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Steel-Concrete Sandwich Members  without  Shear Rein-

forcement

 Noureddine MALEKi..Atsuhiko  MACHIDA2,
Hiroslii MUTSUYOSHP  and  [[bmoo MAKABEi

1, INTRODUC[VION

    A  steel-concrete  sa  ndwich  structure  is a  composite  structure  in which  double steel
sikins and  eonerete  coTe  beharve monolithieaJly.  T[he steel  plates have two roles  of  per-
manent  formwork and  relnfbrcement.  [[1iis system  has been applied  to port and  harbor
facilities since the eaily  1980s, a:nd  has potential applications  in submerged  tunnel con-

struction and  also  in miclear  ¢ ontainment  and  blast resistance  structures  [1]. [[b study
further the basic structural  behavior of  steel-concrete  sandwich  structures,  a  series  of

tests has been imdertaken.  Parts of  the tests have been already  reported  [2,3]. Here, two
specimens are  added and  an  attempt to describe the beam behavior is presented. This
study  shffws  alse  seme  analytical  results  conceming  essentially  the opecimens without
shear  reinforcemerrt  and  the influence of  shear  connectors.

2. 0UTLINE  OF  TESTS

    Tbn simple beam specimens  (sucli as  SB4rl and  SB-4-2 chqwn in Fig, 1) have
been tested. The rnajor  parameters of  the e)tperiment  programme  were  (1) reinforcing
methed  against sliear, (2) shear  epan to depth ratio,  (3) thidkness of  steel  skin  plates
and  (4) size  of  sheam  connectors.

Steel plates used  as  shear  reinforcement  are linked to steel  skin  plates by Mlet welding
at  both upper  and  lower sides. Diaphragms, which  are  shear  reinforeing  plates placed in
planes normal  to the member  axis,  are  composed  of  doubletpilaJtes pemitting the concrete
core  to hffve some  continulty  along the epecimen axis. 1[Three Erpecimens  SB-1 to SB-3
were  desigried to investigate the infiuence of  shear  reinforcing  by diaphragms. Beams
SB-3, SB-4 and  SB-5 were  used  to study  the effect  of  shear  span  to depth ratio.  Then
SB-5 and  SB-6 were  tested to evaluate  the influence of  the steel skin  plfftes' thidkriess.
BeaJms SBw-1 and  SBw-2' were  designed to investigate the effect  of  full steel  web  which
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fig  1 Specimens SB-4-1 and  SB-42

[[bble 1: Specimens

Speci-aa/dtitdtwSdptfcC.T.
menan mmmmmmcm9oMPa

SB-16028.74.4.202.9sc -

SB-26028.74.4-402.9M 1

SB-3oo28,7' --2.9su 1

SB-4se38.7. ""2.934 1

SB-4-1oo38.7- --2.9sc 1

SB"1-2903&7- --2.9su 2

SB-512048.7- -.2.930 1

SB-6120413.6---4.5330 1

SBw-11053.5IB.6-3.2'4.5332 1

SBw-2852.8313.6-3.2-4.5332 1

tt: tlricikness of  steel  flange, t.:  thickness  of  web,  td; thickTiess of  diaphragm, a:  shear

span,  Sd: spacing  between diaphragms, ps =  e, t;: compressiye  strength  of  concrete,  b:
width  =  25e mm,  d : height w･  300 mm

C.T : L-shape  connector  type : 1 =  50 *  50 * 6 mm  and  2 =  30 * 30 * 3 mm.

Ish,a,i,,ea.rf:gi.",fb.{$.Rza.p,':tslll:'gc:d,,,i:laabypi.a",,e.,p".'al.igt',3,R･.m.e.mb,se.r-ttsdndA"sdBi4'.sen.kll{
specimens  were  simply supported  and  tested by a  symrnetric  two-point loading system
as  shown  in fig. 1. [Ilable 1 indicates the experimerrtal  variah1es.

3. EXPERIMIiNTAL  RESUI;TS

    Some experimental  and  analytical  results  are  given in Ttible 2. SB-1, SB-2 and

                                    a/d=2,  had a  tiediarch behavierSB-3, whicli  had a  srnal1  chear epan to depth ratio
                                                ,

 secondly  theirat  their final stqge.  SB-1 and  SB-2 sih(rwed firstly large diagonal eracks
diaiphragms yielded, and  then as  soon  as  this baginning of  shear fallure, a  flexural failure
                                      T[hen the defiection inereasedstarted due to the yielding ef  the 1ourer steel skin  plate.
rapidly  until the cut.ofa  diaphragrn in the chear span  near  the loading point. Nl

specimens without shear reinfbrcement  fai1ed in chear; SB-3 in a  tie.dlarch mode  and
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fige 2 Craek Pattern

Thb!e  2 : Experimental  and  Calculation Results

EeimentalResults CalculationResults
SpecimenPderpopPayPmaxFailureModeFlexuralCapacityShearCapacity

AB c DEF
SB-1215441ms7oeS,F609712712614･892636
SB-2 12729444155eS,F609712712450728472

SB-3 98-'280 s 6e97127122865M3e8

SB-4 78 190 230 s
SB4-190 165 s 406 474475240  392 11
SB-4-2110 158 s

SB-5 78--115 s 2963563562082991/

SB-6 78--132 s 40555555525047411
SBw-1118579353805.F,S475634os4660720lf

SBw-298549540862.F,S58778478468179211

Pder: load at first diagcmal eradk,  kig;P..: load at  yielding ef  lower plgte, kN;
Pios):load at  yialding of  diaphragm Qr  web,  kN;  Pn,a.:ultimate load, kN;
*  ; ultimate foad not  reached.

