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SYNOPSIS

Effects of geometrical nonlinearities and material nonlinearities of reinforced concrete(RC)
columns are analyzed to determine its ductility. Axial stress, Web reinforcement ratio, lon-
gitudinal reinforcement ratio and shear span and beam depth ratio were the factors treated in
the analysis. The simplified equation to calculate ductility is proposed based on the results of
the analysis. The applicability is shown by the comparison with as many experimental results
as can be collected and it was shown that the proposed equation canestimate the ductility for
RC members accurately far better than any proposed models in the past.
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1. Introduction

The seismicdesignof RC structures requires the estimation ofits ductility as accurate as possi-
ble. Many experimental Studiesfor RC members subjected to cychc1.ads were carried.ut f.I
this objective and a variety of evaluation methods of the ductility have been pr.p.sed.n theL^n=J_ _I.LL_ ___"ll_ _i. pnJ1

basis of the results of expervimentsof RC members. For example) Arakawa et al
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ps;=T,237iooTnft:aoi3er,Via,i.uisagetadeiifee;i?.F43;na:::dnfgEanFehSd?bee.TyEi53nwterbielgit'r-ee-S:gal:3ain;,i!w:gfit;h;rcutahnqitSaal;;fllsnkufijireii:il!;
experimental data and they do not have wide applicability for RC members.

Moreover) the dimensions of specimens and load conditions are diHerent between civil struc-
tures and bdldings. For instance, RC members considered in budding column are subjected

:: clharagsebS35gei,olreCrecaonneiitesreedHeiEtc?vnnds?rcLicll!uyreissldnowmhTcahnfis?Aatlhfe.rCcOenfsracr.yLfpoarraTveTyeTmbaeE?
axial force is not an inAuentialfactor on ductility. Sincethe factors of structural dimensions
besidesthe load conditions are di#erent) the experimental results are not fully utilized up to
the present. For this reason) the methods to evaluate ductihty for all RC members correctlyhave not yet been established.

It is obvious that we need a method to calculate ductility of RC members comprehensively
in both fields. To obtain the applicable results for all RC members) it is natural to con-
sider that ductnity should be evaluated analytically. Analytical study may make possible to

ZonTbinaeytghveeeuxsp;iiTaebnltea1!nrfe.SruitastiO.bntluineesqafiSiThi5gcamgeeTebre;;z5daVinegtht.hdetd.ieevranutatdeiTuecntsii?tny:

The purpose of this paper is to propose an equation to evaluate the ductility correctly for
all kind.sof RC members. Firstly) the bite element analysisbased on the finite displacement

:hh:;mytliapte;fhOerE:ftecod3,:;?1earci;zetn5eafnaacltyOsriSs;selaatbelei: iheefinpe1%1ibdeehfoa:T.;ti.ofnkcltsthrTctbueree:J I 1 1 I f

;1teAtpdeli[se63:up to the ultimate

experimental data.

E13proposedan

Then, the eHectsof variable factors on ductility are investigated___ i_. ___ } 1 1 . I.I+ .

analytically and a simp1-e-equatioLto evaluate ductility was formulated based on analytical
---- I-- -"-TY-•` V-A WLLVUAAAUJ UJLV JLJLIYbL)I,le)thLJt=u

result.s.Finally)reliabilityof the proposedequation is assured by the vast comparisonwith the^y,n__I_u_uL_1 _1_i_

2 . Calculation Method

(1) Stiqness Equation

¥oneeyfearebnrcieef6?.utiihneeAretthh.edCaaldC.ui;!i?hneEe#eoe1!Smdeenstciinbadysfserbe&SeldnC.eniiLiesfip:;tseenAesdplianced=teetl
theory for RC membersin which layered beam element are used considering the material non-
1inearitiesaccurately.

