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                               Ssurnmary

   Recently, vavioLas  kiBds of  Arctic offshore  structures  have been eonst:'ucted.  I" designing such

structures,  desigmers have to pay partieular attention  te hew to ov{.treo[Tte  ice loads acting  on  the

structures.  

'!'he
 use  uf  the  composite  steel-conere  t.e structure  ef  s"ndwic}i  s), stem  appears  to be viable

so}utien  for ofisho.re  struetures  in the Aretie.

   In this paper, the()reti{;al aiid experimental  studies  wcr'e  c:arrierl  otsl to st'udy  elastic-plastie

l)ehavlor and  ultimate  strength  of  eomposite  steel･t--{:oncrete  structtire  oi'  sandwich  system  where

eoncrete  ".'as placed in between steei  plates. 
'Fhe

 theorctieal  analysis  was  i]er£ormed  using  the  finite

eiement  method  whic:h  wtts  newly  dexreloped t.o inco'rporate tiontinear  eha}-ik:teristics  of  corierete  and

interaction between stee}  and  cenci'etc.  Experiment/'s wc,re  cai'riec{  uut  
'Lo

 stuay  rese}rved  ultimate

sts'ength  of  
`L'he

 coTnposite  struc:turc  which  had beer'a exl'.osefi  t.o ri/he:'inal (t.ycles,  i.e. recurrence  (}f

t'reezing and  thawing of  concrete.

   The  followiug informfition was  obtainecl  throltgh t})e investigatlon :

1) Newly  developed computer  program  (ian  aeeuvately  prediet/ the einstic  plastic behavier and

   ultimate  $trength  of  t.he composite  struct"r'e,

2) Simplified rne.thorl  of  analysis  hased upon  the truss  theor.v eolile  pr'edi(,t. the ultimate  $trength  o(

   the eomposite  stmictuf'e.

3) The  freeziiig and  thawjng  cyeles  did not'  give nn  appreeiable  adivei'se  efi'ect  ofi  the sLrength  of  the

   composit{}  structuve.

1. Intrectts¢ tiove

  Various kinds ef  ot'ishere  str'uctures  hnve

been constrneted,  with  the neiN'  oil expleration

and  preduction deve.iopmeiits 1/n the Aretic and
sub--Arctic  waters.  :,rhe use  of  composite

steel--coricrete  structure  uf  snndwich  sirstent

appeares  to be vlabte  solut.ion  for oifshorc

structures,  because it enhances  thcir loacl--

carrying  capaciLy  in the severet  arctic  environ-

ment.

  A  huge offshore  structure,  if made  of stee],

neeessitates  a  great deal of  dead  Eoad to offse.t
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its big btto>,ancy, 
'Yhe

 coner- ete  may  be usecl  as

1}ftll･ast ancl  streiigth  metnbers  in sueh  an

otlshor(,'  strzicturcs.

  
'Dtawbacks

 of  ('t)ncrete  associate  wl,th  low
a.ensile st'rerigth  anc'l  lew cluctiiity.  It is diffgcult
io seeure  vii:iterti//rhtTiess, ence  concrete  crack-

ing develops ia nn  offshor･e  structure.  The
cirawbncks  of  cont  i'ete  require  a  design with  an

ubsurdly  excc'ssive  Tnnrgiii,

  
'l"he

 authors  hai.,e developecl a  new  composite

:steel--c:oncrete  stv'ucture  of  sandwlch  svste' m  to

climlnatc}.  as  muc,h  as  possible  the various

{.tra"Tbacks  of  both L'oiicrete  and  steel. The  ne"F

composite  structu.v  e endut'es  large cleformatien
ttnd  absorbs  a gre',).t deal of  energy  until  failure
occlirs,  because t,he steei  plate, huving high
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strength  and  ductility, suppresses  the develop-
ment  of  surface  cracks,  Tlms, the saietv  ol

oifshore  sti'ucture is ensured  if the composite
strllcture  is iised  at ice-resistant wall  whieh

has to withstand  cxccssivc  ice loadin.o.

  In the previous  paper  the authors  carried  out

gnvestigations into the strength  of  composite

structures  of  sandwich  system  and  developed a
method  ot  an  analysis  of  ultimate  strengthi)2}.

The  method  is applicable  to the composite

structure  with  a  relatively  large ratio  ef  span

to depth. Whi]e  $tructural  memberes  of  ice-

resistant  wall  will  have  a  smaU  ratio  of  span  to

depth, say  3, to wjthstand  excessivc  iee
loading.