A  : load correspcmding  to flexural eapacity  using  the assumptian  of  aii RC  beam without
eompressive  plffte, kN  ;
B  : flexual capacity  neglecting  compresaive  concrete,  lcN ;
C  : fie)airal capecity  compated  by {iiserete  elanant  technigue, kN  ;
D:shear  strength,by  Oksmura's equation,  kN;
E  : shear  strength  by the  equation propesed by Ybkota and  K!yomiya ;
F  : shear  strength  of  a  deep  beam  (JSCE), lcN;
Fai1ure Mode: S=shear fal1ure, F =flexural  failure.

llhtie,o,t,h.er.s,(a.id,-ir`tc"ti"d.g2,ig,g,e/Ii3g.on,r",sige",sa2':ln.fai,i.ur,e.llt?hdga,9n.i,,YEI?,tt/lle."S..S,.BdWsii
the shear  cohmectors.  Flirom the initial loading state, the response  of  qpeclmens to loacls
was  not  linear. Firstlyi the conerete  surrounding  the shear  connectors  in the tension
zone  craclCed  causing  a  progressive loss of  stiffhess of  conerete  core, Secondly, sinoe the
longitudinal connection  between the plates and  the,conerete was  not  rigid, the dipping of
the conneetion  caused  a  further reduction  of stiffhess. Steel plates and  shear  eonneetors
of  the specirnens without sttear reinfbrcement  (SB-3 through SB-6) remained  elastic

until  the loss of  shear  capacity  of  concrete.
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4. EFFECT  OF  SHEAR  CONNECTORS
  Fig.3 sliows the e)rperimental  and  analytical

results  of  load-deflection curve  of  SB-3. Fig.
4 shows  the  experimental  and  analytical  Ioad-
defiection curves  of  three specimens  SB-4, SB-
41  and  SB-4-2. Wrighi and  Oduyemi [1] have
used  stud  connectors  in their research  on  steel-

concrete  sandwich  structures.  These were  con-

sidered  to transrnit sliear stress between steel  and

concrete,  to preyent diagonal tension cracks  in
the same  way  as  stirrups in reinforced  concrete
members  and  to prevent buckling of  compression
steel  plate. In Japan, where  a  steel  structure

of  a  sandwich  member  is supposed  to sustain

dead Ioads during construction  workl4],  many

researchers  have              been using  Fshape slrear con-

nectors.  Those are  considered  not  only  to fu1-
Ml the role  of  shear  transfer between concrete

and  steel  but also to strengthen  and  prevent the
deformation of  steel sldn plates during placing
of concrete.  Unfortunately the shear  connectors

also hatre a  detrimental effect as  they act as  erack
inducers and  weaken  the shear  resistance  of  con-

crete.  in aJl spealmens  of  the actual  programme,
e)rcept  SB-1, L-sliape shear  connectors  (angles)
had been used.  Specimens SB-4 and  SB-4-1 had
the sarne  steel  structure  with angles  of  50*50*6
mm.  Their concretes  had the same  compressive

strength  of  34 MPa  but different slumps  of  18±2
and  15±2 cm  respectivelM  The  conerete  in SB-
41  had aJso  better placing and  ctiring conditions
than the one  of  SB-4. Thus  the concrete  contour-

ing the shear  cormectors  was  little weaker  in SB-4
than  in SB-4-1 and  then had less load transfer ccr
pahMty  and  caused  larger slip  between concrete
c(nre  and  steel in SB-4 as  shown  in Fig.4.
Tlie    only  structural                 difference                         between SB-4-1
30'30'3 mm  in the case  of  the 1ater. in SB42
1arge loss of  stifu
loss of  stiffness at 125 kN  only  This macv  be
¢ onnectors  have less detrimental effeet
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Fig.4 LOAD-DEFLECTION,  SB"l

                        and  SB-42 was  the connector  size with
                           the first 1arge diagonal craclc with a
ess  aippeared  at  a  total load of  157 kN while  SB-4-1 had a  sudden  large
                         attributed to the fact that smaJl  shear

                  on  eoncrete  than  1arge ones.

