,
the efElective  flexural rigidities at  cross-sect,ions  fand  e
diffbr each  other,  since  t,he strains  in plating are  difi
ferent at  these  cross-sections.  Consequently, the point･
of xero  bending momcnt  moves  along  the  span  from

t,he origina]  siipporting  point  as  the  axial  corupressive

load lncreases. Denoting the disi,ances between zero

bending moment  point and  cross-secLions  1 and  e as

ai and  a2, respectively,  the elastic  buckling loads for
each  span  are  expressecl  as:

     E,.i =  T2EJila?,  R,,･2 ==  T2EJ2/a;  (29)

anThere  EIi and  El2  are  the  flexural rigidit･jes  at, cresE-

sections  1 an(i  2, respectivel.v.  In derlving Eq.(29), it
is assumed  that fiexural rigiditie$  are  the samE  and

equial  to those at  cross-sections  1 and  2 along  the cor-

respondiug  spans.  [I]he lengths ofsptms  ai  and  a2  are

evaluated  from the conditions:

and  are  given as:

a]+a2=2a

1:lcrl "  R;r2

ai  =  2a/(1 +  P), a2  =  2afi1(1 +  fi)

where6=  Ei2111]ri.

(30)C31)

  The  defiection along  each  span  and  the curvat,ures

at cross-sections  ; and  e are evaluated  according  to
Eqs,(18) t,hrough (23) substitttting  ai  aradlot  a2  into

a,  IVhen both spams  are  elastic,  the ratio  of  curvatures

at  cress-sectiens  1 and  2 is expressed  as  follows:

                K2fK,=11fi  (33)

  2.3.4 Relationship between average  stress  and  av-

       erage  stram

  After the equilibriurn  conditions  are  satisfied,  the
axial  compressive  strain  is evaluated  by  the  fo11owing

eqllatlOII,

   e==  eo+  5I.J S., 
.yiaZ

 Isk, +S(dd';)
2

] d. (34)

where

     cO =  p/Efn

     e,k･ =.- K'i<di -  e) -eO

F, e and  di represent  the  scctional  ttrea,  the  loc;ation 6f
oeiginal  neutral  axis  and  the  curreiit  ]ocatioi) of  zero

si,ress  point. The  siibscript  i indicates the correspond-
iftg  span  or  cross-sectlon,

  "ihell the element  is subjected  to tensilc axial  
'force,

the average  stress-strain  relationship  is assumed  to foI-
low t,hat, of  the elastic-perfbctly  p}astic material.  T･ he

infl tienee  of  welding  residiial  stresses  in plating is cou-

al=a2=a

r
Kl:  given  incremental.ly

F

dl; given  incrementalZy

Pp  Ml

K2:  by  Eq.(33)

d2: given  incrementally

P2s M2 Modify  K2

No1
 
i=

 P2Yes
        No
el  ==  e

   Yes･

6mls 6m2, els  C2

NoEqu
±libriumYes

(32)

B, al,  a2,  alP,  a2P

Continue

Fig. 9 Flow chart  to derive average  stress-strain

       relationship  of  stiffener  elernent
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 sidered  by  reducing  rigidity  of  plating according  to
Eq.(15),

  2.3.5 Procedure  to derive average  stress-  strain  re-

        lationship

  
The

 average  stress-  average  strain  relationship  is pre-
duced  according  to the  fiow chart  in Fig.9. To evalik
ate  the lengths ef  yielded zone,  ae  and  a;, the same
method  is applied  as  that in Ref.18).

  2.3.6 Accuracy  of stress-strain  ielationship  by the
       proposed  method

  A  series  of  elastoplastic  large defiectien amalysis  was

performed  tD examine  the accuracy  of  average  stress-

strain  relationship  derived by the proposed  method,

The shaded  part in Fig.10 was  ana]ysed  with  the di-
mensions  indicated in the figure. The plate part was
divided

 into 10 ×  30 elernents,  The  calculated  average
stress-strain  curves  are  plotted in Fig.11 together with

those by the proposed  med,hed,  Although some  difft)r-
ences  are  observed  in both  vesults  near  the u}timate

strength,  it may  be said  that the predicted average

stress-strain  relationship  is accurate  enough.