  In this paper, experiments  and  theoretical
analyses  were  carried  out  to study  ugtlniatc

strength  ot  the comp()site  structure  wgth  a

smaii  ratio  of span  to depth which  will  be used
as  an  iee-resistant wall  of offshore  sLructures

ln thc Arctic,

2. ]berodiee Wests andi  eeesangts
2.l nyest ift(godiels

  Two  typcs  of  two  --dimensional test beams  of

the composite  steel-･concrete  structure  showc･

l/n Fig. 2 are  employed  in the model  tests. They
are  approxiznately  fine--tSiirci sca･Ii.td medel  of

ice ･-resistant wali  ef  offshore  striictures  whic'n

will  be usecg  in the arcti'c as  shewn  ixi Fig. ;'.
Longitttdinal stiffeners  a.re i'utrnished at  tiie
outer  surfacre  oi  MA-model  to increase shear

strength,  while  no  stiffeners  are  fairnished to
MB-model,  Sectional area  of  the upper  steel

plate oi krlB-model is cqual  to tl}e surn  oi

sectional  area  of  the  longitudinag stiffancr  and

vpper  steel  plate ef  ts･aA-modcl. Thc  contribu-

tioii of  lengitudin･a,/ sti'ffeners  to liitl･;nate

strength  of  the composite  struct.tire  can  be

                              Table 1 Mix

bel,yl'sLJIsHE et  al.

Fig. 1 Iee-resistant wall  of  Arctic offphore  structurc
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examined  by cemparing  test resuits  of the test
rnodels.  To  study  the effect  of  severe  weather

conditioii  in the Arctic upen  the  strength  of  the

composite  strtacture, MA--2  and  MA-3  are

exposed  to tvv'enty and  forty c.vcles of freeze
and  thaw. r'especti'vely.

  The mix  proportions of  concrete  is shown  in
CI'a})ie L. After placins. Iight weight  conerete

having 28-clsy  tle.sign  strength  of  37.80 N/
iurn", a  moisture  cure  at 5]5e C  was  followed for

three hours. Yield stress  and  tensi}e breakiRg
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        Fig. 3 Experimental set-up

    Table 2 Mechanical properties ef  concrete
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strength  ol steei plates are  280  NAnrn" and  465
N/mm2.  respectivel}r.

2.2 Expea'imeentRl Apgekkratees anrf  tfi]estimeg
    Procedure

  Test medels  are  leaded s.o thetr iaikare by an

Amsler testing machine.  of' 40e  t£  Test. beams ef
MA---1, MA-2,  MA--  3" and  MB  are  supported

at three sectj･ons  and  Soadeci/ at. I.wo seetions  as

shown  in Fig. 3 so  that bending moment  and
shearing  force distribution of  the test beams
will  be sin'iilar to that  of  ice-resistant wali' o.f

Arctie offs'hore  struct.ures  exposed  to ice load-
ing. Tlie deve.lopment of  coi}crete  erackiiig  is
detected by the magnifie'r.

  Test beams  of  MA--2  artd  MA-3  are  ex-

posed to freeze--thaw cycles  in a cold  rc)om.

Temperatnro  in the eolcl room  is controlled  se

that the  ;naximum  temperature  of  eoncrete

during thaw  period  is lOO C and  the minlmum

one  during the freezing period is L2()"  C. Thc,
rate

 of freeze-thaw  test lti one  eyeie  a day.

so

O2e40

   
d2 14s6

            deSl"ctlon i  tmm)

1;ig. 4 Measured loacl--deflection curves
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   Fig, 5 ]aeilsui'ed loari--defleetion eurves  (ptaA-4)

2.ttb Test. kesevlits apmd  geiscLgssioit

  X'Ieehanical properties  of  coRcre`L'e  are  shown

in Tab],e 2. I)tt･e to freeze---thaw c}rcl･es, the
coia'ipressgve  st.rength  anci  tensile stren.a. th de-
creased  by app/,'oxirnatcly  S5 or} a"nd  45 %,
respifctivel>'.  Ftexu･rai stren.ff.th remained

aliijost snmc.

  
'Yhe

 mcrasured  load -- displacement curve.s  for
rv'T ?1 -- 1. , 2, 3 ;uid  }vlB beams  are  shown  in Figs. 4
and  i'i toget.he,r･ w"ith  the ultiruate  strens.rth, It is
tc.h,end that tlhe eomposit'e  structure,  which

exper]e.]iced  frec'ze/ 
-t.haw

 cycles,  clid not  ex-
hibit appreciabl/e  clecrease  in the ultimate

streng.th  ancl  tE'te amount  of  detormation wliich

the ecinposite  si/ructure  exhibited  beiore its
failut'e. Its fiexufal st.iffr}ess decreased due  t.o
the freeze -tha", 'eycles.

