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On  the  Shearing Deformation in Cross
       Pure Car Carriers

Section of
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                Kazuo  Umezaki***, Member

                               Summary

   It is well  known  that  the racking  phenemenon  is the most  important  structural
design problem ior a  ship  1iaving iew  transverse bulkhead, This paper reviews  the
results  of  study  on  the  method  of  calculation  of  the racking  deformation in the cross

section  of  suehaship.  
'

   First, the  authors  explain  the method  oi  estimatien  of  deviation  loads Tespensi-
ble for      the          racking.  The  authors  define the deviation loads as  differences between
the actual  loads and  beam  loads. The  beam  loads are  assumed  to be acting,  pro-
portionately  to the  resultant  shear  iorces, on  the  cross  section  of  each  longitudinal
strength  member  as  an  elastic  thin walled  beam.

   Secondly, the  authors  examine  the  distribution of  racking  as  the shearing  deform-
ations  in cross  sections  of  a Pure  Car  Carrier, which  is capable  of  carrying  3000 motor

cars,  by  somewhat  simplified  structural  idealization,

             l. Introductien

  The  authors  consider  a  ship  going through the
waves.  In this instance, loads ineluding wave

loads and  inertia forces aTe  acting  on  an  arbitrary

cross  section  of  the ship  as  shown  in Fig, 1(a).
The  leads can  be broken down  into two  compo-

nents;  the one  is symmetric  in relation  to the
vertical  centre  line of  a  cross  section  and  the
other  is inversely symmetric,  as  shown  in Fig. 1
(b) and  {c>, respectively,  The  former  causes  the
ship  hull to bend  vertically  while  the latter causes
the huil to bend  herizontally  and  also  to twist
with respect  to the shear  centre,  Generally, the
vertical  bending  strength  of  a  ship  hull is cal-

culated  as  a  beam  passing through  the centre

of  gravity of  the hull cross  section.  And  also,
the  horizontal bending and  torsienal strength  of

a  ship  hull are  calculated  as  a  beam  passing
through  the shear  centre  ef  the  hull cress  sec-

tion. In either  instance, it is assumed  that  the
cross  section  of  the ship  hull does not  deform.
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This assumption  can  be true only  where  the
external  force acting  en  each  longitudinal strength
member.  such  as  upper  deck, side  shell, bottom
shell,  etc.  is proportional to the resultant  shear-

ing force in the cToss  section  of  the longitudinal
strength  member  evaluated  by  an  ordinary

theory  of  elastic  thin  walled  beam.  Aotually,
however, it generally is the case  that  the  external

force does not  act  on  each  longitudinal strength
member  in that  manner.  Therefore, though  a

ship  hul1 is generally considered  to deform as  a

beam, each  longitudinal strength  member  under-

goes its own  deformation which  is different
from  that  of  a  beam.  According  to this theory,
M. Yamakoshi,  et. al. proposed a  method  of

calculations  of  shearing  deformation of  wing

±ank.i),2>

  The  authors  apply  this theory  to the  study  of

horizontal bending to calculate  what  is called

racking  deformation  as  shearing  deformation  of

a  hull cross  sectiQn.  In  this case,  the  tersion
wM  also  be studied  at  the same  time.

  J, Yagi, et,  al,  rnade  valuable  researches  on

the  phenomenon  oi  racking  of  ship  hull,3),a)
They  investigated the phenomenon  of  racking

by  calculating  the structural  response  ef  the hull
under  the  loads  acting  as  shown  in Fig. 2(c).
For  that  purpose, they  converted  the loads
shown  in Fig. 1(c) into the equivalent  concentrat-
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ed  loads as  shown  in Fig, 2(a), And  then, they
divided the equivalent  concentrated  loads into
two  componenbs,  i.e, the  average  of  sum  as

indicated in Fig. 2 (b) and  the  average  of difference
as  shown  in Fig. 2(c), respectively.  and  treated
the  Ieads shown  in Fig. 2Cc) as  the  Ioads respon-
･sible

 for the racking.