  2.4 Progressive  Collapse  Analysis  of  Cross-
     Section Subjected  to Bi-axEag  Bending
  According  to  Sinith,ii) the  equilibrium  eqi]ation  of

the cross-seetion  of  a  girder si] bj ected  Lo bi-asdal bend-
ing  is expressed  in the fbllowing form,

{whereAMEAMv

AMff:

AMv:

AOu:A
¢ v:

}-[2H.: SH.X{2$:}

increment of  horizontal bending
rrloment;

increment  of  vertical  be)ding
momentl

increi'nent of  horizontal curyature'
                           T

Lncrernent  of  vertical  cllrvature,

(35)

DuH,  DHv,  DvH  and  Dvv  are  the t,angential fiexura]
rigidities of  the cross-section,  and  are  calculated  asT

--

h

ts

        Dffu

        Dvv

DHv  =  DvH  =:

"'  £ Dili}(yi -  yg)2

="  XDiF}(xi -  zg)2

};Dili)(Yi un Yg)(xi -  xg)

(36)(37)(38)

where  yi and  zi are  hor, jzontal and  vertical  coordinates

gnd F; is the sectionat  area  of  t･he ith element.  Di
is the  slope  of  the a,verage  stress･･strain  curve  of  the
ith

 
element

 at  the specified  strain.  When  unloading

occurs,
 the slope  of an  unloading  path  is used.  yg and

zg  Tepresent  the horizontal and  vertical  eoordinat,es  of'mstarLtaneous
 neutrae  axes  for horizontal and  verticai

bending, respectively.  The.v are  calculated  as:

            yg =
 (}]ayi l)i)/(:it Di) (3g)

            x, =
 (X.a xi Di)/(£ F: Di) (4e)

  At cach  !ncremental sLep,  the  slope  of  average  stress-

stTam
 
curve

 of  individual element,s  at  each  specified
strain  is firstly evaluut,ed.  Then,  t･he Iocations of  the
instantaneous

 neutral  ･.ft.xes  are  calculated  by Eqs.(39)
and  (40), and  the tangential rigidity  of  the  cross-section

by Eqs.(36), (37) andi  (38). After this, for the pre-
Fcribed' inerements of' curvature,  the bending moment
mcrements  are  evaluat,ed  by Eq.(35), [Vhe st･ress  in-
erements  in the  elements  are  calculated  aceording  to
the  stress-strain  curves  of  individual elements.  Then,
al] the increments  are  summed  to the  previous values
to provide cumulative  values,  The influences of  both
bi]ckling and  yielding are automaticajly  accounted  us-

ing the aMerage  stress--st,rain  curves  derived by the pro-
posed method.

 
･Flrhe

 cornputer  prograxn  
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 Fig. Il Comparisoo between calculated  results
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     3. Numericag  Cagcaxkatgons aemd
        Discussians

  3.1 Cnlculation  oms  Test Girdiers

  [Ib examine  the rationality  of  the proposed  iriethed,

a  series  ofprogressive  collapse  anaiysis  was  performed
on  exsisting  bex girder rnodels3,20,2i)  subjected  to lon-

gitudinal bending. The  resuks  ef  analyses  are  pre-
sented  in Ref.22). Here, an  alternat,ive  analysis23)  was

performed  on  113-scale model  of  Leander  class  frigate
tested by  Dow24)  under  fovr point bending.

  Figure 12 shows  Lhe cross-seeti'on  of  the test inodel,

ef  which  total dimensions are  L  x  B  × D  =  18?n ×

4.lm × 2.8m. The  dirnensions o'f ma,in  st･:uctural  com-

ponents  are  iiEdlcated in the  figure t,ogether wit,h  ma-

terial properties and  initial impert'ections due to vield-

ing,

  In the allalysis,  two  stiffener  elements  at  the cleck-

side  corner  and  the top plates of  deep girders repre-
senting  the internal deck structures  are  corisidered  as

hard corner  e]ernents  which  do  not  underge  buckling.

