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ENERGY DISSIPATION IN PARTIALLY PRESTRESSED CONCRETE BEAMS
UNDER REVERSED CYCLIC LOADING AND DAMAGE EVALUATION
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Susumu INOUE Toyoaki MIYAGAWA Manabu FUJII

We investigate the effects of mechanical degree of prestress, volumetric ratio of lateral confinement,
concrete compressive strength, steel index, and shear span effective depth ratio on the energy dissipation
properties of partially prestressed concrete beams under different loading histories. The relationships
between these test variables and non—dimensional dissipated energy are derived based on the test results.
Results indicate that seismic damage to partially prestressed concrete beams can be evaluated
quantitatively using a proposed damage index based on hysteretic dissipated energy.
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1. INTRODUCTION

It is very importantto be able evaluate seismicdamageto concretestructuresquantitativelyand
preciselyin order to judge the serviceabilityof suchstructuresafter an earthquake,and theneed for
repairand/orstrengthening. In general,seismicdamageisjudgedmainlyby a site inspectionof the
damagedstructures.Basedontheresultsof suchinspections,theresidualdeformabilityof the damaged
structuresis evaluatedalong with the maximumresponsedeformation[1]. The safety of concrete
structuresunderseismicloadingisusuallyestimatedfromthe deformationductility,so it is important
to relatethe degreeof damageto the residualdeformability.

It is alsowell known that the ductility of concretemembersunder reversedcyclic loadingsuch as
experiencedduhg anearthquakeissigniBcantlylowerthanthatundermonotonousloadhg. Thisimplies
thatseismicdamageto concretestructuresandmembersshouldbeevaluatedby takingintoconsideration
damageaccumulationdue to cyclic loadreversalsandrepetitions.

Thissituationhasledto certaindamageindexesthat takeintoaccountthedamageaccumulationduring
earthquakesbeingproposedbased on hystereticenergydissipationor low-cycle fatiguelaw [2, 3, 4].
However,thesedamageindexesarebased on test results forreinforcedconcrete(RC)membersand
they do not cover the case of partially prestressedconcrete(PPC) or prestressedconcrete (PC)
members. PPC structureshave attractedattentionrecentlyfor the high degreeof freedomtheygive
designersand they are oftenused for memberssubjectedto earthquakeloadingas structuralbeams.
However,theenergydissipationpropertiesofPPCmembersare affectedby many factorsas compared
withRCmembers.Consequently,it is necessaryto quantitativelyclarifythe effectsof thesevarious
factorson energydissipationin orderto makepreciseevaluationofdamageduringearthquakes.

In thispaper,the effectsofvariousfactorson the accumulationofdissipatedenergyin PPCbeams-
whichulthately failin flexureunderreversedcyclicloading- arediscussedbased on resultsobtained
inexperimentsdoneby theauthors[5-10]. h addition,a newdamageindexbasedon the totalenergy
dissipatedup to theultimatestate is proposed.

2. EXPERIMENTAL PROCEDURE

2 .1 Test Variables

A largenumberof factorshave an inhence on theenergydissipationproperties of PPC beams. In this
paper, however, the following five test variables, which are expected to have a relatively large
influence, are selected:

a) Volumetricratio of lateral confinement( p s)

The volumetricratio of lateral confinementp sis definedby theequation

volumeofone transeverse hop
P s= volumeofcoreconcreteconfinedbyonehop

X loo (%)

b) Mechanicaldegreeof prestress ( A)

Themechanicaldegreeofprestress A is definedas

a =__A
A, tv'AB fsy

Where,

gyp::yalfeeladOsftrpernegsttEeSsflpnrgesSttreeeslslngSteel
As:area of non-tensioned deformed bar
fsy:yield strength of non-tensioned deformed bar
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c) Concretecompressivestrength(fTc)

d) Steel index (q)

The steel indexq is defined as Equa-
tion (3).

q-qp.%=#.# (3,

Where,
b: widthof crosssection

dp.'s;effe?ctivedepth of prestressing

Table 1 Details of TestVariables

a cTcp:introduced prestress

ds:effectivedepthof non-tensioned deformedbar
flc:compressivestrengthofconcrete

e) Shearspan- effectivedepth ratio (a/d)

Detailsofthe adoptedvaluesof thesetestvariablesarelistedin Table1 for each seriesof loadingtests.
In all test specimens,the tensile stress in the prestressingbars immediatelyafter prestressingwas

laSdjaustperdof3Beat7e?y%50iFae,h8t&n;=,eaSnkdenlgFhAccfO.rrd%g='.y:.t?a.1ftar:ddulC.e.?reefsf;cetcitvi:ePlry:SEetsEelncaCsOenC.rfe;ec
=40MPa. On the other hand, the introduced prestressin specimenswith fc=80MPa is 10MPaand
23MPa for A =0.4 and 1.0, respectively.

