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SEISMICBEHAVIOR  OF  COMPOSITE  EVVECS  COLUMNS
      VARYING  SHEAR-SPAN  RATIOS

VVITH

FAUZAN'i, Hiroshi KURAMOTO'2,  Tbmoya  MATSUI  
'3

 and  Ki-Hyung KIM'"

                             ABSTRACT
Results of  an  experimental  study  on  seismic  behavior of  Engincering Wbod  Encased
Concrete-Steel (EWECS) composite  columns  with  varying  shear  span  to depth ratios

(shear-span ratios)  afe  summarized.  Three specimens  were  tested under  constant  axial load
and  Iateral load reyersals.  The  column  cross-section  was  kept constant  while  the column
height was  varied  to produce different shear-span  ratios. The results showed  that the
maximum  fiexural strength  of  the columns  increased with  decreasing shear-span  ratio.

Howeyer, more  damages on  the columns  were  observed  with  decreasing shear-span  ratio.

Keywords: column,  composite  structures,  woody  shell, shear-span  ratio, seismic  test

1. INTRODUCTION

     Composite steel-concrete  celurnns  such  as

Steel Reinfbrced Concrete (SRC) and  Conerete
Filled Tube (CFT) columns  have been widely  used

in high-rise and  long-span buildings. Many  types
ofnew  composite  columms  have been developed in
recent  years, One of  them is Engineering Wbod
Encased Concrete-Steel (EWECS) co1umn  [1,2],
consisting  of  concrete  encased  steel (CES) core
and  an  exterior  woody  shell, as shown  in Fig. 1.

     Some  benefits are realized  ffom this type of
composite  co1umn  due to the use  of  woody  shell as

column  cover.  The benefits of  using  woody  shell

in EWECS  columns  include the improved
structural  behovior through its action  to provide
core  confrmement  and  resistartce  to bending
mement,  shear  force and  column  buckling, and  the
reduced  construction  cost  because the woody  shell

also acts  as  forrning for conerete  placement. These
advantages  make  EWECS  columns  possible to

apply  to actual  stru ¢ tures as an  alternative to SRC
co1umns,  which  have weaknesses  due to difficulty
in constructing  both steel and  reinforced  concrete

(RC) [3].
    A  cemprehensive  research  program has been
underway  for the 1ast two  years to construct  the

rational  models  of  EWECS  columns  by
investigating the seismic  perfbrmance. In an

earlier  phase of  the research  program, the authors

studied  the seismic  behavior of  an  EWECS
column  using  double H-section steel, which  was

compared  with that of  CES  column  without cover
concrete,  which  corresponds  to the core  of  the
EWECS  column  [1]. It was  found that the EWECS
column  had a stable spindle-shaped  hysteresis
characteristic without  capacity  reduction  unti1 the
maximum  story  drift angle,  R  of  O.OS radian.  The
results  also showed  that the presence of  woody

shell on  EWECS  columns  connibuted  to flexural
capacity  by around  12 %.

    Recentiy, in the second  phase of  the research
program, EwaCS  columns  using  single  H-soction
steel have been studied  with  different types of

woody  shell connection  at column-stub  joints [2].
Hom  this study,  exce11ent  hysteretic perfbrmance
and  damage 1imit were  reponed  for EWECS
coIumns  with  eolllmn-stub  connection  consisting

ofwoody  shell and  wood  panel attached  to stub.

