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Abstract : The  fundamental equations  estimating  the  compressive  load-carrying capacity  ef  reinforced

concrete  columns  with  tie andfor  spiral  reinforcements  are  used  all over  the  world,  based upon  the ultimate

limit state  design, but the comrnon  equations  include both the elastic  term  and  the plastic one  ; so,  there  is no
unification  concept  of  the ultimate  limit state.  In recent  years, the high-strength type  reinforccment  (SBPD
type)  has been used  frequently in the RC  column  and  beam  in Japan. Now,  the common  equations  can  net
apply  to the case  ef  the high-strength primary reinforcement  of  the RC  column.  This paper describes the
improvement  of  the concrete's  sharing  capacity,  the application  range  of  the common  equations  and  the

generalized  practical equation  for the ultimate  limit state  load-carrying  capacity  considering  the buckling
effeet  of  the  primary rebars.
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1.INTRODUCTION

  The  fundamental equations  estimating  the compres-
sive  load-carrying capacity  of  RC  columns  are  based
on  the  ultimate  limit state design method  through  the
world,  These estimated  capacities  give the upper  limits
and  indicate the standard  ofjudgment  on  the ultimate
design so  as  not  to exceed  these values  in any  case  ;
that is, this design method  is able  to contribute  to the
integrity ofthe  human  life and  property by vinue  ofthe

durability for the  larger loads as the fa11ing rock  and

the  great earthquake,  if the maximum  load-carrying
capacity  is obtained  in spite.  of  occurrence  of  wider

cracks  than  allowable  crack  width  and  larger
displacement and/or  deforrnation. Thus, the various

procedures[1-2] for improving the load-carrying
capacity  including the  oTdinary  or  heavy confinement

have been actively  reported.  In general expression,  the
design load can  be  deterrnined by the load factor
design which  estimates  the  accidental  large load due
to multiplying  the common  load by a  load factor. The
ultimate  limit state  ofthe  section  failure is examined
by comparing  the  design load with  the design
load-carrying  capacity.  In this sense,  it is very

important  to estimate  the design load-carrying capacity

strictly, On  the other  hand,  in keeping  step  with

development  ofthe  quality of  materials  of  RC  member,

the  estimation  equation  for the compressive  load-
carrying  capacity  must  be looked at again,  in order  to

prevent a  serious  trouble by virtue  of  its misestimation.
This paper deals･ with  a  proposition of  the generalized
equation  and  its theoretical background, considering  the
buckling ofthe  primary  rebars.

2. ANALSIS  OF  SIIATUS  QUO

2.1. Common  Equation

  The  upper  limit for the design axial  compressive

toad-carrying capacity  IVi..d is calculated  by Eq,(1)
where  tie reinforcement  is assumed,  and  by Eq.(1) for
spiral  reinforcernent  or  by Eq.(2) if less[3-4]

Moud=(O･8ifcdAc+fydAst)fYb,

Moad=  (O･8fifcdAe +fydr4  st  +  2･5GydA  spe)I  Y  b,

(l)

(2)

where,  f',d is the design compressive  strength  of

concrete,  
.t',d

 is the  design  compressive  yield strength  of

axial  reinforcement,  A. is the area  of  concrete  seetion,

A. is the area  ofcore  concrete,  A,, is the total arnount  of

axial  reinforcement,  .fl,yd  is the design tensile  yield
strength  of  spiral  reinforcement,  A,p. is the idealize
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cross-sectional  area  of  spiral  reinforcement  (= z

dLpt4,pLs), dLp is the diameter of  core  concrete,  s  is the

pitch of  spiral reinforcement,  7b  is the  member  factor
(1.3). and  O.8S is the factor considering  the strength

reduction  due to permanent loads, the  strength
difference between the test specirnen  and  the structural
concrete  and  so  on.

2.2. Sharing Load-Carrying Capacity of  Concrete
   The meaning  ofthe  design compressive  strength  of
concrete  f',d must  be reconsidered  from  a  point of

view  ofthe  ultimate  limit state design concept.

       fcd=O.65f'ck [whenf',ks50Nfmm2]
                                       (3)
          

=O･5ZiPck
 [whenf'.k)60N/mm2].