  The  loads showll  in Fig, 2(a), however,  cause

not  only  the  horizontal  bendiing  but  twisting  of

the  ship  hull, It is, thereEore, necessary  to

exclude  not  enly  the  loads shown  in Fig. 2{b)
which  cause  the horizonta!  bending, but  also

All the ]oads which  eause  the  twisting  with

respect  to the shear  centre,  for the  exact  evalua-

tion oi  the racking  deformation.

     2. Loads Responsibie for Racking

  The  symmet-ric  and  inversed symmetric  loads

per  unit  length of  the  huU  girder shown  in Fig. 1
consist  of  components  which  are  shown  in
Table 1 . It is ebvious  that  the inversed symmetric
components  cause  the  racking.  The  inversed

symmetric  components  can  be  divided  into four

groups as  follows.

  (l') Ioad components  acting  on  each  decl< in

      the transverse  direction, namely;

      ps, ge. 4s,, pti,･. fie,

  (2) mements  of  the  above  Ioads with  respeet

     to the shear  centre,  narnely;

      Mpy.  Mavj,  Mgvj,  Mrvj,  Mrvj

  {3> load  components  acting  on  each  deek in

      direction of  depth, namely;

      Pai, rei:', fieiJ'

  (4) mornents  oi  the  above  loads with  respect

      to the shear  centre,  namely;

      Mpm,  Mrxj,  Mraj

  For convenienee,  water  pressures acting  on

the  ship  sides  are  converted  into concentrated

forces on  the  bottom  shell  and  each  deck  and

are  denoted with  the  netations  of  pSs, ete.  Also,
the moment  mpy  is divided into the components

mpyj  corresponding  to each  p:i. Then,  the
resultant  forces and  moments  can  be  calculated

by  Eqs. (1),

  Fy  ==  Z  Fyj
      1･

    
=;

 (2pgi+ggj+ty,r,･-t-r,J,･+ii,･)
  Fz  ==  £  Fzj
      j

    =  Pi'i +E  (reii+fi,JD
         ,

  Mv=ZMvj
      j

    
=i,]

 C2mpyji,-ntgvj+ntgvJ'+mryJ'+: "-iryJ')

  Mx=Z  Msj
      j

    
=

 Z  (17tpz +  "frfj-N  tft rxj)
      j

The  resultant  force Fy  causes  the

(I)

horizelltal
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the f'-th deck  per llnit  length  of  the hull girder
be  equal  to (oc)'Fv) when  tbe ship  hull is bent
horizontally  according  to the  theory  of  a.n

elastic  thin walled  beam.  If each  component  of

Fv  acting  on  the 1'-th deck  is distributed in

proportion to (stjFv), there sheuld  be  no  sheaiing

deiormation ei  the hull cross  section  but  only

the horizontal  bending  deflection.

  Next, let the  moment  of  Fw  with  respect  to

the  shear  centre  of  the  cross  se ¢ tien  be  bfv.

It can  be undeTstood  easily  that  the  moment

My  constitutes  the  elementary  torsional moment

for this cross  section.  Let the increments of

shearing  force acting  on  the cross  section  in waxr
oi  the  .7'-th deck  per unit  length  of  the  hull girder
be  equal  to <fijMvfD) when  the ship  hull is twisted
by  the  torsional moment  Mv  according  to the

theory  of  torsion of an  elastic  thin walled  bearn.

  Ii each  component  of  Fy  acting  on  the 1'-th
deck, which  prodiuces the elementary  torsional

mornent  Mg, were  distributed in preportion to

(fijMy/D), then  resultant  moment  ot  Fy would

only  cause  the twisting of  the hull cross  sect/ion

but  no  shearing  deformation.  Actually, however,
the  external  iorce Fyj acts  on  the  s'-th deck.