The element used is a RC beam-column element subjected to axial force, shear f.rce and

fb.eon.dii:?moment at the node. The incremental stiHness equation used in the analysis is as

([K] + [Kg])(n)iAd)(n+1) - (AF)(n+O + (ErI(n) (1)

where [K] denotes the stiunessmatrix, [Kg]denotes the geometricmatrix, (Ad) den.tes n.dal

E5palnacceedmfeonrtceinvcercet?fnLhai:hdiis3nFt!.ddeunc:tdeSwnhOendaleqfuoa;irinu=ei=etnieapnrdev(1fL!1d.eandOtsetSepth1:nu:t-satisfied strictly.
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Fig.-1(a) Stress-Strain Relation for Concrete Fig.-1(b) Stress-Strain Relation for Reinforcement

(2) MaterialModeling

tsit.meSiSs-Srter,u;:s:enltaetiobnyfoarsceocn.cnrdetdee;Sr:i tsars5bOTlnainn,Fti.g.s-tlr(A)i!Fez:naenodfacolTnS;ersfSLolTigthber::lcai
up to the strain of eu after this point. The slope for the falling branch is determined by Kent
and Park model[7]. In zone of tension, the stress increases linearly with a,constant proportion-
ality of 2fi/eco up to the tensile strength. And after that, it decreases linearly to the strain of
o.oo2. The properties of concrete material used in the analysis are as fonows. fi(compressive
strength)-30MPa, ft(tensile strength) -3MPa, eco(strain corresponding to jD- 2000p.

Stress-strain relation for reinforcement is shown in Fig.-1(b). It is assumed that the stress

13ifLoapos;ti,oena.lnteohtuh:dSrterddtnhW.1;tThieditiiatliatis#tT&snsesuspatf?etrh;hyaitelidninbg.fhOiTetisaln.dn
increases linearly
and compression

zone. The-material properties of reinforcement used are assumed that the yielding stress(fy) is
400MPa and the yielding strain(Ey) is 2500p.

(3) Calculation Method

A computer program is developedaccordingto the aforementioneddiscussions. Sincethe stress
and Young'smodulus vary with the depth of the element, an element is subdividedinto a num-

PheerSaltaryce::. a;dhatthtS,u:blayaei:eddbfe.arTeeclaenmebnetrSehporTsneitnedFibg;2tise;:end..flnttheegraaii.ounnttoinObetaai:
subdivided element in which the material nonlinearity is assumed. Young's modulus used in
the stress-strain relation for each layer is the tangential modulus. Nonlinear behavior of RC
member is tlmS considered accurately.

In the analysis, the stiffness equations are solved iteratively using Newton-Raphson method

ta?:ov=;ult.eaddi:tpel;c:Eeh?iienaccrheTteen,i.u:thetahnealny.SriT.afStPheer5onrbmaleadn?fdufP.i:!i;eelaSttiiv#en;s.sa?pafire5
force becomes smaller than 10-4.

3. Eqect on Ductility Ratio of Variable Factors

enrt[e6i
W e.have showed in the pap
RC members can be represe

that the effectof variable factors for the ultima,tebehavior of
rationallyin the analysiswith comparisonbetween the exper-

imental and the numerical results. Moreover,we have reported that the lateral displacement,
where the restoring force decreaserapidly in the cychc loading tests of RC members, correspond
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to the lateral displacementof the maximummomentpoint in the analysisunder monotonous

lbOyaiqnFB)Ti?en.Cet,h;eddu:finlietyt?:;; eal;iiac1%fsuiCstSyderRatnieodOfasRtChemreaTib.e:sf;uhebjleaCtteerdaltodCsyp;ahccels:S;
corresponding to the maximum moment point (6Mmax)and to the displacement at the yielding
of the reinforcement in a member(6y)[6].

p - 6MmaJ6y (2)

Once the ductility ratio is defined analytically, the eqects on the ductnity of variable factors
can be investigated numerically.