   That  is to say, the  design compressive  strength  of
concrete  uses  57%  to 65%  of  the  characteristic  com-

pressive strengthfck;  so, this stress level corresponds

to the proportional limit ofthe  stress-strain  relation  of

concrete{5].  Such a procedure is not consistent  with  the
original  meaning  because ofthe  reason  ofthe  complex

type consisting  of  the allowable  stress design or  the
serviceable  limit state design and  the ultimate  limit
state design. Therefore, Eqs.(1) and  (2) should  be
rnodified  such  as  Eqs.(4) and  (5), respectively.

Moud 
=

 (O･85f'cl:t4eV'yld st)1  7  bi (4)

IV'eud=(O･8YckAeV'ydAst+2･$ydAspe)/7b. (5)

3. UPPER-BOUND  OF  AXIAL  COMPRESSIVE
LOAD-CARRYING  IN 

"SHORT
 COLUMN"

O.O020sEsO,O025  forf,k)6oNlmm2,

where,fck  shall be assumed  to be nearly  equal  tof.

practically. Thus, the upper-bound  of  the extreme

ultimate  axial  compressive  load-carTying capacity  ofthe

tied column  can  be transformed into Eq. (7).

              N'ou fts Ac(1+mpY'ck, (7)

where,  p  is the steel ratio A,L4., and  m  is the  strength

ratio  .f'ydLf',.  Basically, Eq. (7) means  that the upper-

bound  of  the  ultimate  load carTying  capacity  increases
with  increases ofthe  strength  ratio, the  steel  ratio,  that  is,
the  quantity of  steel and  the concrete  strength.  Especially,
it is worth  notice  that the relative  ratio  of  the compres-
sive  yield strength  of  prirnary rebar  to the concrete

strength  plays an  irnportant rele  in the ultimate  load-
carrylng  capaclty,

   This theoretica] analysis  is very  usefu1  for the
design concept  forthe RC  column.

3.2. In Case of  High-Strength Structural Reinforce-
ment

  When  the high-strength reinforcement  over  the yield
strength  400N/mm2  is used  as the primary rebar,  then  the

compressive  stress of  rebar  a,  is less than fyd at  the
concrete  strength.f'., that  is,

as<fyd  at a.=fc,

where,  a,  is the compressive  stTess  of  concrete.  The

fo11owing relation  should  be assumed  at a.  =it',  such  as

Eq. (8) concerning  the  above-mentioned  limit range  of
deformation/

3.1. In Case ofOrdinary  Structura] Reinforcement

  Hitherto, the general types  of  SR23S, SR295, SD295,
SD345  and  SD390  are frequently used  as structural

members.  If concrete  and  longitudinal primary rein-

forcement  reach  at the same  time the ultimate

compressive  strength  
.f'.

 and  the compressive  yield
strengthfyd,  respectively,  then the upper-bound  ofthe

extreme  ultimate  axial  compTessive  capacity  IV'.. ofthe
tied column  can  be given by

                as=nf.,  (8)

where,  n  is the modular  ratio EY4,  E, is the  modulus  of
elasticity  equal  to 200kNlmm2[10],  and  4  is the
modulus  of  e]asticity dependent on  the characteristic

compressive  strength  of  concrete,  The upper-bound  of
the  ultimate  axial compressive  load-carrying capacity  of

the tied column  consisting  of  the  high-strength primary
rebar  can  be obtained  as fo11ows/

              7W ou  
=A!c

 tAfyd,  (6)

If putting the compressive  strain at .t', to be 2.0%o(=
permillage) [3-IO], then  .f'yd =

 400Nfmmi. Therefore,
Eq. (6) is valid  when  the yield strength  of  primary
reinforcement  is below 400NXmm2  (SD 390)  and  the
deformation of  concrete  is given by the iimit range  as

foIIows:

O.O020sEsO.O035  forl'.kssoNlmm2,

          IV'ou-t4cf'c-:Asas"'Ac(l+upY'ck･ (9)

Basically, Eq.(9) means  that upper-bound  of  ultimate

load-carrying capacity  increases with  increases of  the
steel  ratio and  the concrete  strength.  FurtheT, the

modular  ratio n  is given by the function off.k  as

fo11ows:

n== di ifck)- (10)
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By  virtue  oftransformation  ofEq.(9),  the design upper-
bound of  ultimate  load-carTying capacity  can  be given
as fo11ows/

            MoudEAifck'EAs{!yd}, (11)

where,  et',d  
='

 di (f',k) 
'f.k,

 that  is, this term  corresponds

to the apparent  yield strength  of  rebar.