Let differences between the  actual  load acting

on  the  ]'-th deck Fyj and  the resultallts  oi  (ajFy)
and  (6jlh!D) be the  deviation loads on  the y'-th
deck,  Then  the  deviation  leadi HiV and  Ug

acting  on  each  Iongitudinal strength  rnember

are  given by  Eqs. (2) (refer to  the Fig, S(a), <b),
(c) and  (d> ).

  
fe12t.h.e.Fi,t,.hm?8,C.;i+fi,M,/D}

 l
  

iekt,,h:

 iidil2e!}/;(,t.,board side)  l (2)

       =+fisMvfB  (pert side)  i

Pure  Car Carriers

Tablel  Details of  Svmmetric  Load  and

       Inversed Symmetric  Load

r 5ypan?tnt'toaaIn'tersedSymfiEtrictnad
+LoadDlrectiomtsbtat'maNotatleniwotatioRLoedDist[lbutionmawitas

Wat!rPressureZ-Dlrectioncthttom)Pzp;aj p;MFT
Y-DlrectTon(S[dg)pyp;2P;

L

.T2Mpr

:EckLostiZ-Dimetionq,iq2j

=tt=t.-..t.I-q)j--

Y-C'lrectionq,jmNqll

-Tt..1'ltyj

H"IlVJelghtz-oirettl'anqdqs,

..--Fr=.PrTr-1:..nyqyj-

Y-Dlrectionqyjmd" thq7j

Z-DimettanrTj-
1F,]

MrzjInertlaftvteotDeikLond
-T"1

r,i,.'iFyj.
Y-DlrertionryjLrSj Mryj

Z'Dlrect[onfzj
'rql.,Tej

Fzj

thf4InertiaforceotHullVielgktV-DTrectTonfyj

-1F)j
ftryj

bending of  the ship  hull and  alse  the resultant

moment  Mv, which  is preduced  by  Fy, causes

the  txvisting of  the,ship  hull. The  resultant

force Fs is zero  because each  component  of  Fs
has no  resultant  force. It however  has the  result-

ant  moment  because each  component  of  Fs  has

the  resultant  moment  with  Tespeet  to the veTtical

centre  line of hull cross  section.  This moment,

denoted with  Mle, causes  the twisting of  the ship

hull,

  2.1 Deviation LohdswithrespecttoHorizon-

     tal Force Ila

  Let  us  consider  the  devia'tion loads with  respect

to  Fy. It is well  known  that  the ship  hull is

bent hoTizontally and  at  the same  time  is twjsted
when  the iorce Fv acts  horizontally on  the hull.
Let the increments of shearing  Eorce acting  on

ween
 ana
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  The  coeficient  ecJ' is the ratio  of  the shearing

iorce on  thei-th  deck  to the total shearing  force
in the hull cross  section  when  the  ship  hull is
bent horizontally accerding  to the theory  of  an

elastic  thin  walled  beam.  The  method  of  calcula-

tion oi  crj is shown  in Appendix  1, And  alse  the
coethcient  6;' and  Ps are  the ratios  of  the  shearing

iorce on  the fLth deck and  side  shell  to tbe
arbitrary  torsional rnoment  M  divided  by  D  or  B,
respectively  when  the  ship  hull is twisted  with

respect  to its shear  centre  according  to the  theory
oi an  elastic  thin walled  beam.  The  methods  of

calculation  of fij and  Bs are  shown  in Appendix  2.

  2.2 Deviation Loads  with  respect  to Vertical
      Force K

  Let us  consider  the  deviation loads  with  respect

to Fs. It is obvious  that  the load  components

pL  y.i,- and  f,rj have  no  resultant  forces but
resultant  rnoments  with  respect  to the  shear

centre  of  the hull cross  section  (i.e, with  reSpect

to the  vertieal  centre  line of  the hull cross  sec-

tion). The  inversed symmetric  loadsp.i, r,'i and

ili are  converted  into the  concentrated  forces
Fpesj, FrisJ' and  Frssj. aeting  on  each  side  shell,

respectively.  Let  the  total resultant  moments  be
Mli. This  Mx  censtitutes  the elementary  tor-
sional  moment  ±or  the  ship  hull. As discussed in
2.1, let the increments oi shearing  force acting

on  the  y'-th deck per unit  length oi  the hull

girder be equal  to (fijntrleID) when  the  ship  hull

is tssTisted according  to  the theory  oi an  elastic

thin  walled  beam, If each  component  of  Fles
acting  on  the ]Lth deck, which  produces  the  mo-

ment  ][G, were  distributed in proportion te (fijMgf
D), then resultant  moment  oi  ns  would  only

cause  the twisting  of  the hull cross  section  and

no  shearin.cr  deforTnation. In this case,  the devia-
tion load llJS and  ffs: acting  on  each  longitudinal

strength  member  are  given  by Eqs.  (3) (refer to
the Fig. 4(a), (b) and  (c) ).