Figure-3 showsan examplecomparisonof the experimental and the numerical results, in which

ia: ;xepbefleinef:trzfTaelnutesraiii?hW;reebCrhe;nnfg.erdc.eLneitheraRtf.u(rpei)so.lid..lbn7e7S(?.3?;.t1!;rS.i,el.e.t203n(?.7?vihOef
maximum moment points obtained by the analysis are shown with the mark " +" and the char-
acteristic points in experiment, which the restoring force decrease rapidly, are shown with the
mark "A". It can be seen that both points are in good agreement for every web reinforcement
ratio.

A model used in the analysis to evaluateductility ratio is a RC memberhaving a crosssection of

Zio.xde115iScu%aTsdtihaetPheeaTqud:Fit.hnotf.1e6v(s=jiewdhuiccthiliiStyShwonTbtnteFpirg{s4eit:dhewri;hW::nTdhiymOennlsy.onna
form and will be compared with many experimental results in which the factors were varied
widely. The factors selected in the analysis are axial stress(o.o),web reinforcement ratio(pw),

tohneS?;adcitn.arlsraefenfcolr.CseeTye;etl;taetio(tEtt)h:ndduscfiell?trySrPaatT.r.afti;(cALSiblet,si.sgenerallyreportedthat

Fig.-2 Layered Beam Element
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i; tT.e%anta.1ylS.i.s%?teh5.aln;ttrue;sinraTrgeein&f.OrTe-A;onTrpa?iio.i.Sg%Fat,.tf.e5%Te2nrdei:ioeracreTpeannti:fi:

:!plertlOm6en;:ec:rsreiediTnhteherapnagset.Ofthese factors are decided consideringthe test specimens of

Furthermore, we verify the ductility equations proposed in the past, and obtain the result
that axial stress is most important factor to evaluate the ductility of RC memberscomprehen-
sively.That is, the proposedequations for RC memberssuch as bridgepier underestimate the
effect of axial force, since the most experimentswere carried out under the small axial force.

fO.TctehaencdOSir;Luf.e,e.XSE3rle?::ttf.fnosr,tahzablufi!Tt:glSCOiuaTnnfSa:;ZrcaarnriefhOeuetffue:Fser.ihfZclt=rgse.%ee
than the axial force can not be evaluated accurately.

Faotiljrpews)t,igtahteethe effect of axial force more accurately, the eqects of the web reinforcement
longitudinal reinforcement ratio(Pt) and the shear span ratio(A/D) are investi-

garaeteldni:stt;;TtsedOfatlhweay%set:=;(lnqOa)ti.:hsftihS,tthhee:Seatsstor:stsTq,g:fff_iLyrreTaitoikLoff.eraecxhafAcpt10e7
The followingis the eHectson ductility ratio of each factor and the formul_ationof the results
obtained from the analysis.

The relationship(pw) betweenthe webreinforcementratio and the axial stress ratio(cro/fi) is for-
mulated first, and the eqects of Pt and A/D are given as the coefRcient(Pp, - p/ppi=1.0,PAD-
p/pAD=4)Ofpw. Therefore, followingdiscussionsare based on these forms.

(1) Effect of Web Reinforcement Ratio(pw) a,ndAxial Stress(o.o)

The analysis which varied the web reinforcement ratio(pw) and the axial stress(o.o)are per-
formed under the condition that the longitudinal reinforcement ratio is 1.0,Toand the shear
span ratio is 4. The e#ect of the webreinforcement ratio is taken into consideration by varying
the slope of a fallingbranch for concrete using Kent and Park model.

The results of the analysis are shown in Fig.-5. The ductility ratio increase in proportion
to the increase of the web reinforcement ratio, which tendency is identified with experimental
results. Moreover,it can be understood from the figure thaJtthe ductility ratio becomessmaller
relatively and the increase rate of the ductility ratio for the webreinforcementratio alsobecome
smaller when the axial stress increase.