Dow24)  also  perforrned t,he progressive collapse  analy-

sis  applying  the origina]  Smit･h's method.  The  results

of  analyses  are  shown  in Figs.13 (a) and  (b).
  The solid  }ines in IPig.13 (a) represent  the average

stress-strain  curves  ln (:ompression  range  derived by
"Lhe

 present met,hocl,  and  t,he chain  lines by the FEM
analysis  by Dow  for three typical eiements,  1, .e  and  ve,

indicated in Fig.12. Significant difl()rence is obseirvcd

in the elastic  rigidities  of  elements  "P  and  ,9  derived by
both method.  Concerning Lhe resu]ts  obtained  by t･he

present inethod,  the fo}}owitig cornments  can  be  given.
  As indicated in Fig.12, plating is accompanied  by
high mesidual  stresses  and  Iarge init,ial defiection, The

buckling stresses  by  elastic  calculation  considering  the

 tX.rmmL.

8ASE LINE

influences of  these residual  stresses  are  536.1, 48.0 and
-30.1 Nlmm2  fbT elernents  f, e and  3, respect,ively.

The  physica} meaning  of  negative  buckling strength  ls

£
"nat

 the plate has been buckled due to compressive

residual  stresses  without  any  external  load. IVhen

such  bllckled plate is subjected  t,o inplane cornpres-

sion,  its inplane rigidity  is equal  to that of  a  fiat plate

abeve  buckling strength  from  the  beginning of  load-
ing. Such behaviour is automatlcally  simu}ated  by the

preseiit met･hod,  Fbr the plating analysed  here, the in-

p. Iane rigidit･y  above  buckling strength  is E12.  [g]his

1.0ulUyO.8

O.6

Fig.

O.4

112
 Midship sectien  of  113-scale frigate model

e.z

/

LINEAR ELASTIC PLASTIC
 L-  
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o o.5 1.0 l.5 EIEy  2.0

(a) Element st,ress-strain  relationships  in

   eompresslon

16eO

  MOVtN.M]l2.0

8.0

4.a

  o e.Dol ･ o.oo2 o.oo3 o.ae4

                              ¢  [yrdi

  (b) Moment-curvat,ure  relationships  under

     sagging  condition

Fig. 13 Results of  analysis  for frigate model
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  may
 
be

 the main  reason  of  the reduced  rigidity  of  ele-

  
ment

 e from the beginning of  loading, The  rigidity  of

  
element

 e is reduced  from the early  stage  of  loading
  also  due to high compressive  residual  stresses.

   The  calculated  and  measured  moment-curvat,ure  
re-

  IatSonships are  compared  in Fig.13 O)). The  solid

  and  chain  lines represent  the calculated  resuits  by the
 present method  and  Dow24), respectively.  The  mea-

 syred  results  are indicated by O, (Joncerning the ul-

 timate strength,  the experiment-al  and  two  numericai

 results  are  in a  very  good  agreernent  each  other.

   In the experirnent,  fai,rly large overall  verticai  de-
 fiections were  observed  at  the main  stTength  deck due
 to overali  grillage buckling, but th!s buckling did not
 show  a  significant  influence on  the hull girder momerit-
 curvature  response  according  Lo ])ow24). He also  de-

 scribed  in his paper  that "Approachiug
 the ultimate

 load, lecal stifElener  and  plating deformations devel-
 oped  on  the deck, superimp  osed  on  the overall  deck de-

 formation, precl,pitating deck cellapse,  The side  shell

 clearly  showed  iiiierftame buck]ing of  the longitudinal

 stiffeners with  assoeiated  plate buckling", The  pre-
 dicted cellapse  mode  is also  interframe fiexural buck-
 ling of  the deck stiffener  elements.

   Soine differences appear  between  the measured  and

 calculated  fiexura] rigidity  of  the cross-section  espe-

 cially  at  a  higher load ievel. According t,o Dow24), a

 possib}e source  of  error  was  in the complltation  of  the

 experirnental  curvature  of  the hull calculated  with  the

 vertical  displacements, whieh,  when  significant  non-

 linearities occur,  would  underestimat,e  the local cur-

 
vature

 of  the hull in the regjon  of  collapse.  The as-

 sumption  that the plane-sections remaii!  plane rr)ay

 also  lead to the dlffbrences beri/ween measured  and  cal-

 culated  moment-curvature  relationship  after  the  ulti-

 mate  strength  when  iarge deformations are  produced.
  3.2 Calculation on  Existing Bu!k  Carrier