4. FORMURATION  OF  EXTREME  AP(IAL  COM-
PRESSIVE  LOAD-CARRING  CARASITY  CON-
SIDERING  BUCKLIr,IG  OF  PRIMARY  REBARS

4.1. Buckling Phenomenon  of  Primary  Rebars

   In case  of  the cornpression  test ofthe  RC  column

model,  it is an  experienced  fact that  the  effect  of

primary  rebars  does not  appear  remarkably.  This reason
may  depend on  the  perfbrmance  that the  primary rebars
do not  show  the simple  compressive  strength  perfectly
but those result  in the  elastic  failure by virtue  ofthe

buckling thoseselves. Figure l showing  a  damaged  pier
during the  Han-Shin  Great Earthquake Disaster in
Japan,1995,may mean  a  phenomenal fact that  the

earthquake  load was  not  only  too large but also  the

load-carrying capacity  was  too little beyond estimation;

further, Fig. 2 expresses  the simplified  buckling model
of  the reinforcement  cage  post the  iajury of  the cover
concrete  of  the real damaged  bridge pier as  illustrated
in Fig. ].

4.2. Upper-Bound  of  Load-Carrying Capacity Con-
sidering  Buckling

   The  load-carrying capacity  considering  the  buckl-
ing of  primary rebars  depends on  the buckling load given
by the function of  the slenderness  ratio.  The  slenderness

ratio Z is denoted by Eq,(12).

A =  l/( O 14), (12)

where,  l and  di are the length and  the diameter of  the
rebar,  respectively.  When  both  ends  of  rebar  are  pin-con-
nections,  the critical slenderness  ratio  A  and  the

buckling stregs a,  by Rankine's equation[11]  are  given
by Eqs.(13) and  (14), respectively.

n=(  z  
2E,ij'yd)i'2,

as=if'ydl[1ffydA21n2E,],

(13)

(14)

where,  E, andfyd  are above-mentioned.

The upper-bound  of  load-carrying capacity  AP..b con-

sidering  the  buckling effect, basicallM can  be expressed

by Eq.(]5), because the  buckling stress  when  the long
column  generally is smaller  than the simple  compresive

strength.

Moub;t4  ifctAs as  - (15)

Fig.1.
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4.3.Experimental  Verification of  Upper-
Bound  ef  Load-Carrying  Capacity Cen-
sidering  Buckling
4.3.1. Preparation  of  RC  column  model

Dl3(  di=12.7mm; SD  type .t',d=333 N/mm2)

and  U13( th =13.lmm;
 SBPD  type.i',d=1424Nl

mm2)  for the primary  rebars,  and  U6.4(SBPD
type) for the tie bar were  used  for preparation
ofthe  reinforcement  cages.  The specimen  size

of  the column  model  and  the  core  size  were

150 × 150  ×  530mm  and  120  ×  120mm,

respectively.  The pitch nominal  spacings  were

five kinds of  25, 50, 75, 125, and  500mm.
Figure 3 illustrates the examples  of  reinfoTce-

ment  cages  when  SD type. The average

compressive  strength  ofthe  structural  concrete

with  the maximum  size  of  aggregate  of  1Omm
was  39.4Ntmm2  at 28days  under-water  curing.

The procedure placing concrete  is first to fi11
up  it into the  reinforcement  cage,  secondly  to

set  down  the  fi11ed cage  into the mould  for
flexure, thirdly to pouT the screening rnortar

into the  part of  covering  and  lastly enough  to

compact  the whole  to be in a body by the table
type  vibrator.  The  compression  test was

carried  out  by use  of  the 5000kN  universal

type testing mach{ne.

4.3.2. Experimental  resuit

a) Failure mode

   Figures 4  and  5 show  the  failure modes  in
cases  of  the spacings  25mm,  50mm.  75mm,

125mm  and  500mm  for the  SD  type  primary
rebar  and  for the SBPD  type one,  respectively.