Tihefollowingequation is obtained assuming that the rela,tionbetween the web reinforcement

- 5-



ratio and the ductility ratio is linelarfor each axial stress level. In the equation) the effect of ax-

inal.srt&eesrstl.SZioankSeidtehreedeqbuyatt1?.enrlanti:.onf_dPi;ensstlr.enS:1(qfB)rATdco-pressivestrength of concrete(fi )

Pw =
a
b

a+bpw
2.9e-10/3(qo/I:)

7.Oe-7.0(o'o/ji)

¥dounciTEtdyinraaltiroeifnofr.rEte&fenliOr7aotia.nadnfdOrthaenyioalngsittruee!niYi:erlAfsracteeT?bnytLaeti:;.7hpep.

I/

(3)

The example of Eq(3) for qo of 0.OMPa and 8.OMPa are shown in Fig-5 by a s.lid and a
broken line) respectively. It is noted that since the equation is formulated &om the results of
analysis in which pwis varied from 0.0% to 1.0%, the application range may be bel.w 1.097..

(2) Eqect of Longitudinal ReinforcementRatio(Pt) and Axial Stress(q.)

Eeheeplanngalpy:is.TP;h%vali3di?Blo.;gipuiihnealrre?1t:fz;csehTpesni:;Eieoeannthteh;.Ssdtirne:1S;er1,n!.errCf:i-eene
ratio and the ductility ratio for any axial stress level are illustrated in Fig.-6.

t"h:Cdhieraeztseal#1hree%OitgeifubdTiealdroe?Ref:rPceerf=enTtra!trie.:uitnsdtearteLhaerkdaubClteiliet&erc;:io.fiT::eg:;: dYitalh
reinforcement ratio can be seen when Pt is less than 1.0%. The numerical results als. sh.w the

:;mp;,the.nwdeevnecrTd%afsrpe%t!;tha%at:ircersesises.TFh1;Eta rsetTeasrsevb!en#epcttisOTe:shethdaunctli!itg..ratio

Figure-7 shows the relationship between Ppi and Pt. Here, Ppl is deRned by the rati..I the1 . +1+ .

Pp. - a(pt)a
a =1.03
b = -0.85e-9.0(qo/f3)

eHectof the
as follows.

(4)

iEe.rau4fleisEra.CmOemmeCti;:tdt.Of;eX&1taisnqiharee1;Th:neCqeuOaftifiI.o;etr5setidmuztt1:sittyhreart!SLlfslt.hfOaungby?iqs(31
a smaller Pt and underestimates in a larger Pt due to the character of the function. Therefore)
the range ofPpl is set as

i lo
9

8

7

6

5
4

3

2

1

oq=0.0

Aq=2.0

Do-=4.0

+q=6.0

.D ; g:; a
0.2 0A 0.6 0.8 1.0 1.2 1.4 1.6

Longitudinalreinforcementraiio; Pt(%)
Fig.-6 Relation of Longitudinal Reinforcement

Ratio and Ductility Ratio

Q%• 2̀.5

n=
L6 2.0
•
Ù
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(5)

(6)

1Tnhdee,reanndgeentSlhyo:idqodcH.enrsiadCeCr?:f?aet?iiFpelifieE.sntr.efSSthSetaetqe:aftT.And.aE;nutafi1.yL(! TtisitdeitsefoL=:a

2iyaSoEsuiAervianlgueth.abtta?ftedhaigHtchheanagnealtyhs;s?angeof A 2 1.0, and Eq(6) is detemined by the

(3) Effect of Shear Span Ratio(A/D) and Axial Stress(cro)

The effectsof the shear span ratio and the axial stress on ductility are investigated under the
condition that the longitudinal reinforcementratio is 1.097oand the web reinforcementratio is
o.2%. The shear span ratio, then, is varied to six casesfrom 1.0 to 6.0 and the ajdal stress is
varied to five casesfrom 0.OMPa to 8.OMPa.