  
for

 
the

 1'-th deck;  }
  f.,",f,=,g,(l{,"llg2D,,. t
               ' t(3)

    H:=Eis-rssM21B  (starboard side>  r
      

==  
-Fts+PsMli/B

 (port side)  1

where

    fife=B'Fss  (4)

    
Fzs=4,

 
1;lesj

 (5)

    LsJ'=Fpgsj+Frxsj+Frxsj (6)

    
Fpxsj=mp2jfB

 )
    f-ILtil.]uz:.ee.Bi 

(7)

  The  deviation  loads  with  respect  to  the  horizon-
tal bending load Fv  and  the torsienal moment

My  and  Ms  can  be obtained  as  outlined  above.

The  differences between  the actual  loads  sho"n

in Fig. 3{a) and  Fig, 4<a) and  the loads on  an

elastic  thin  walled  beam  under  horizontal bending
and  torsion shown  in Fig. 3(b), 3(c) and  Fig. 4{b)
constitute  the  dieviation Ioads as  shown  in Fig. 3-
(d) and  Fig. 4(e). It is obvious  that  the  deviatien
loads cause  the racking  of  the hull cross  section.

For  a  ship  having 4 decks  the deviatien load Hj
and  Hs  acting  on  each  longitudinal strength

member  are  given  by  Egs. (8), In this case,  the
doublc bottom  is considered  as  the  1-st deck,

  for the 4-th deck                '

    H'4=Fy4-{ec4Fy+fi,(Mv+ua)ID}

  for the 3-rd decl< ;

    ll3=:Fv3-{ecBFy+fi3<Mv+M:)fD}

  for the 2-nd deck;

    HE=Fy2-{ct2Fv+P2(My+M})!D}

  for the 1-st deck;

    Hi==Fvi-{ctiFy+fii<Mer+Mz>!D}

  for the side  shell  in starboard  side;

    Hst=Fxs-fis(My+Mle>/B

  for the  side  shell  in port side;

    Hs2=-Fss+Ps{Mw+Mx)!B

  It can  be  proved easily  that  the

loads given by  Eqs. (8) have no

and  resultant  moments.  Thus,  the
calculate  the distribution of

or  the  racking,  of  hull cross  sections,

three dimensional structural  model

deviation loads.

(8)

          deviation

     resultant  forees

        authors  can

shearing  defermation,

          using  the

         under  the

           q,
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    3. Example  ofNumerical  Calculation

  3.1 Ship Subjected  to Study

  In  order  to  examine  the  characteristics  of  the

racking  deformation, the authors  carried  out  the

numerical  calculations  using  a structural  model

of  Pure  Car  Carrier, assuming  that  the model  is
subjected  to  deviation loads which  cause  the

racking  deiormation as  described  in 2. The

rough  midship  section  of  the ship  is shown  in
Fig. 5. The  principal dimensions are  as  follows;

  LxBxD-d  : 160mx25.6mx22.72  rn-7.22m

11.5N

zo
h-6 I

$as14.5 PILLAR

R. N
6 F

RCF]'41E,gz

÷ri75
611.5LO

8R
sc605FJg63744

12800

tws S

Fig, 5 Rough  Midship  Section of  Pure  Car

      Carrier

  3.2 Idealization ofStructure

  The  authors  idealized a  port  balf of  the ship

as  a  three dimensional  finite element  rnodel  as

shown  in Fig, 6. Deck  plates, side  shells  and

transverse  bulkheads were  idealized as  plate
elements.  Further, deck beams. deck girders,
side  frames  and  pillars ".ere  idealized as  irame
elements.  The  finite element  idealization of  the

midship  section  is shown  in Fig. 7, For simplicity,

eleven  decks in the actual  ship  were  considered

to be  iour  for the  finite element  idealization.