In general, the crackings  on  the  primary  rebars

and  the spall-off  of  covering  concrete  are

distinguished. The case  of  the spacing

s=25mm  in both the  SD  type  and  the  SBPD
type  is the  most  ductile and  the effective

cross-sectional  area  is never  spalled  off  The

case  of  the  spacing  s=500mm  is the most

brittle and  that the effective  cross-sectional

area  happens to  be deeply spalled  off  to the

extent  of  about  thirty percent as  the same  as

the other  paper[12]. The  cases  ofthe  spacings

s=50  and  75mm  are  moderately  ductile and

have been already  observed  that  the  effective

cross-section  are  spalled  off  only  to some

extent.b)

 Relation between load-carrying capacity

and  spacing  oftie  baTs

   Figure 6 displays the relationship

load-carrying capacity  and  the  spacing  of  tie

any  case,  the load-carrying capacity  

'
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previously reported[12],  Especially, a large attention

must  be paid to the  fact that the load-ca.rrying capacity

gradually approaches  an  asymptote,  that is, "the

upper-bound  ofultimate  load-carrying capacity"  in spite
of  the difference in quality of  primary  rebars  of  RC
columns.
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4.4. Theoretical Verification of

Upper-Bound  Load-Carrying

Capacity Considering Buckling
   Table  1 points the  terms

required  for calculating  the

extreme  ultimate  load-carrying
capacity  considering  the  buckling
ofprimary  rebars.  It will  result in
thejudgment  ofa  

"long

 column"

because of  
'`2>ni'.

 The upper-

bound  of  ultimate  load-carrying
capacities  considering  the buckl-
ing AP..b for the  SB type and  the

SBPD  type are  plotted together in
Fig. 6. The  asymptotes  of  both
curves  are  623kN  for the SD  type
and  638kN  fbr the  SBPD  type,

respectively;  that is, it may  safely

be said  that both curves  ap-

proaches nearly  one  point of

about  630kN  in spite  of  the
difference of  strengths  of  pri-
mary  rebars.  This fact means  that
the  depend on  the  yield strength

of  primary rebar  diminishes
because its buckling strength  de-
creases  according  as the de-
crease  of  the lateral confining

effect.

   The  buckling stresses  for
the  yield strengths  333Nlmm2

(SD type) and  1424  Nlmm2

(SBPD type) are  approximate-

ly 58 N/mm2  and  67Nfmrn2,
respectively;  so,  the difference
between them  is only  gN/rnrn2.
Therefore, it stands  to reason

that the extreme  ultimate  load-
carrying  capacity  con-  sidering

the buckling of  primary rebar

in the RC  column  without  ties

gradually approaches  almost  a

constant  value.

   Thus, such  an  extreme

capacity,  basically should  be
upper-bound  for the  design
capacity,  taking into the

Fig.6. Relationship between load-carrying capacity  and  spacing  oftie  bars.

Table 1.Calculation items forbuckling load-carrying capacity.

Primaryrebarl(mm) thmm kmmZ(-lfk
f'yd(Nlmm2)E,(kNlmm2)

SDtype 12.73.18166.7 333 190

SBPDtype53012.63,15168.3 1424 20l

Criticalslendernessratio
i'i

2>Aa,(Nlmm2)A,(mm2)Ae(mm2)Moub(kN)

75.0 56,1 1520.412880; 623

37.3

Longcolumn66.8

ISOO.O12,900638

                          ultimate  load-carTying

                              adopted  as the

                       compressive  load-carrying
                        rnember  factor and  the
structure  one.  Now,  The  relative  ratios  in comparison  of

the load- carrying  capacity  by the common  equation;

Eq.(1) with  the  one  by the practical modified  equation  ;
Eq.(15) are  as  fo11owsi
(I) When  SD  type:  835kN  [Eq.(1)]1623kN[Eq.(15)]
   =1.34

@  When  SBPD  type:20891(NMq.(1)]/623kN[Eq.(15)]
   -  3.27
That is, the  cQrnmon  equation  for the  upper-limit

load-carrying capacity  gives the 1.34 times excessive

larger value  for the  ordinary  steel and  the 3.27 times
excessive  larger value  for the high-strength steel.

Such a  misestirnation  may  be considered  to be one  ef

dominant causes  for the damage of  the structural

columns  from the  earthquake.  The  failure modes  of

the experimental  RC  column  display the various

patterns as  shown  in Figs. 4 and  5.

The primary rebars  phenomenally buckle in a state of
net  as shown  in Fig. 2, because of  the  constructional

diMculty on  the joint oftie  bars; therefore, it exists  in
the safety  side  to assurne  that the  net  fails with  the

height from the capital  to the base.
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4.5. Experimental Verification of  Buckiing Stress
   Whether  the  stress of  primary  rebar  at the  onset  of

plastic deformation concerning  the behavior of  RC
column  is in an  elastic  state  or  in a  plastic one.