The results of analysis are shown in Fig.-8. The analytical values decrease in proportion as
the shear span ratio decreasesfor any axial stress level. Especially,it decreasesrapidly when

is les; tha,n 2. The effect, howrever, does not appear-clearli- fo_rA/D_ _2
the effect of the shear span ratio omthe duciili-Iyratio using PAD;Whichisfh/.Dws

Tab,7iipyAFn-3
4i.sO.deFfi1igeudrei;

, amhe different aiial stress state. It is Shownthat the ductility ratio decreases
I J 1 4 1

fn -6roportionas the shear Span ratio decreases. And the increase of the axial stress
reaucgs theAeffectof the sheaJrspan iatio on the ductnity, whichis the same as in the case of

, which represe-ntsthe coefRcientofpw;is obtained as the effectsof the shear
ductnity ratio.

Pt. Finally, Eq
span ratio on t

P D

L7e)

= a(A/D)a

a - 5/7e8/7(qo/I:)

b - 7/SOB-4.2(qo/i:)

(7)

However, we add followingcondition in order to reduce the error of method of least squares
considering that A/D over 4 does not inRuencethe ductnity ratio.

PAD 5; 1.0

- 7-
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(4) Effect of Strength of Concrete(I:)

Since strength of concrete(fc')is given a con-
stant value(30MPa) in the analysis, the ef-
fect is not investigated directly. The ef-
fects of variable factors, however, is eval-
uated with the ratio of axial Stress and
strength of concrete(c,o/fi) in previous equa,-
tions. Therefore, the euect of strength of
concrete may be considered indirectly in
these equations. The ductility ra,tioare esti-
mated small values relatively for smaller val-
ues of fi, because the eHectcan be identi-
fied with a larger axial stress using the axial
stress ratio(qo/fi). And the ductility ratio is
estimated a large valuefor a larger fc/. These
facts are doubtlessly similar to the experi-
mental results.

(5) EHect of Axial Stress(o.o)

a7
+ A

.9 6
7S
•` 5
h+

t3 4•
Ù

c)# 3

2

p w - 0.1(%)
Pt - 1.0(%)
A/D-4
fi - 30(MPa)

+.+++

+

0.0 4.0 8.0 12.0

Axial stress,. o.o(MPa)
Fig.-10 Relation of Axial Stress and

Ductility Ratio

The effect of the axial stress is already mentioned in the eHectsof pw,Pt, A/D. That is, the
eHecton du.ctility is remarkable and the eHects of other factors disappear accordingly as the
axial stress Increase. It is reported that the axial stress is the most inAuentialfactor and the
other factors hardly inBuencein the experiment for RC members such as columns in buildings
subjected to large axial force..The analytical results conRrmedthis fact. On the contrary, for
RC memberssuch as bridge piers in whichthe axial forcelevelis small) the eGectsof the factors
other than the axial stress must be evaluated correctly.

The results when the axial stress are changed from -2.OMPa to 12.OMPawith c.nstant values

:fitAh/iEcr:ainfta a.OST;; sps?I; iOs.iZot,edartehSa2ot;enli.nngFiitgia!Ea?ehienfd.?ccet1=:yntriantico.ke,croe?sei.Sn-#elledr___ll___ _L1_ _ J P .1 . 1
U

ienacr!ieearsetshag;eiant1;e:aldOenrftohrettheens#aitarle;Srco:eirnltOhFapnaalf:iOs(filfh !t3g)A
in the proposed equations) some detaned investigation may be needed.

and the ductnity iatio
such cases are ignored

4 . ProposedEquation to EvaluateDuctility

(1) SimpleEquation to Evaluate Ductihty

The effect on the ductility of variable factors for RC membersare evaluated quantitatively

rbeasssls,onwethper.r,e.ssuelttsh:fetqhueatT.nnalty.sisevdale3cartieb;hdeindutc!aitPyrerTt?:? wphaircahgri:Pf5imed-ti.ngc.oEbf5eesz
seriesof equations to estimate ductility as a term of ductility factors.

p p=w p=wa'.ppi;WPAD (9)
a = 2.9e-10/3(o'o/I:)

b = 7.Oe-7.0(qo/f3)

Pp1 -a(Pt)a
a=1.03

-8-



P
P
P,

-i

)1

D

b = -0.85e-P.0(o'o/i:)