The  authors  deterrnined  the  equivalent  rigidities

of  side  frames, after  comparing  the  rigidities  ef

the  eleven-deck-structure  with  those  of  the  four-

deck-structure by  the  in-plane  frame  calculations.

In the numerical  calculations,  as  it was  our  pur-

pose  to roughly  investigate the  behaviour oE

racking,  the authors  made  the  simplified  struc-

tural idealizations,

  As to the boundary  conditions,  the inversed

symmetric  conditions  were  gixren along  tlie

Fig.6  Three Dimensional  Finite Element
      Idealization

No.4 DK

.  Joint

-
 PIate Elernent

e.] Frame  Element

Fig. 7 Idealization oi  Midship  Sectien

centre  line section,  Next, the transverse bulk-
heads  at  fore and  aft  ends  were  assumed  te be
supported  simply  in both  transverse and  vertical

directions as  shown  in Fig. 6,
  3.3 LoadConditions

  The  authors  divided  the full load  displacement

in proportion to the  ratios  of numbers  of  the

siinplified  decks and  distributed the  divided  full
load  displacemerit as  cargo  and  hull wcights  on

each  deck  uniformly  along  the  whole  hull length.
As a result,  the  deck  load was  O.6 tonfm2  en  the

fourth deck, O.9tonfm2 on  the  third and  second

decks, and  l.5 tonlm2  on  the first decl<, respec-

tively. Tl]e authors  assumed  that  ±he  ship  was

rolling  in still  water  iully leaded, with  rolling

angle  e oi  20 degrees and  rolling  period  T  of

20 seconds.
  Under  the  above-mentioned  load conditions                                       '

the authors  ca!culated  the actual  leads acting

on  twenty  five cross  sections  in the finite element

idealization. These  actual  loads consisted  of

inclined and  inertia components  oi  the deck
loads and  also  of still water  pressures. Next, the
authors  determined  the shear  force coefficients

for horizontal  ferce and  torsional moment  for all

the cross  sections.  Using the Eqs. (8), the authors
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Table 2Resolution  of  Inversed  Symmetric

Lead  on  the  Cross Section (Section-A,
-B

 oi  Fig. 6>.

SectloninF[s.6DirecttonofforceDeckNo.Actua:LoadCtOb)bevia-tlofiLead.ctom)Shearforce'
Coettts.torFprizsaFfonceCci',cts)She6FforceCoettts,forTerslancB',es)

Drt.421.9'149,4d4O.2649S4QelOll
FloItaentalimteDts,350.B46,ter5O.lg5BesO.O02Bl

es2-45,1'-51.8ctz51'2o42e?7t-QOOIS'7
DKI-72.0-6SJdlO.3551el-O.Ol154ISect.-A Dtt41.0-2.ads4-O,O060k-aoo247

VeFtjcalforcgDts.51.5-5.5ag-O,O047et--QO057i

D.wa20.014.6ok2O.0240co-O.O077]
DK,l158.8156JOl1O.0226Bsi-QOe448

Dts411.0l4.5ouQse70B4QO126i
us15.417.6ctaQ2218elO.oo28Cl

es2-15.5-10,9d2Q5055B2-O,O0749

Sett:B

Hor]mntalFctte

VerticaSfoFce

Dts.1Dlf4-22.3-21.0dlO.1659el-O.oo79S

O.5O.5ly-O,O054ey-e.oaseg
DssO.7O.5ctso.eoo'aesu-O.co699
Dwa50,551Jmpo,oueeese-QOCb64

DKI55.5S4.0Og1O.04516si-Qoo475

calculated  the deviation loads acting  on  the

cross  sections,  In this case,  the  distributedi loads

were  converted  into the  concentrated  loads

acting  on  the intersections oi  the deck  plates and
the side  shell.  Thi$  is the  reason  whv  the authors

avoided  the  intricacy of  allowing  fo"r equiiibrium

of  moments  along  the  inclined side  shell.