2i23p9dfBSBS

Specimens used for the loading tests were
simplebeamsofpartiallyprestressedconcrete,
includingalsofullyprestressedconcretebeams,
with a rectangularcross section ofb x h = 10 x
20cm (b:width,h:full depth of section) and a
totallengthof 160cm.As shown in Fig.1, they
were symmetrically reinforced with
prestressingbarsandnon-prestressingdefomed
bars. The effective depth of the lower

p;iBecs:tu9;sefi3ftShfBlin'eg=dff'i1;ndlea5a:3nSi10,nsrf=eih:31;5ohhEe:3/e:bamm:a
rcoa7end.hbearsste(fesf-c4a9g5eT[TE?s
of A isslightlyshaller
longitudinalreinforcing

Sfhs;=af

were used to fabri-
case, the real value

t2fafne!;0.f7:seisdee%6gih=
bars. As lateral confinementand shear rein-

ioir.Chemeln3,5o"mmrectangular closed hoopshooks at the corners
(fRV=495N/mm2)were used. The spacing of the

reinforcementwas chosenin accordance
with the JSCE.s Standard Specification for
Design and Constructionof ReinforcedCon-
crete Structuresin orderto prevent premature
shear failure. As prestressing steel, round
prestressingbars (SBPR A-1, B-1 and C-1)
wereused in all specimens.Theseprestressing

b

a a

a=400mm, b=400mm, c=200mm for a/d=2.3

a=500mm, b=400mm, c=100mm for a/d=2.9

a=600mm, b=200mm, c=100mm for a/d=3.5

100

100
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g,agsuteTer;ithPOScte-ieennstionpeaStean.df los,-(x8y,
W/C=45 %.

2i3W

In this paper, the following four
loading histories are adopted in
order to investigatethe effectsof
loadinghistoryon energydissipa-
tion properties.

a) Series-A

Series-A consists of gradually
increasingreversedcyclicloading
with one load reversal at each
denectionamplitude.h this series,

fshegraapdSill?ydidnec?eeacst1?d?e.agTflgTd(e(
wherethe load

v6afuies,oBt?i_?,ed?

4
>

¥2

I
A

-1
i

3l
negatlve

(a) Series-A

posJtJvo

POSItlvo(xby)
5
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I

+ J)

cyc(a 3

3i]
negative

(b) Series-B

(xby)
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Fig.2 Applied I,oadingHistories

cycle

Eeaarsr;f;ge.cg;piac6ify(if itdyiecledddte.n8e.CZ?.ni,th2e6&,a3xi6myLA.lu.PaLo(t6h:).diflh: C;1i:1ndad=RleiE;idoei

&omthe measuredload-deflectioncurve and is somewhatlarger thanthe calculated
iahliuseiiglXICea;)tdhearti;zqhb,yeiunSf1.nrgcltnhgebaaC,tsu:Ldyisidessttrreesnseihgobfa,tsheh::1ffa?,recamdgybyTerlSdaenddafrei

U

using the actual yield strength of the reinforcingbars-andpre_stressingbars.

b)Series-B

Series-Bconsistsofgraduallydecreasingreversedcyclicloadingwithone loadreversalat eachdeflection
amphtude,inwhichthe apphed deflectionamplitudeis graduallydecreasedfrom 6 uto 6 y.The sum
of the applieddeflectionamplitudesis adjusted to equal that of Series-A.

c) Series-C

Series-Cconsistsof mixedSeries-A andSeries-Bloading'in which theapplieddeflectionamplitude
isbst graduallyincreasedup to 6 uandthen graduallydecreased.The sum of the applieddeflection
amplitudesin Series-C is also equalto that of Series-A.

d)Series-D

Series-D is graduallyincreasingreversed cyclicloadingwith ten load reversalsat each deflection
amplitude.

Theseloadinghistoriesare shownschematicallyin Fig.2.Specimenswere tested undersymmetrical
two-pointloadingwith variousshearspan lengthsandflexural spanlengthscorrespondingto the a/d
ratio.Aner theprescribedloadingsequences,all specimensweresubjectedto additional loadingcycles
untiltheir load carryingcapacityfell to approximately509Toof the maximum.

3iBBSiiW

3-iBBBAhiQABiBs*
It isnecessaryto dehe theultimatestateofmembersif seismicdamageto concretestructuresis to be
evaluated.Inthis paper,the ultimatestateis definedasthepointatwhichthe load carryingcapacity
has fallento 80% of the maximumload.All testedspecimensreachedtheir ultimatestate as a result
ofcrushhgandspaningof concretewithinthenexuralspanasmorecycleswereappliedafteryielding
of the tensilereinforcement.
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On the other hand, the dissipated energy at each deflection amplitude Pd) is equal to the area
surroundedby each loop in the load-deflection hysteresis.Dissipatedenergy itself,however,varies
greatlyunderdifferentloadingconditionsforthe samesection.Therefore,non-dimensional dissipated
energyat each deflectionamplitude(Ed')is definedin this paper as follows,

Ei-
B:a

Pycd 6 ,cd

zh&rien,aEggtahnedef6flgt

(4)

are the calculatedyieldloadandyield deflectionof each beam,respectively.This
of differencesin maximumloadcarrying capacityamongthe beams.