  Progressive collapse  analysis  was  performed  on  the
hull girder of an  existing  bulk carrier  of  60,OOO DVVT.
The  principal dimensions are shown  in Fig.14. ff736
steel  was  used  at  the deck plating and  the  upper  parts
of  the sloped  bullchead of  top side  taiik and  the  side

plating, and  "732  steel  in the Temaining  part, In the
analysis,  the welding  residual  stresses  of 2btlb =  O.1
was  assumed  in the plating between stiffeners,  and

the initial deflections of  Ao!t :=  O.Ol and  6ola [:: O,O02
in plating and  stiffleners,  respectively.  At the corner
part of  the cross-section,  hard corner  elements  were

introduced. For some  typical elements,  the caiculated
average

 stress-strain  curves  are  plotted in Fig.]5 (a).
Both hegging and  sagging  rnornents  were  applied,  and

the calculated  moment-curvature  curves  are showll  in
Fig.15 (b),
  In Fig.15 (b), the dashed line represents  the reslllt

when  al1 elements  are  assumed  to fo11ow the stress-

strain  relationship  ef  an  elastic-perfectly  plastie ma-
terial. All the elements  are  free from initial imper-
fections and  do not  undergo  buckling, In this case,

 t4e same  results  a:e  obtained  under  hogging and  sag-

 ging conditions,  and  the ultimate  strength  is equa}  to

 the fully plastic bending mament  of  the cross-section.

 On  the other  han{l, so}id  and  chain  lines represent  the

 moment-curvature  curves  when  elements  behave fo1-
 lowing the average  stress-strain  curves  such  as  those
shown

 in Fig.15 (a). It is known ftom Fig,15 (b) that a
fu11y plastic bending moment  can  not  be sustained  at
the cross-sectjom  batmuse of  Iocal buckling collapses,
  The  slope  of  a rnoment-curvature  curve  represents
the tangential iiexuTal rigidit;y  of the cross-section.  It
is observed  in Fig,15 (b) that fiexural rigidity  is re-

duced from  the beginning  of  IDading when  initial im-
perfections are  introduced. This is paxtly because of

initial deflectioiis, but mainly  due to welding  residual

stresses  in tens2on. When  a  plate  with  welding  resid-

ual  stresses  is sub,iected  i,o tensile load, the  portions
where  tensile residuft,i. stresses  exist  can  not  carry  ten-
sile  load, since  these portions are already yielded in
tension. This results  in a  reduced  inplane rigidity  of

the  elements  in tension range  which  is almost  a  half        '
crross-seetloll.

  In Fig,15 (b), nurr`erals  and  alphabets  on  the curves
indieate the loading steps,  at  which  stress  distribution
and  coilapse  state  ;)re illustrated in Figs.16 (a) and

(b).
  Under the hoggiT:g condition,  at  point a, the initiai
loca} collapse  takes place at  the deck plating by yield-ttt
mg  m  tension as  i"dacated in Fig.16 (a). With further
increase in the applied  curvature,  yielding spreads  all

over  the deck  and  aKhe  upper  parts of  side  she]1  and

sloped  bulkhead of  top  side  tank. At  the same  time
                                           '

bottem plate and  inner bottom plate buckle, and  the
ultimatestrength  is attaiRed  at  point b. At this point,

r
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the  whele  top side  tank  is yielded  in tcnsion, After

Lhe ultimate  strength,  buckled parL' spreads  ever  the

sloped  bulkhead  of  hopper side  tank  and  the lowev

pa:t of  side  shell,  but unloading  takes  place at  
some

parts of  the ten$ile region  of  bending, as  is known

observing  the yie}ded parts andi  stress  distributiens at

points b, c and  d in Fig.16 (a). This is because  the

load carried  at  buckled double  bot/tom and  hoppcr side

tank  decreases, athd  the neutral  axis  moves  upward.