>1.0

<2.8

- a(A/D)a
a - 5/7e8/7(qo/i:)

b - 7/SOB-4.2(qo/fi)

PAD 5;1.0

lTiesryc.t:srl3:roefdtTza?qtL9e)aa=?a;esptrreessesn;sedth=tAzsftuiZtio.;tZitthfeaceralfoSrtr3susctri;fti;(TZt/if.Di,nSitnhCi:
ha,Wing
eqects

of longitudinal reinforcement ratio(Pt) and the shear span ratio(A/D) being given by Pp. and
PADaS the coemcient of pw. The equation can explain easily the eHectLOnductility of each
factor and can calculate the ductility ratio by hand. This is a feature of the equation.

Table-1 Outline of Specimens

Lt79.=T4h.e.,p;ip=se1?.e#7satZoalncislaftoerdmFyatpewdswuahchthi;ttthheefduunccttF.iiy.rfatpiwooafndRCqo7iT?are
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Fig.-ll Ratio of Estimated and Experimental Values(ProposedEquation)
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t4ach id a H iga,i I s h iba sh i O zak a Oh ta Ak im o to Ar ak a wa

Pt (A ) 0 .59 - 1 .0 6 0 .40 - i .9 0 0 .12 - 1.6 6 0 .32 - 1.2 6 0 .8 2 0 .8 2 - 0 .8 6 0 .3 4 - 0 .8 1
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(2) Reliability of Proposed Equation

The proposed equation verifiedits reliability by the vast comparison with the experimental
data. The experimental data used are the data obtained by Machida et al.[8], Ozaka et al.[9],

1!SSe.btaesdhitftatalti2e],d?that1:[3u];eAdh#toL:[!ro1];i:EfadieefitnTtliE4i1.i,ela2cL;ensdeae:a5;Ta:tthgn.e[1ds3p=clia.enI:
is shown in Table-1. The total number of experimental data i$ 170. Here, the data of Machida
et a1., Higai et al., Ozaka et al., Ishibashi et al., Ohta and Akimoto are obtained &om the

e5R=gpae-;degj-bbn:eaf;snieuussccg?e;cbeorfieaudl%stSPalf;eo:rribdAuOfr=i1;Tngessfo:!e*eFh=;a:i:=h;iEaaw%eeeraiis:aid;?ca;rehadrie?.oebbSaiFfngeeeer:phV:aareln:uitf?le;
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cycles at every loading cycles. Note that the data used are in great numbers and the range of
each factor is also wide.

The ratio of estimated and experimental values of ductility ratio for the various factors are
shown in Fig.-ll. Figure-12 and Figure-13 show the results obtained from the equations pro-
posed by Machida and Arakawa)respectively. In these figures)the experime=ltalresults for the
bridge piers are marked with "A" and marked with "0" for the building columns.

The equation proposed by Machida et al. can estimate the ductility ratio when the longi-
tudinal reinforcement ratio and the shear span ratio are large, and the web reinforcement ratio
is small. The equation) however) does not estimate the ductility ratio except for the above

lr.annaet.udOinnatlhreeiCnOfn.trrcaerE,enAtrraaktai:a;;deThgtsioh:aCrasnpeaSntir?tait.eatrheesdmuaifllitnydr;Lieoaczraescttrlfsswah:3tta:
web reinforcementratio are large. This is due to the fact that the equations proposedin the
past are based on a small number of experimentaldata and the applicability is limited within

frh.emratnhgeeexW,heerrlemtehnetaxrpeesrIIsenafLTderaetCbarririegesluetr., iSti:caen%atchaipd,al'ySte.q7ateioRnCWAseioi=;lsalecg
as bdlding colurrms. The Araka,wa)sequation was based on the results of experiment for the
columns in buildings and it does not estimate correctly for RC members such as bridge pier.
on the other hand, it can be seen that the proposed equation can estimate the ductility ratio
more accurately than the other equations for everyfactors and for widerange ofvaluesoffactors.