  The  actual  loadis and  deviation  loads  acting

on  the  section-A  and  -B shown  in Fig. 6 aTe

listed in Table 2. The  shear  force coefEcients  for

horizontal  force and  torsional moments  oi  sec-

tion-A  and  -B  are  also  listed in Table 2.
  3.4 ResultofCalculations

  The  results  of calculations  oi  racking  deforma-
tions for section-A  and  -B  aTe  shown  in Fig, 8,
For  more  general expressian  ol  the  racl<ing  as

the  sheaTing  deiormation  of a hull cross  section

<due to the deviation loads) shown  in Fig, 9,
the  authors  defined the value  of  the racking  7
by  Eqs. (9).

    IJ 7-  1'v +  11 if

    
'7v==6H!D

    7.=:a.IB
where

    6ff=0m+8ff2

    Sv ='  2'6v2

  Here,  7F and

tions dividied by

)Nf

horizontal  members,

am,  8Er2 and  6T2 are  shown  in Fig

  Distribution oi

Iength  are  shown

value  oi  7 are  very

ends,  because of the

bulkheads at  the  both  ends.

<9)

                     (10)
                     <11)
7H denote  the relative  deflec-
the  span  for the vertical  and

   respectively.  Displacements

            . 9.

7  and  7.v. along  the ship  hull

 in Fig, 10. In Fi.cr. IO, tlie

    small  at  the foie and  aft

   presen¢ e  oi  
'full

 transverse

8H2ft 8,2nirsv2

8v2Il:[I T r n
i I I I
1 t l t
1 f I I

1 ,

:. /

L"Z5;6,

Dll
l I+.r----G'ii"=-i}'Li

'
'

t 1

!Iil F: l S.jwhere
IESH=SHIl

n･
L;Ln

[] I
Li'sv-2s'l

g lvsHll
Ji -B --

Fig. 9

6v+'rS,
     A

  as.g･

SHI+SH2

Definition of  Racking  as  Shearin.cr
Deformation  of  a  Cross Section
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g Deformation
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  Section-B

oi  Cross Sections
6)

FSg

    A.R-  at

.IO  Distribution  eE  Racking

    along  the Ship Length

  -- kRDeformation

          4. ConclusiveRemarks

  In this paper, the authors  made  it clear  tha,t
the  racking  was  induced by  the deviation loads
with  Tespect  to the  horizontal bending load  and

to the loads which  cause  the twisting of  ship  hull,
and  proposed a  method  of  calculation  of  the
deviation  loads. The  authors  are  of the opinion

that  the  racking  should  be defined as  the  shearin.cr

deformations. Applying their theory  to sorne-

what  simplified  structural  model  of  Pure Car
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 Car, ri･v"r, which  is capable  of  carrying  3000  motor

 cars,  the authers  carried  out  the  three dimen-

 sional  strength  calculatioi'i  by  the  finite elerrrent

 method  and  showed  the distribution of  shearing

 deformations  ill hull cross  sections.

  FTofn, the results  of  the  investi.cration, some

 oi  the characteristics  of  the racking  were  clarified.

 In  the numerical  calculations,  the authors  used

 the Bredt-Batho's  Formu!a  to evaluate  the

 deviation  loads with  respect  to  the Ioads which

 cause  the twistin.cr., but  did not  take  into con-

 sjderations  the warping  toision, Regarding

 these problems, the zuthors  would  like to  further

 continue  the investigations including the iull
 scale  measurernents.
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               Appemiix  1

  Method  of  Calculation of  Shear Ferce  Coeffieient
    aj,  asj  for a  Horizontal  Force

  Shear iorce coefficients  aj  and  asi  can  be esti-

mated  by  the theory  of  elastic  thin  walled  beam.A')
For convenience  ef  explanation,  let us  consider

the elastjc  thin walled  beam  whose  cress  section

is as  shown  in Fig. Al,

  This  is the statically  indeteTminable  structure

Gf  the third order  because ef  having two bulk-
heads, Th ¢ n,  it is neeessary  to determine the
siiear fiow g,, g2 and  g,, each  being statically

indeterminable. Cut  off  the structure  at  points
A, C  

･and
 F, then  the shear  fiow g at  an  aibitrary

J

yfB

blil
qs; es,ffFt

H

q?SfGsF, 'IF'

Dq!rc:'elc

EAi.ofBs

Fig. Al

I

D

                          x

        j
        j
Symbols  of  Cress Section ior Horizon-
tal Shear  Feice

 point  can  be  given by Eqs, (A-1).