    [Ib complement  the research  program, test
on  EWECS  columns  with  varying  shear  span  to

depth ratio ranging  ffom 1.0 to 2.0 under  constant

axial  load and  lateral load reversals  were

perfbrmed. This paper discusses the effects  of

shear  span  to depth ratio on  the seismic  behavior
of  EWECS  columns.  In this paper, the shear  span

to depth rado  hereafter referred  to as 
"shear-span

ratio". The  findings of  this research  conuibute  to

the inforrnatien needed  to constmct  the guidelines
for seismic  design of  EwnCS  stmctues.
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2. EXPERIMENML  PROG  RAMS

Fig,1

2.t Specimens  and  Materials Used
    A  total of  three composite  column

specimens  of  whieh  the scale  is about two-flfth,
with varying  shear-span  ratios were  tested. The

column  cross-section  was  constant  at  400 mm

square  section for all specimens  and  different
shear-span  ratios  (1.0, 1.5 and  2.0) were  achieved

by varying  the column  height (800mm. 1200mm
and  1600mm). The dimensions and  details of  the
specimens  are  shown  in Fig. 1 and  fable 1. The
column-stub  connection  eonsisting  of  woody  shell

and  wood  panel attached  te stub  were  oonstmcted

for al1 specimens  (see Fig. 1). For Specimen WC2,
the upper  and  lower stubs  were  fi11ed by cencrete

with 200 mm  height (Fig. 1), to reach  the same
elevation  with  Specimen WCI  in order  to make

easier to setup  the specimen  in the loading
apparatus.

     The steel encased  in each  column  had a

single  H-section steel of  300x220xlOxlS mm  and

the thickness of  the woody  shell for al1 specimens
was  45 mm.  The mechanical  propenies of  the steel
and  the woody  shell are listed in Tables 2 and  3,
respectively.  Normal  concrete  ef  27 MPa  was  used

for al1 specimens.  The mix  proponions and

properties of  the concrete  are  given in 
'lable

 4.

    In manufacturing  the specimens,  the steel

sections  were  accurately  cut  to size  of  the column
and  stub  first. Then  the woody  shell panels were
assembled  to the co1umn  by using  epoxy  (Fig. 1),
Finally, the concrete  was  cast  into the column

TTensdiccrter
sunkendU  M
 [fig4)p

t
    VVC2

Test specimen-lable

pa
   WC3

1 Test program

Specirnen WCIWctWC3

Shearspantodepthratio 2.01.S1,O

WbodyShellThickness(rnm) 45

Concrete NerTnalConcrete

Stee1
Built-instee1mmH-300x220x10x1S

ColurnnHeight:h(mm) 16001200800

Crosssection:bxD(mm) 400x400

N(kN) 1031AxialCompressionN/(Ntu)

O.l8

N., is the tota1 nxial  comptcssive  strength  of  the column  fo, .D. .qB +  b.

b. ,D. .oe/ the widihL depth atid  cerrtpiessive  strength  efcencrete  eere

b.,D..e.,thewidthdepthar:dcomptessivestrengthofwoQdyshell

fable 2

.D..oO･

MechanicaI properties of  steel

Seel
Yie}dStress

qy(MPa)MaLStressc,s(MPa)Notes

H.300x220xlOxlS2g4
450,5Flange

295.S 454,9 Web

fable 3 Mechanical properties of  vvDody  shell

Woodtype'comp.Srength
ew(MPa)E}asticModulus Es(GPa>

GlueIarninated

pinewood
45.0 ll,5

'dedinctionispara]leltoaxisofgrnin

Table 4 Mix proportions and  mechanical  properties of concrete

Unitweighttkgiin3)wtc<ol.)St(S+G)(ofo)SlumP(crn)Wster(W)Cement(qSand(S)Gravel(C)Admixture(A)Comp.Srength

MPa

S7 48 17 181 318 8S6 989 3.18 27
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Table 5 Calculated strength

Sl}ecimen WCIWC2Wes

Qmcal(kN)
FibcrSection

Analysis
716.5,804,1942,7

Superposition
Method

712.3904.71091

 Qmcal, Cslculatcd ultirnate flexual strength

without additional formwurk because the woody
shell  serves  as  mold  forms for conciete  placement.
    The ultimate  flexural stmgths  for each

column  shown  in 
'lable

 5 were  calculated  by
using  two methods:  fiber section analysis (FSA)
and  flexural arialysis' with superposition  mcthod.