:igdureex-ple4rlSmheonwtsalt5zluCeOsTpTaileSOEeba:t:feetnhetFaetie.StifmeastteitaVtedue:nudSlenxgpetr?LepnrtoBo;Lduee?sua.t.i909:
the coefRcient of variation is 26.7(9To)a,nd the multiple correlation coefncient is 0.80. We can
doubtlessly understand the eHectivenessof proposed equation. Furthermore, the Commit.tee

oafna?sysci1%iiiEh?cfhCAO/nB:eiew/sit?uBrpews,aDndanIAsqe.vaat:asia10enc';eSe:fsoramveadri:b=Tiis?iegrtehgeresS;lane
6e6q[ulZL.nTeiah:

proposedequation is formulatedby the analytvicalresults only whichis obtained independently
from experimentalvalues.

experimentaldata as we use. Then, the multiple correlation coefncientwas 0
also understand the effectivenessof the analytical method and the proposed
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Finally, the ductility ratio of real-scale RC structure
whichis impossibleto obtain experimentallyis analyti-
cally obtained and comparedwith the predictionof the
proposed formulato demonstrate the real usefulnessof
the proposal. The model is a RC bridge pier having a
cross section of 1.5 x 1.5m and the height of5.2m. The
longitudinal reinforcements of D32 are arranged around
and web reinforcement ratio of D13 are arranged with
spacing of 12.5cm. The dimensions of the model are
almost same with real RC bridge pier. It is assumed
that the maximum compressivestrength of concrete is
30MPa and axial stress is 1.OMPa. The ductility ratio
obtained from the analysis is 4.5 and the ductility ratio
obtained from the proposed equation is 4.9(Pt - 0.5597.,
A/D - 3.7, pw - 0.149To, qo - 1.OMPa, fc' - 30MPa).

The proposed equation can also estimate the ductility
ratio of real-scalestructures.

6. Conclusions

#

Fig.-15 Analytical Model(unit;cm)

ii)eTAeatfrniiatlene!enT::irTt?easy:fsefcoarrI:eCdT3tTb;rhSe;??aiededri:tgilfthye.gfeOR-CetLiecAlb:?snlEn=a:llti;:aat:a
analytically using the duqtihty ratio which is dehed as the ratio of the lateral displacement
correspondingto the maximum moment point and to the one for the yieldingof the reinforce-ment in a member.

(2)The eSects on th.e ductihty of variable factors were investigated fr.m the results of the
parametric analysis ln Whichthe web reinforcement ratio, the longitudinal reinforcement ra-
tio) the shear span. ratio and the axial stress are varied. The analytical results showedthat

¥tnhceredauscetiLiittyhrtaht!OdlencCrreeuuee.1fnthPerOIP.OnrgtiitounditnOalt!eeiif.crrceeaAeenotfrtahtei.TeFburr;EnefroLc.er?e3ier3tuicoti;i7g
ratio decreasein proportion as the shear span ratio decrease. However)if the axial stress is
large) the eifect of the axial stress is most inhential and the eHectof the web reinforcement
ratio, the longitudinal reinforcementratio and the shear span ratio do not appear clearly.

(3)A simple equation t.oevaluate the ductility ratio is proposed on the bases.I the analytical
results. The equation lSrepresented as the function of the axial stress) the web reinforcement

;;tciooLctrheete1?nngJh7cdLnea3erreyi?ef;=esfetnhtereaqtioitit.hneiSnhc;uaaes%aenerHaet!?.afntdheth&ca?TtfersesssrlaVtei.S(t::/nfgcf)t

(4)The accuracy of the proposed equation is veriLed by comparison with as many experi-
mental results as can be collected. The.total number of experimental data is 170. The mean
ofthe ratio of estimated and experimental value is 0.99and the multiple correlation coefncient
is 0.80. The proposed equation can estimate ductility ratio correctly for all dimensionsof RC
members. It can estimate the ductility ratio of RC members accurately far better tlm any
proposed modelsin the past and has wide applicability.
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