   A'-B:  g-g,-  £
=

 I.x,(A
   Bt-c: g-g,-Slf  i..x,ef..
   C-tD; e-9,-g2- £

=Ige.ef-,"

   D-E:  e==gi-fl !ff,egl..-.-
            

-  £
X

 !if,d-A,,-.-.
            -fl  Il?.EA,-,-H
   E-A:  g-gim{/ii!'If,e,sl-.-.-.

            - ft i. g,e"-.-.

            
-
 fr ifi,e5.,-.

   c'-F:  g-g,--tL,'M'Igi.El,A

  FNH:  g=g,-g,--fiXrvSg.e"-

  HND:  e=g,--fF-y= !g.ek.-.
            -  /'," igeeg-,-.
  F'-i:  e-g3-fi[ff,e"

  i-J:  9:-g3-fri;rp,ef-

  J-H] g=g3-;,X  

'tsff.e".,,-

where,  dA  denotes the effective

for bending, and  the integral

)t

t

(A-1>

  eleinental

s    denotes,
 at-

area

 for
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example,  the  integration from  point  A'  to an

arbitrary  point between  A' and  B. Fx  denotes
the  horizontal fo:ce and  lv denotes tlie moment

oi inertia of  the cross  section  with  respect  to the

y-axis. There  must  be no  discrepaney  between

points A  and  A', points C  and  C' and  points F
and  F', respective]y,  so  Eqs.  (A-2) can  be  obtained

from  which  the  shear  fiow  gi, g2 and  g3 can  be
determined.

    S1/,-d.i-E-O"
    fg,Lfs. e.-.

    f.-9v-sc-u,9-.
  By  substituting  g

(A-2), the simu

g3 can  be obtained.

by  $olving  Eqs.  (A-2),
distribution with

by  substituting  these

  Thus, coeficient  aj 
-

the sheaT  fiow g,･ in
whole  width  of  this

Fx for normalization

    dij=:[.gJdsfF. cJ'--
       vJ

  Similarly,

by  integrating the
shell,  and  then  dividin
as  given Eqs. (A-4).

    ctBG=izid,slFx

    ctc･T=igt4d.s!Fm

    ct,,,=Igf-t.ls!F.
 And  also, 

'
 

'

    sc,1=c Bci  cos  Olsf2

(A-2)

        of  Eqs.  (A-1) into Eqs,

  ltaneous equations  ior g,, g, and

      9i, 92 and  gs are  determined
         and  then  the  shear  flow

    respect  to Fx  can  be obtained

       values  into Eqs. (A-l).
        is  obtained  by  integrating

        the 1'-th deck  across  the

      deck. and  then dividing by

       as  given by  Eq,  (A-3>,

        -1-4)  
-
 (A-3)

coethcients  ctBo  etc.  can  be  obtained

     shear  fiow g, along  ±he side

        g by  Fx  for normalization

t
i

asj is given by  Eqs,(A-5).

(A-4>

                              )
    ecs2=<aBccosOi2+ac,Fcose23)!2  1
                                  (A-5)
    cts3=(osctFcosen+ctr.icosea4)12  1'
    cts4=ocff,icosOa4/2 i
where  angles  ei2 etc.  are  sho"rn  in Fig. AI,
Next, coethcient  aj  can  be given  by  Eqs, (A-6).

    crj[:aj-l  ct2j (]'=l-4) (A-6}
where  trj is given by Eq. (A-3) and  ec!j is given
by Eqs.  (A-7).

    il
'

EI/g,lylsl,2,/
0

,

Alil,li'.ct.:.:ut2j2,/7,

 i (A-7)