The detai1 of  the FSA  procedures is given in Ref

[4]. in the superposition  method,  it is assumed  that
al1 materials  conhibute  its maximum  compressive

strength.  In addition, no  tensile force in the woody
shell  was  assumed  due to the unbonded  connection

between woody  shell  and  wood  panel at the
column-stubjoints  (Fig. 1).

2.2 Test Setup and  Loading Procedures

    Figure 2 schematically  illustrates the test
setup  and  loading apparatus for this test. The
speeimens  were  loaded lateral eyclic  shear  forces
by a  herizontal hydraulic jack and  a constant  axial

eompression  of  1031 kN  by two  venical

hydraulics jacks. Considering the cross  section  of

the woody  shell, the appliecl  axial  force ratio,

Nl(bc.Dc.aB +  b..D..a.) for all specimens  was

O,18 Clable 1), while  using  the core  area,  the ratio,

Nf(b..D,.uB) was  O.43.

    The loads were  applied thrvugh a  steel

frarne attached  at the top of  a column  that was

fixed to the base. The two  venical  jacks applying
the constant  axial  compression  vvere  also  used  to
keep the column  top beam  parallel to the bottom
beam so that the column  would  be subjeeted  to

anti-symmeuie  moments.  For Specimen WC3,  the
additional steel boxes at the top  and  bottom of  the
column  stubs  were  used  to cormect  the Ioading

fiames and  the stubs,  as shown  in Photo 1.

    The incremental loading cycles  were

contro11ed  by story  drifi angles,  R, defined as the
ratio  of  1ateral displacements to the column  height,

6th. The latera1 load sequence  consisted  of  two
cycles  to each  story  drift angle,  R  ef  O.O05, O.Ol,
O.O15, O.02, O.03 and  O.04 radians  fo11owed by
halfcycle to R  of  O.05 radian,

3. TEST  RESULTSAND  DISCUSSIONS

3,1 Hysteresis Characteristics and  Failure
    Modes

     Shear versus  story  chift angle  relationships

of  al1 specimens  are  plotted in Fig, 3. The dotted
and  chained  lines drawn in these figures represent

the calculated  flexural strengths  by fiber section
analysis  and  superposition  method,  respectively.

The yield and  maximum  strengths  and  the
corresponding  story drift angles for each  specimcn
are  listed in leble 6. The yielding of  each

specimen  was  assumed  when  the first yielding of
steel flange arid/or web  at the top and  bottom of
the columns  was  observed,  whi ¢ h corresponds  to a

triangle mark  on  the shear  versus  story  drift angle

response  (Fig. 3). Crack modes  of  all  specimens  at

R  ofO.OS  rad.  are  presented in Photo 2,

    From  Fig. 3, it can  be seen  that all

specimens  showed  ductile and  stable

spindle-shaped  hysteresis loops without

degradadon of  load-canying capacity  until story

drift, R  of  O.05 rad.  for Specimen WCI  and  R  of

O.03 rad.  for the other  two specimens,

    In Specimen WC1  with  a shear-span  ratio of

2.0, the first yielding occurred  on  steel fiange
"rhen  the applied  load was  386 kN  and  R  of  O.O05
rad. Within a diift ratio of O.03 rad., the first
cracks  in the woody  shell  occurred  in the Nomh
side  of  the column  face at around  30 cm  away

from the top ofthe  column,  Moreover, the cracks
extended  along  the column  height with an  increase
of  the story  drift angle.  Sink and  upln  were
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   Fig,2 Schematic view  of test setup Photo 1 Specimen  WC3  during testing
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Fig.3 Shear force - story  drift relationships

'lable
 6 Measured strength

atYieldln attheMas.Caaei

SpeciInenQyOdhl)Ry(rad.)Qmsi(krSDRrnar(rsd.)