 It is a great  advantage

of  the composii.e  structure  when  used  as

structural  meni5ers  o/f t.he Arctic offshore

structures  t.hat ta'ie freeze---thaw cycles  does not

deterior･ ate  its lvttd-carrying ca'pacity.

  The  c.levelopm(:nt  of  c'racks in each  model  is
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       F'ig. 6 (v'raf:k pr-pag'atien  in concrete

shown  gn Fl/g. 6. It is i'ounci' ttl'iat coacrete  crE,ickts

.s 'Lttrt  'c.i i'. or  
'v
 t/･ry cl]ose  to a  sh･ear  connecter  andi  g

pliace "Tld.ere  1/ee{1''isg is ap,.p'li.e(g, The. ecncrtttt.

cr3c:kgng  pro'i･')agazes dlagcria//1.･". 
'Iihl/s

 sug];gests
                                  

t it .t
'i:ifiat

 
',.he

 cr･ nekc(i' eoncy.et.e  tra'i/{smits' curtgonai

ecmpres.sive  ."･.orc!i an,ci :･ arr･ ies. shearing  ;'orc:,/,

  b'oth 2'txi'R': st.:,'esse$ and  1')encli,"g tstrcsses

incksced, i,n gower･ sl'cel pl'ates ai'e shown  
'lfi

 Figs.

7, 8 and  fi /1't is ieund [rom I;;gz S tilt'it tens:e

stresscs  iR t.'ht/ lower plate･ s are  
'.,Hiifo:,']i'i.

 .S'･. $Liil)

bet"rcen･ 
.t'oricrete

 anc'1 steei  pl,'ate, and  cliagonal

cracks  1'B concitte  make  rhe axi･ai strefis

dlstri'but'i'on soinewlia'L･  f.liff･erenL  from  the oii･e

prctdietc,d bv "Lhe  beam theorv. T,, he be]1,3Avior oC'

t.kie composi"Le  beam w'nicb'  is c[ifferent  Cs'o"n th/e

oue  predicted b,v the bea.rn･ theery  cE.,rq 1')e

analyseca  by the ts'v!ss lheory  as  shewn  in

Chapter ･4.
                                     tt
   The koad-axial/ s/iyess  t'elation  is aErr}ost
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   ./t,'ig. 7 Mensm'ed a):ial stresses  ef  steal  piateF,

Ii,near until  the d'/agcrial cr'aeks iii conerete

prc)ph'gate ali through  tg]e concrete  and  E'each

hotth upper  and  iLower  st.ce.l plates as  shown  in･

Fig. 
'1,r.

 f'L.xial s'lresses  p,ear  the suppos'tts  otf 
C,/'ne

t･es;/ mt.},cle.1･ l'ncrease rapidl.v  after tl/ie cliagoraai

{:ra:k$  .Dropagate, nl,i t"o･.rough the  concrete.  As

s,howyi  in 1iig. Y iend'/'ng strusses  i}ear  t.he

suppor  Z･ s are  
'laz･'ge,

 too. Thus, initial yiielding. of

steel  plate sttartg at  supports  wrl)en  the cliagonal

cracks  prop2gate  all throi.agh Lhe concrcte-.  As
                              ..  -r
the l,oad increuses furt.hcr, piastic region  oi

siLeel pln'te expavd$  .ifradually.  Finally, Lhe

failure e.f test model  occurs  after  exhibit.ing.

Iargc) deformatiori.

   Reaction .fcrcc,ns at the supports  ()f the test,

beam  1/ncrcase lineaiv with  increasing loacaing.

The rate  of ii'ierease in Lhe .'･'･ eaeti'ons  cha'nge

 aiter  the appEied  load exceeds  150 tt. wrihen the

 failu!-'e of  Lhe model  cccurs,  the reackons  at
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Fig. 8 Measured  load-axial stresses  of  steel  plates

     relaion

supports  are  equal  to the one  caiculated  by
assuming  the model  to be simply  supported  at

each  support.