               AppeBdix 2

  Method  of  CalculatioR of  Shear Force Co-
    efficients  Pj, fisj for a  Torsional  Mement

  Shear ferce coefficients  PJ' and  fisj' can  be
estimated  by  the theory oi torsion of  an  elast/ic

tliin walled  beam.E2)  For convenience  of  explana-

tion, Iet us  consider  the elastic  thin  walled  beam
whose  cross  section  is as  shown  in Fig. A2. Let
the  shear  flow  in the 1-$t deck, 2-nd deck, 3-rd
deck  and  the 4-th deck be fi, f2, f3 and  f4 re-

spectively,  and  the  shear  fiow in the side  shell

between point  C  and  D  be  f23, and  also  let the
torsional angle  per unit  length be e when  the
tor$ional moment  is T, Tlrien, from  the eondition

of  con ±inuity  of  shear  fiow  at  points C  and  D,

Eqs. <A-8> are  obtained,

Efa

1

tsB--leb4a

t;g,ts@tklb,es.ff,,..'E=::7'iThu

-Hort2XtS3t2 lTentE-b?

-+

Ds=llfiz･7'"huED

cN

f]t"ptt,iR-1bls,ut1
rv-

Qess.
h12

B'r .x

Fig. A2  Symbols  of  CrossSection for Tersion

    fi+fZ-f23=O )
    f23-fS-f4=O }

  Accordiiig  to the theory of torsion

thin walled  section,  Eqs, (A-9) are

    f,( 
2tb,±

 +  
2tktE

 )-f, 
2tb,2

 =  2GeA,

      2b, 2h,,                    2b,
    f2-IE-+f23"t;, +f3  t, 

==2GeA,

    -f3  
2tb,3

 +f4(  
2th,i`

 +L2rtb:')=2GeAs

  And  from  the  condition  of  egui

shear  fiow  and  the  external  torsional

Eq. (A-IO) is obtained.

    T=2CA,f,+A,f,,+A,f,)

where.  Ai, A2 and  A3  denete  the

M, pt and  tw in Fig. A2, respectively.

  Selving  the  simultaneous  e  
'

(A-9) and  (A-10),
f4, f23 and  0 can  be determined easily.
shear  force coeMcient  Pj can  be
integrating  shear  fiow in the 1'-th deck

whole  width  of  this deck, and  the,n d'

TfD  for the normalization  as  given by

 (A-8)

oi  elastic

ebtained.

(A-9)

librium of

 moment,

     (A-IO)
enclosed  areas

           quations  (A-8),
all  the unknowns  of  fi, f2, fs,
                 Thus, the

              obtained  by
                across  the

                ividing  by

               Eq,  (A-ll).
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    Pj==i,fids/{TID> U--l-)4) (ALII)

  Similarly, the  shear  force coeficient  rss can  be
obtained  by integrating shear  flow fj' in the 1'-th
member  along  the side  shell  and  then  dividing
by  T!B  for the normalization  as given by  Eqs.
(A-l2).

    f7.,=[f,dsX(TIB)
        "e-c

    PcD== i,f-?sdsl(T/B)
    /?DE=I,{l,.dSf(TIB)
And  also, fisj'
    fisi=6Bccosen12

t
f

is  given by  Eqs.(A-13}.

fis2=(f9]ccosffnt17cDcose2s)12
f?s3=(leeDcose2s+/9DEcosO34>/2
fis4 :fiDEcose3412

l
f

(A-12)

(A-13)

where  angles  ei2 etc.  are  shown  in Fig. A2.
Next, coefflcient  17j can  be given by Eqs.  (A-14).

    Pj--Sj+Bgj (]'--I-4) (A-14)
where  Pj is given by  Eg,  (A-l1) and  figj is given
by  Eqs.  (A-l5).

    fi,'i =  fiBc sin  en?2
                              >
    fi,'2=(fiBcsinen+I9cDsinO!3)12                              k
                                 (A-15)
    leg,=(lg,.sine,,+f7..sine,t)12  r
    fi<4==fiDEsine3412                              '
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