3

i2BfkGtS_Qf3ksi*
a) Effectsofvolumetricratio of lateral confinement( p s)

Figure3 showsthe effectsof volumetricratio of transversehoops ( p s)on the energydissipationof
Series-A beams; the horizontal axis represents non-dimensional applied deflection amplitude

Esp/lfticda2.
and the vertical axis is the non-dimensional dissipatedenergy PdT)at each deflection

AsFig3, theEatvalueincreasesalmostlinearlywith increasingdeflectionamplitudewithintherange
ofrelativelysmallapplieddeformationandthe rateof increaseis almostconstantirrespectiveof p s

vha.1xeevgelrV,esntihpastlTcer:2siLgeStrvb=3:Sets.wdeeS?eeassaema?.sTmha?lE,dIdVeai::t19.fnaab=;HtuwdiiE.aTShTsailslebrecPasu;ealtuhee,
beamswitha smallerp svalueexhibitsigniBcantstrengthdegradationat smallerdeflectionamplitudes,
resultingin reduced energy dissipationlater.In other words,the point afterwhich theqTvaluedoes
not increase linearlycan be correlatedwith a point of significantstrengthreduction - that is, the
ultimatestateof the beam.

b)Effectsof mechanicaldegreeofprestress( A)

Figure4 showsthe effectsof mechanicaldegreeof prestress( A) on Ed'Valuesfor beamswith p sof
approximately2.59To.As seen in this figure, for the particular deflectionamplitude, the Ed' Value

EEcaol=fswslThanhe:r:its?n%cr^e?smg"hs isbecausetheareaenclosedbyeachhysteresisloopbecomes

c) Effects of concretecompressivestrength (fc)

Figure5 showsthe EdTvaluesof the beamsmadewith concreteof different compressivestrengths.The
Ed Valueof the flc=40MPabeam is somewhatlarger than that of the flc=80MPabeam at the same
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denectionamplitude.However,the A value of the former is 0.43 (0.89) and somewhatsmallerthan
thatof the latter,whichis 0.50(0.94).Therefore,consideringthe differencein A value betweenthese
two beams, the effect of concrete compressivestrength can be seen to be smaller than that of
volumetricratio of lateralconfinementand mechanicaldegree of prestress.

d) Effects of steelindex (q)

Figure 6 showsan exampleof Ed'Valuesof beams with differentsteel indexes; that is, q=0.257and
0.434. The Bgureindicatesthat the Eatvaluesof these two beams at the same deflectionamplitudeare
almost equal.Therefore,the effects of steel index on the non-dimensionaldissipatedenergy can be
consideredto be negligibleif the othertest variables are the same.

e) Effects of shearspan-effective depth ratio(a/d)

In Fig.7,Eatvaluesof beams loaded under differenta/d ratios are shown.The Eu'value at a particular
non-dimensionaldeflection amplitudeis almost the same irrespectiveof the a/d ratio. With different
a/d ratios,the acting shear force differseven if the applied deflectionamplitudeis the same. In these
tests, however, each specimen was reinforced accordingto the maximum shear force, so energy
dissipationpropertieswere almost identicalsince flexure ismore predominantthan shear. This result
impliesthat the effectsof a/d ratioon non-dimensionaldissipatedenergyare smallif a beamis designed
to fail in flexureeven when loaded under a smallera/d ratiowithin the range of 2.33-3.77 adopted
in thesetests.

3i3W

Fromtheresultsof theSeries-Atests,it is clear that theeffectsof concretecompressivestrength,steel
index,andshearspan-effectivedepthratioon theaccumulationofnon-dimensionaldissipatedenergy
arerelativelysmallas comparedwithvolumetricratioof lateralconfinementand mechanicaldegree
of prestress. Here, then, the process of non-dimensionaldissipatedenergy accumulationup to the
ultimate state under different loading histories is discussedmainly in the light of the effects of
mechanicaldegreeofprestressandvolumetricratioof lateralconfhement.

a) Series-A

TppFiea8daeraeScht?.wnnEepLeHdtBo(ns7p6S
increasesalmost linearlywith incJr-6-asingapplied deflectionamplitudeup to the ultimate state.As
previously shown in Fig3, the volumetric ratio of lateral confinementaffects only the deflection
amplitudeat thepointwhere the EdTvaluestopsincreasinglinearly,that is, at ultimatedeflection.On

betweennon-dimensionaldissipatedenergy(Eat)and normalized
ycal)for the Series-A beams. The Ed'Value of each Series-A beam

the other hand, the gradient of the initial linear section is affected by the mechanical
prestress,made clearby Fig.4.Consideringthese results,the relationshipbetweenEdTand 6
be expressedin linear formas follows.
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Ei-a73=.B (626ycd,

Where, a and B are functions of the mechamicaldegreeofprestress A.