3. Nen-iiiaear Anallysis by FEM

  When  a load, acting  upon  the ceinposite

structure  of  sandwich  system,  exceeds  its

proportionai  limk, the strueture  exhibits  non-

linear behavier and  flna}lv reach  it.s uitimate                     "

strength,  The Bonlinear  behavior oi the strtic-

ture  is caused  by the following nonlinearities  i

  Crackin.as. starts  in coiicrete when  the tc'nsile

stress  reaehes  the  tensile strength.  As craeking

forms, stress  transfer aeross  l.he crack  is

reduced  to zero.  When  the compressive  stres.s

acting  on  c()ncrete  reaches  the yielcl si.ress,  the

plastification of tl}e eoncrete  starts.  The con-

crete  crushes  when  the stress  reaches  its

compressive  strength.  The  steel  piate buckles

and  loses the load carrying  c;apacity  when  the

compressive  stress  reaches  the buckling stress.

When  the stress  of  steel  plate reaches  the yield
stress,  the steel cxhibits  piastic deformation,

Finally, thc steet  loses the  load-carrying

capacity  when  the stress  reaches  the  tensile

breaking strength.  A  gap oceurs  between  steel

plate and  concrete  when  tensile forces aet

between  them. Ne  stresses  are  transfered

Structur'e of  Sana}vich System  237
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`iherea'fter,

  Iit t.his scction,  r.he iinite element  met.hod  is

appli  e.d l.o analyse  the fionlinear  behavior of  the

{:oniposlte･  struct/ure.

  The steel  pla"Lc".s and  concrete  aye  divided
i･nto t,riallguias' elements,  Linkage  elements  are

incorporated to represent  the effeet  ef  bond
between  concrete  and  steel.

  The solution  e{  linear incrernentai eqnation

is obtained  under  sLEceessive,  sma]l  increment
of  ]/oading until  fEEihire of  the composite  struc-

tus'e occllrs.

  Figs. 1O througi]  l2 surrnnarize  the rneasured

and  calculated  [o:/id-defleetion cllrves  of  the
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test models.  
'I'he

 calculated  ult'I,rnnte }oads are
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  ii ig. 13 shows  the prir,eipal stress cl･istri･bu･

i.ion anci  cl,iange  cf  el,eme"t  properti.es in thc

pcst. elastic  region,  i.e. cr- acking,  yieacling,
t'.,.'usl/'.,in･tt., ei  c'.gficrea'.e and  steei.  It i･s fotind 1.hat
L".liiagonal/ eempressl,on  Lr'leld, cievelop  in concrete
a'I'ter /tia.cr.onal crackgnst  devegopeci in .roneretc.

i, l/igher st.resses ai'e  ohs.a.rveti  at ti'.,e coriiet.' oS'

stiffeners  
'",1i.ic},i

 Lne,･"tri'btzi.e  [o snv,prcss  loca[

;LiA']'SU/ISI-ll

       1
     2eo'･

     iso･

    g
    lt

     ieo

    :
    !

et at.

'=:-:"-
L

 PmaHnyITStS

.
 -".-rfi, E5Dtf

<g'mrr-.....s-'

'x..

e,',?mI::

ts
 F[m

MU

Cal

 Ptz n

," Y.".--TL3,"
 

'-zr

   E7pevil-vrni[:'tt2;

dn

   i '
 

'''
 

-n'--'1/

<li

/

,gi

m

}l/
Lc

ii1[

:x"

slil..,/l
M-nv

-i

  v         
StaL{

 
."
 

??
 
Hglln,,/S

 
Xxxj

        
C",t[/tt't[  . IT[{L

        
t,L:.ss-IT t,."."!tsT

    -diza' kA  
.<l

 
c=n

   cAAe/  ?/tLD  /].-nv c-Ex  tiL'/.o          UT/F,LO

Catculatecl principal  stre$se$  and  varitttion

element'  pre? er ±ies (it'IA--l, }]='187tD

    
L-.r."-" 4H-.-.t  "+-rr.

    Ola545G
                           dEflecl;on  6Cmm)

 Fig. 12 Comparison  of lead--defienction curves  (MB)

rieiorination of  cencrete  ancl  gap  between  con-

cr･ ete  ancl  steel.