WCI386O.oo5706.S o.os

WC2423.1O.oo5771.9 O.03

WC3666.2O.O064916 O.03

observed  signdicantly after R  of O.02 rad. at two
opposite  sides  of  both the top and  bottom of  the
column  due to difibrent wood  grain directions
(different strengths  and  stiflhesses)  between the
woocly  shell and  the wood  panel attached  to the
stub.  The hysteresis loops of  this specimen

showed  exce11ent  behavior without  strength

degradation undi  the last story  drift, R  ofO.05  rad.,

where  the maximum  capacity of  706,5 kN  was

reached.

    For Specimen WC2  with a  shear=span ratio
of  1,5, the flrst yielding also occurred  on  steel

flange at shear  force of  423.1 kN and  R  of  O,O05
rad.  The first cracks  of  woody  shell  occurred  at R
of  O,02 rad,  in the East side  of  the column,

Subsequently, the cracks  extended  along the

Nbrth

Etzst

Elzst

    WCI  WC2  WC3

    Photo 2 Crack  modes  of  specimens

       at R  
=

 O.05 rad. afier  loading

colurnn  height with the increase of  story  clrift

angle.  The  hysteresis curve  showed  a stable

behavior with  a little strength  degradation after

attaining  the maximum  capacity  of  771.9 kN  at R
of  O.03 rad.  The  maximum  capacity  of  this
specimen  was  higher than that of  Specimen WC  1.

     Specimen WC3  with  the smallest  shear-span

ratio showed  the highest maximum  eapacity

arnong  the tested specimens.  A  similar  crack

process with  Specimen WC2  was  observed  for
this specimen,  Hewever; the yielding location ef
this specimen  was  different from the other  two
specimens,  The first yielding of  the specimen

eccurrcd  on  the steel web  at shear  force of  666.2
kN  and  R  of  O.O064 rad.  The maximum  capacity

was  reached  at shear force of 916 kN  and  R  of
O.03 rad.

    By  comparing  the hysteresis loops of  these
specimens,  it was  revealed  that the specimen

strengths  signincantly  increased with decreasing
the shear-span  ratio.  This indicates that the
shear-span  ratio  has a significant  influence on  the
flexural strength  of  EWECS  colurnns.  ln addition,
the shear-span  ratio also  affects the yield location
of  the steel in which  the first yielding of  specimen

with  the smallest  shear-span  ratio  occurred  on  the
steel web  due to the higher shear  fbrce.
    From  test results,  it was  found that the
shear-span  ratio  also greatly alirected  the observed
cracking  pattems of  the woody  shell at the column
faces, Up  to story  drift, R  of  O,02 rad., no  damage
was  observed  in Specimen WCI  while  small

cracks  occurred  in Specimens WC2  and  WC3  in
the East side  of  the columns.  The  cracks  of  the

woody  shell  in Specimen WCI  occurred  in the
Nonh  side  of  the column  after R  of  O.03 rad.

Moreover, the cracks  extended  with  increasing
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Fig.4 Sink and  uplift displacements of woody  shell at column-stub  joint

story  drift angle.  Finally, the woody  shell was  split

along the co1umn  height for all specimens,  as

shown  in Photo 2. From  the photo, it can  be seen
that Specimen WC3  with  the smallest  shear-span

ratio  had the most  damages  in which  the cracks  of

the woody  shell  occurred  in both East and  Nonh
sides  of  the column.  This indicates that the
dainage of  woody  shell  becomes  dominant with

decreasing the shear-span  ratio.

     Figure 4 shows  a  comparison  of  sink  and

uplin  of  the weody  shell at the column-stub  joint
at each  story  drift angle  for al1 specimens.  The
values  were  obtained  by measuring  the vertical
displacement between woody  shell  and  wood

panel at the joint using  transducers (soe Figs.1
and  4). The  positive values  represent  the uplM

displacements (tension) and  negative  values

indicate the sink  displacements (compression). It
can  be seen  from the figure that the shear-span
ratio affected  the sink  and  uplfl  of  woody  shell at

the joints. The sink  and  uplin  displacements of

woody  shell  at the joints increased with increasing
the shear-span  raio.