   Figure 7 plots the load-deformation diagrams when
the primary rebars  are an  ordinary  steel and  a high-
strength  one,  in either  case,  with  the  spacing  oftie  bars
of  125mm,

   The  comparison  of  the  apparent  compressive  stress

of  primary rebar  a,  at the extreme  loading with  its

yield strength.t'yd  is as  fo11owsi

 (D When  an  ordinary  rebag

      a,=200 × 103× 8S3xlo-6=17oNlmm2

      <.f'yd=333N/mm2 ; 
"elastic."

 @  When  a  high-strength rebar,

      a,=2ooxlo3 × 2so4 × lo6==sooNfmm2

      <fyd ==  1424N/mm2  ;"elastic."

   Such a phenemenal fact means  that the "buckling",

that is, the 
"instability

 failure" must  occur  certainly  even

under  an  ordinary  confinement  concerning  the primary
rebars  in RC  columns  in spite  ofthe  elastic  stress  state.

5. SYNTHETIC  DISCUSSION

   In general, when  designing the RC  column.  the

judgment whether  the primary rebar'is  the long colurnn  or

the  column  rnust  be canied  out  by Fig. 7, giying the

relationship  between  the buckling stress  and  the

slenderness  ratio  as the parameter  of  the  yield strength  of

primary rebag  as  the first step; when  the 
"short

 column"

and  the ordinary  steel concerning  the primary rebar,

Eq.(6) or  Eq.(7) should  be adopted.  On  the other  hand,
when  the 

"short

 column"  and  high-strength steel

concerning  the primary rebat  Eq.(9) or Eq.(11) should  be
adopted.  If the  judgment is the  

"long

 column",  then
Eq.(15) should  be adopted,  by using  Eq.(14) referring
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. 8. Relationship between buckling stress  and  slen-

 derness ratio  as  parameter of  yield strength  of

 primary rebar.
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[fable 2. Design steps  of  procedure,

ShortcolumnOrdinarysteel
forf',d<400N/mm2[Eq.(6)or(7)]Judgmentconcerninglong

columnorshortcolumn{cf.Fig.9] High-strengthsteel
forfdl400Nlmm2Mq(9)or(ll)]

Longcolumn[cf.Eq.(15)orEq.(16)]

to Fig.8, Note worthily,  the pTimary  rebar  does not

yield, in consideration  of  the  buckling  but it behaves
orlly  in state  ofthe  elastiC  failure. Especially, when  the
stender-  ness  ratio of  primary rebar  is enough  large like
the  existing  column,  it can  be well  understood  that its
load-carrying capacity  results  in diminish owing  to lim
akNq.(14)]=O.  In the  final analysis,  when  estimakilll'

the safest  load-carrying capacity  ofthe  RC  column,  the
upper-bound  equation  ignoring not  only  the  effect of

tie bars but also  that of  primary rebars  must  be adopted.

as  given by

N"oubEAet'c-'vAet'ck.

Table 2 surnmarizes  these steps  ofprocedure.

6. CONCLUSIONS

(16)

(1) The  present common  equations  for the upper-bound
of  compressive  load-carrying capacity  concerning  both
tied and  spiral columns  are the complex  type consisting

ofthe  
"serviceable

 limit state  design" and  the  ultimate

limit state design; so, such  a inconsistent procedure  is
contrary  to the  

`tultimate

 limit state  design concept  
".

(2) The design compressive  strength.f'.d  in the  common

equations  should  be substituted  for the characteristic
compressive  strength.f'.k.

(3) The  judgment concerning  the  long column  and  the
short  one  ofthe  primary r
ebar  in the RC  celumn  design must  be canied  out.

(4) If the  primary  rebar  is a  short  column  and  an
"ordinary

 steel", Equations (6) and  (7) must  be adopted

selectively.

(5) When  a short  column  and  a 
"high-strength

 steel",

Equations  (9) and  (l1) must  be adopted  selectively,

(6) Ifthe primary rebar  is a  long column,  Equation  (15)
considering  the buckling stress must  be used,  being the
frequent cases,  practically.
(7) The stress  of  primary rebars  confined  ordinarily

under  the  extreme  load was  in an  elastic  state

experimentally  in the present paper, too; therefore,
such  a fact suggests  the occurrence  of  an  

"instability

failure".

(8) In general the common  equation  for the upper-  bound
of  load-carrying capacity  gives the excessive  larger
estimation  than the existing  state; so, it may  be attended

with  danger as a dominant cause  for the damage  of  the

structural  columns  from the earthquake.
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