  The  following information is obtained  by
coniparing  measured  and  calculated  resttlts  ;
(ali I)iagonal compression  fieid devel()ps i-n

    concrete  anci  carries  {iiagona]  compressivg
    /t

    r, orce.
tttU/),J

 1],'he coHapse  of  tiie comi)osite  structu.re

    occur's  hy general  >,ielding of  steel/ pgates
    :B'id local' y;'el(ling oi" concrete,

tt･L. 5/'impEgft'eg ewetlaifdi {bf  Ygtffasaate

    $.treetnghh imx' ilvmiysis

  1>geniineat' aneilysis  hy  l.l]e i'iT]ite element

eneLhed  is costl'y  and  tifiie eonsuilikig.  So a

simplii'ied inether.'t  oE et' t'ne tittimate  str'engt･h
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Fig. 16 Relation hetween ultirnate

       stiffeness

S T galeT

Ec･Ac"tg:,l

strength  anfj  axinl

 annlysis  of  the composite  strttcture  with  a

 
sinall

 ru,tio ef  span  te depth is deve]oped by thc
 help of  the experimental  {']'bservatioias  de-
 scribed  in t.he preceding  section,

   iA.n  idealized medel  ef  t'russ structi.]re  as

 shown  in Fig. ]4 is usecl  for anal.v, sis, rv'onsgst-

 
ing

 of  upper  and  lower steel  plates and
coxicrete.  The  steel  p[ates carrEes  the liorizontal
forces and  conerete  th('･ dft･tgenal conipressaon.

\eung's mod!i  rus and  effective seetiofial  area  of
ciiagonai compressgon  fieicl Df  coiierete  nre

found throu.crh a  series of  cal(ulations,  eeuipar
ing  the rc]sulLs  with  those oEAained  bv the
experiments

 and  the FE)vf ari･aiysis.

  Fi.cr.. 15 depicts the eftect  of  
'Lhe

 comprchssive
stiffness

 of t.he djagonai cener･  ete, tfl,. A,, tipon
axiai  stresses  of  tho dlagenal c:encrete,  I"ig S･ 6
clepiets  the uitimate  strength  et the conspesite
structure

 when  t.1]e stress  oir the lower stueg

plate reaches  the yield stress  of  28.7 kgCirnm2.
It is    found that the ultiniate  s'trength  decreases
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 slightly  with  decr'easing the compressive  stiff-

 
ness

 of  the diagonal concreri.e;  10%  reduction  of

 E.A.  catises  1--296 reduction  of  the ultimate

 strength.

   The  composite  strticture,  whieh  experienced

 
freeze-

 thaw  cycios,  does net  show  appreciable

 
decrease in theif' uitimate  strength.  This is

 because the failti･','e oi  the composite  strueture

 
:,s
 
not

 cau,sed  b}, crushing  of  conerete,  but by
 gener,a l        yielding' of  steel  plate. Their uitimate

 strengths  deerease sljgritgy  due  to decrease in

 
the:r

 rn･echauieal,  propertie.s catised  by the
 freoze--thaw cyc}es.

   1"he tiltimate  s,i.t'engths d'or itt{A-1, 2, 3 aud

 )vaB are, ca[cul･ atee.d and  they  are  shown  in Table
 3 together  with  ti'ie ultimate  strengths  ebtailled

 hy 
the

 exp.erimei}･s  aRd  the FES4 aRalysis.  It i's
c:lm'i'fiod that･ t.k{/･ proposed method  of  the
ultimate  streny.tSi  an,alysis  is accurate.

;;. MJ(}kaelim(eearm.w,
 
'eeevatsifks

  V'ar'Eous ey.ce}i･{'iit properties e]" the new
eoinpo:s]l/e

 st:,/･el--L'ogicrete struc'.ure  with  a
sgimll  rt･iti() ci･; sp･ar/i te depth are  clariiied
th}'cugl'i experin'g-t,nt;,il and  theoretical inves-
isgntioiis. !mpcrt:;rtt inioriuation c}btained  in
t}xese invest.ig.),'atioris gs sun}marized  in the

r'Ollowing i
[,1)

(2)

A. simp]ii'ied,  /,,{tethod  ef  ultin}ate  strength

aiiai}rsjs  is Cl,"/selop{td. Cor}kparison of  the  ricaEetilaL-ecl
 rt,,L'.etlts 

'with
 the illeasttred  oRets'

shows  good  :orrelation  between 'L'hem.

Thias,, t.i).e acci/-racy  ofr.he- pruposed  thaore-
Licaf rnet}nocl ls. assured.

t",lthough  met/haiiical  propertjes of  coR-
ctrete nre  dete;.forated by cycles  o.f freeze-
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thaw,  the ultimate  strength  of  the comT]o-

site
 
strueture

 4ioes  not  shew  appreciable  l)

(lecrease.  This is because of the  fact that

the iailure is caused  by general  }rielding. of

steel  plates, iiot by concrete  crushing..

                                          2)

 et al.
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