     Figure 5 compares  the movement  of  the
woody  shell  ffom the CES  core  unti1  R  of  O.02 rad.
for all specimens.  The values  were  obtained  by
measuring  the displacement between the CES  core

and  the woody  shell  using  venical  transducers

installed at the encased  steel and  the woody  shell

at the top, middle  and  bottom of  the column,  as

shown  in Fig, t . The positiye values  represent  the

movements  in the upward  direction and  negadve

values  indicate the movements  in the downward
direction. The influence of  the shear-span  ratio on

movement  of  the woody  shell  from the CES  core

of  the columns  is clearly  seen  in Fig. 5 in which
the movement  of  the woody  shell increased with
decreasing the shearLspan  ratio,

    Afier the test, the woedy  shell  was  removed

from the columns  to visually  inspect the damage.
It was  observed  for all specimens  that the in-fi11ed
concrete  had crushed  in flexure at both the top and

bottom of the co1umn,  and no  local buckling
occurred  at the encased  steel. In addition, shear
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Fig.5 Movement  of weody  sheH  from CES  core

Shearcracks

     WCI  WC2  WCl

  Photo 3 Crack  pattems ofCES  cores  after

         extracting the woody  shell

craclcs occumed  along the column  height in
Specimen WC3  and  no  shear  cracks  was  observed

for the other  two  specimens,  as shewn  in Photo 3.

3.2 Ultimate Strength

    Figure 3 also shows  the comparison

between the measured  and  calculated  maximum

strengths.  From  the figure, it can  be seen  that the
calculated  flexural strengths  by fiber section

analysis  fairly agreed  with  the measured

maximum  flexural strengths for al1 specimens.
However, the calculated  results by superposition
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method  showed  a  gcod  agreement  only  for
Specimen WCI  while  for other  two  specimens,  the

abeei-tnrct :-g"temth' ttttt=-eotnt.Evecstr"-

1imndMrength

=k=.'

'.-1

results  showed  higher strengths  than those of

experimental  results. The comparative  results

between the measured  and  calculated  strengths  by
superposition  method  can  also  be seen  in the N-Q
interaction curves  shown  in Fig. 6.
. The reason  for the discrepancy between
rneasured  and  calculatod  strengths  by
superposition  method  is that the method  assumes

that the woody  shell  contributes  its maximum

compressive  strength,  while  it seems  that the
compressive  stresses  in woody  shell did not  reach

the yield stress (6.), as described in the schematie
uniaxial  stress-strain  curves  in Fig, 7.
     Basod on  the comparisons  of  the
experimental  and  predicted maximum  strengths,

the fiber section  analysis  is recommended  fbr

predicting the maximum  strength  of  EWECS
co1umns  including the varying  shear-span  ratios.

The accuracy  of  the predicted maximum  strength
by superposition  method  for the columns  with
smaller  shear-span  ratios will  be gained by
modifYing  the stress-strain  model  of  the woody
shell. An  appropriate  constitutive  model  of  the
woody  shell  for the superposition  method  should

be developed in the futm  research.

4. CONCLUSIONS

     Based on  the experimental  study  presented
here. the fo11owing eonclusions  can  be drawn:

(l) A  smaller  shear-span  ratio  led to a higher shear

   fbrce for the cemposite  columns.  The ultimate

   fiexural strength  of  EWECS  columns  increased

   with  decreasing the shear-span  ratio.

(2) The damage of  the columns  in the woody  shell

   and  the CES  core  became dominant wnh

   decreasing the shear-span  ratio.

(3) The  calculated  maximum  flexural strengths by
   fiber section  analysis  were  in good agreement

   with  the test results  whil ¢  the superposition

   method  results  were  greater than the observed
   strengths  for the columns  with  smaller

   shear-span  ratios. Moddications of  the woody
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Fig,7 Schematic  uniaxial  stress-strain  curves

shell  constitutive  model  are  needed  to obtain

the accuracy  of  calculation  strength  for
EWECS  columns  by superposition  method,

especially  for the columns  with  smal1er

shear-span  ratios.
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