5. FIINITE  ELEMENT  ANALYSIS

    A  nonlinear  FEM  program has been developed. It is composed  of  the  reinforced

conerete  plate model  used  in WCOMR  ( which  is a  program for nonlinear  analysis  of

reinforced  concrete  walls  [5] ), a  bilinear beam  element  for steel plates, and  a  linlcage
element  model.             The  computation  technique is based on  

"Erontal
 Skyline" method.  This

uses  simultaneously  the skyline storage, which  is an  eficient  technique to reduce  both
the computation  time and  the storage  requirements,  and  the frontdrprocedure which
pemits  to rednce  the half band-width of  the global stiffhess  matrix  [6F
Firstly the frpecimens                  were  tmalyzed  as  doubly reinfor ¢ ed cQncrebe  beams with full con-
tact between conqrete  core  and  steel  plates. Secondly they  wlrre  assuiried  to have corrtact
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               Fig. 7 HORIZONTAL  ST[RESS IN CONCRETE,  SB"l-1

only  at locations (rf eonnectors  and  shear  reinfbrcement.  The contact  is modeled  by a

linkage elemerit  consisting  of  two  springs  among  which  one  represents  the normal  action

and  another  the chear force between concrete  and  steel as  shown  in Fig.5. The stiffhess

coeficient  relative  to normal  action  ( denoted as  ic. ) was  taken very  large to ffvoid

analyticaMy  
"punch"

 of  upper  skin  plate into conerete.  The  eoefficient  representing  the
sihear rigidity ( denoted as  k. ) seemed  te hffve an  important infiuence on  the beam
                                                              linkagebehavior, Then, to test this effect,  several  vaJues  were  attributed to k. fbr
elemerrks  at  the lcrwer side  of  speclmens (tension zone).  A large coeficient  k. ==  1.0E7
kNlimn/ was  used  fbr the compressive  zone  which  was  considered  to heve high sl}ear
rigrrdity due to the coTrrpression  of  concrete.  And, due to the low strength  of  cancrete

near  the cormectors,  con(  rete compressive  and  tensile strengths  were  reduced  by  50%  in
the tension zone  and  20%  in the compression  area  but not  reduced  at  central  1ayers.

6. DISCUSSION  ON  ANALYTICAL  R[l!SUItTS

    Some analytical  results  are  shown  in Figs 3, 4 and  7, With the experimental  load-
deflection curves  three numerical  re$ults  are  drawn. These are  (1) result of  the speeimen
assumed  as  a  reinfbrced  concrete  beam showing  an  almost linear reeponse  to loasls with

a  sudden  failure, (2) result  of a  member  using  the actual  model  with a  shear                                                              rigidity
k, =  2847 kN/inm ( which  is considered  to be laarge since it is equaa  to the maximum
                            and  Kiyomiya for anof  the values  obtained  by Yamada                                              Lshape mixed                                                          with                                                              a  stud
connecter  [n ). and  (3) result  of the actual  model  using  a large k, =  1.0E5 kNlrmtrn.
Fig. 7 chows          the horizontal stresses  in cenerete  measured  by mold  gages and  antalytical

resu}ts  of the nodes  located almost  at the same  positions as  the correeponding  gagos as
shffvvn in Fig. 6. Refbrring to experimental  stress4values, it is seen  that point at upper
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side  is in compression,  the second  which  is in the center  is near  the neutral  axis  and

that lower side is in compression,  too. Then the transverse section  A-A does not  verify

Bernoulli's principle. This is attributed  to the fhct that shear  forces are  transferred by
shear  connectors  only.  Fig. 7 also shows  an  acceptable  agreement  between experimental
and  analytical  results  in case  of  the upper  (compression) and  the central  zones  of  the
member.  But  the analytical  results  do not  agree  with  the stresses  measured  in the
tension zone.  Figs, 3 and4  show  that shear  rigidity k, of  linkage elements  has a1arge
inlluence on  the member  behavior and  it can  be seen  that the lower vaJues  of  foe cause
la:rgeT deflections at the begiming  of  loading and  the higher values  of k, give rise to
higher ultimate load, It is seen  also that experimental  deflections are  clearly  Iarger than
         ones  at  low level of loads. This may  be attributed  to the fact that concreteanalytical
eontouring  shear  connectors  may  have some  defects due to concreting  dificulties such

as  voids  and  shrinkage  cracks  and  then  has a  low resistanee  capahility  at the beginning.
And then, as  the load is increasing the compression  zone  behind the cormector  increases
also and  gets stronger  resistance,  Thus it would  be important to modif3r  the linkage
element  peTmitting  the coeMcient  k. to follow the variation  of  concrete  rigidity.

7. CONCLUSION

    Some experimental  and  analytical  results  of  steel-concrete  sandwich  beaJns hewe
been described, Beams  without  shear  reinforcement  had a  shear  fai1ure in a  tied-arch
mode  when  shear  span  to depth ratio  ald  was  2 and  in a  diagonal tension failure mode

when  ald=3  to 4. Concrete may  have some  defects and  cause  a  small  shear  rigidity of
connectors  in tension zone  at  the begiming                                    of  loading, Further work  on  linkage element
model  is currently  under  wacyr,
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