  Under the sagging  condition,  ttt poiiit･ .i, the initiag

eollapse  t,akes place at  the upperrnost  stiffener of  the

sloped  bu}khead of  top side  tank  by  buckling as  indi-
cated  in Fig.16 (b). With  further increase in t,he ap-

plled curvature,  buckled part spreads  and,  at  point e,

the ultimate  strength  is attained.  The  reserve  st,rength

after  the initial collapse  is very  small  compared  to the
case  ef  the hogging condit,ion,  In both cases,  t,he cel-

lapse starLs  to t,ake p]ace at  the upper  part  of  a  cross-

seetioii.  The  collapse  under  the hogging condition  oc-

curs  by yieldins, and  no  reduction  exists  in the  }oad
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carrying  capacity  of  cellapsed  members  after their ui- 'timate
 strength,  whereas  collapse  under  the  saggir:･g

epnditign
 occurs  by  buckling and  singinficant  reduc-

tion exists  in load earrying  capacity  after  ultimate

strength,  T.his leacls te the significant  difft)rence in
rgserve

 strength  after  initial collapse  under  the sttg-

gmg  and  the hogging conditions.  With  further in-
crease  in applied  curvature,  the buckled part spreads

downward, This  results  in the downward  movernent
of  neutral  aJcis,  and  yielding iil tension  did not  eccur

within
 the applied  curvature  shown  in Fig.16 (b),

  Aecording to the  Rules by  Classification Societ･ies
the aliewable  stress  is specified.  The  allowable  bend:'ing

 moment  cerresponding  to the allowable  stres$  is
calculated  according  to the Rule by Lloy'd Register
of  Shipping25), and  is indicated in Fig.15 (b>. It is
known  that this ship  has enough  strength  as  far as

the ultimate  iongitudinal strength  is concerned.

4. Conclusions

   A  simple  rnethod  was  proposed  to simulate  the pro-
 gressive collapse  behaviour of  huli girder eross-section

 under  longitudinal bending. This method  takes  into
 account  of  the progressive loss in rigidity  due to the
 occurrence  ef  local buckling and  yie}ding. The funda-

 mentai  idea of  this  method  fo11ows to that proposed  by
 Smith.9-i3} ln this methed,  a  cro'ss-section  is divide(l
 into small  elements  cornposed  of plaLes and  stiffbners.

 In this paper, a  $imple  analytical  method  was  pro-

 posed  to derive the aMerage  st,ress-strain  relationship

 of  indivicluai elements.  The  proposed  method  is as

 follows:

 (1) A  double span  model  is considered  that takes  ad-

Jacent two  rnidspan  points betweeii transverse frames
 as  both ends  of  the element.  The  cross-section  is com-

 posed  
of

 
a
 stiffener  and  half breadths of  plating be-

 tween  stiffeiters  on  each  side  of  the stiffener.

 (2) The  ayerage  stress-strain  relationship  of  the  at-
tached plate is derived by combining  the resu]ts  of
elastic  large deflection analysis  and  plastic mechanSsm
analysis  both in ana]ytical  foriiis.
(3) The deflectien of  a  stifl-eller  is expressed  as  the
sum  of  an  elastic  cemponent  in a  sinusoidal  mode  and

a  plastlc component  that gives a constant  curvature

in the miclspan  part.

(4) Assuming  linear dist･ributions ofstrains,  the elasLo-
plastic stress  distributiolls at  both ends  of  the element
are  cletermined which  satisfy  equilibrium  conditions  of

forces and  moments.  At the plate  parts, the  average

stress-strain  cllryes  derived in (2) are  used,

(5) Axial strain  is evaluated  with  the axial  tbree and

deflectioii.

  Example calculation  was  carried  out  on  a  1!3-scale
higate model  tested by Dow24), and  the rationa}ity

of  the  proposed method  was  confirmed.  Then, pro-
gressive collapse  analysis  was  performed on  the cross-
section  of  an  existing  bulk caTrier  both under  hogging
and  sagging  conditions.  It was  shown  that the cross-

section  can  not  carry  th.e fully plastic bending moment
due to the occllrrence  oflocal  buekling in the compres-
sion  side  of  bending, More decrease was  observed  in
u!timate  strength  untier  the sagging  condition  than
under  the hogging  eondition.

  In the present paper, the assumed  defiection mode

for a  stiffener  was  only  that of  an  Eulerian buckling
mode.  In Ref.23), the present inethod  was  impreved
by introducing deflecI,.ion compenent  of  torsional buck-
ling, and  considering  fiexural-torsional buckling of  a

stiffk)ner.  As for a  ]aading condition  when  element

stress-strain  curves  are  calculated,  only  the axial  load
is considered.  For the actual  case, however, the in-
fiuenees of  lateral pressure acting  at  the  bottom plate
and  inplane shear  force produced  in $ide  shell  haye  to
be included. These remain  as  future works.
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