;Beerceiaeff7:fehissbaeTnedenF;ncgeq%c;ean,tSaas;uBm,eTtdo^bealrienS2roTn1:;i:igss;9f-ia,)

(5)

and (b), respectively.
although some scatter

is observed.ney can be expressed as in Eq.(6) and Eq.(7) from a regression analysisTofthe test data.

oc--2.43 A.3.25 (0.43 S^So.94) (6)

a-4.17^-4.15 (0.43 S^S o.94) (7)

Figure 8 also showscalculatedE; values derived&omthe regressionanalysis mentionedabove.As
indicatedin Fig.8,the calculatedvaluesderived from Eq.(5)-Eq.(7) coincidewell with the measured
values.In somebeamswith larger A values,however,the differencebetweenmeasuredand calculated
EdTvaluestendsto begreaterinthe largerdeflectionamplituderangenear the ultimatestate dueto the
instabilityof the dissipatedenergy.

b)Series-B

Figure10showssomeexamplesof the relationshipsbetweenEd'and 6 / 6 ycdfor the Series-B beams.
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In Series-B, the Eat Value is found to decrease

aaLm,ohSLdqeu;sd;taidCua!lnyy%e,neEe:dafrpolied6due.nTehCit!Oi:
becauseno newcracksoccurfor deflectionampli-
fudessmaller than 6 uwhen deflection amplitude
lS gradually decreased, so there is less dissipated
energy than in corresponding Series-A beams at
the same deflection amplitude. Therefore, the
relationship between EdTand 6/6ycal can be
written as Eq.(8).

Ei-y(i)2 (626ycal, 'S'

The value of the coefficient 7, is affected by the
A value and the maximumdenection amplitudeJ •`

t t 0.6

-

S,0.5•`

a o.4
th
q)

8 0.3

0.2

0.1

q
a

0 : ^=o.46
A: ^=0.71

D: ^=o.87

%1&
A

1 2 3 4 5 6 T 8 9 107112

6 H&X/ 6 yc.I

Fig.ll RelationshipbetweenCoefficient r
and 6max/6ycal

A

edTceatfirdSLcZlsef1(g6urmg:'t.hFeig7ur:all:eShd:Trsei!eesraellslfsTsihnifnbveeTee;;ocpo.edfftcietn.tarm:7d?,?alTaxiEfaaftees
beamstested,the equationsbelowareobtainedfromregressionanalysisof the experimentaldata.

v =1.494

y =1.488

v =0.879

(i=)

(i=)

(k)

+0.088 (^=0.46)

+0.088 (^=0.71)

+0.036 (^=0.87)

(9)

(10)

(ll)

Figure10 alsoshowscalculafedEd'Valuesat each deflection amplitude derived from Eq.(8)-Eq.(ll).

Lh.e;slrcEtaatAdsEwditvhal^ue-s.?80TiCsidne.twaesllg:Atdh:5eth=teafS:re^m=e.T.s;aalihdO.u.g,h1.tThhei:qsreL?ienT;bbeeTaeues:fE:
relativereductioninEatvalue&omthe hst cycleto the secondtends to becomelargerwithincreasing
Avalue,whilea quadraticreductionrate is assumedin the calculationirrespectiveof A values.
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c) Series-C

Esiq?hraetls:esnhoinwse?idi6A/eeyaahrse'aastitohneShd1&Sefcot;otnh3sslenrireesa-sSd?e8T;LeT5?hbe:hhaaVnidO,rtlhSeatThOaS:it.h,eassatEee
dedection is reduced resembles that of Series-B beams. Therefore, the Eatvalue of Series-C beams

;:mad?aetiecXfPurneg;ie.dnaosfa6lin6e;cralfuWTtchtiinoThOefde6fl/eStylCGln31:chrienasfnegd,eeflg;.cii.onhcreasingregionand by a

d)Series-D

InFig.13areshownsomeexamplesof load-deflectionhysteresisloopsfor the Series-D beams.Figure
14 gives an exampleof the ratio of non-dimensional dissipatedenergyat then-th cycle(EdT(D(n)))
for each deflectionamplitude to that at the first cycle pat(D(1))). Figure 15 shows the ratio of
non-dimensionaldissipatedenergyat theflrStCyclefor each deflectionamplitudeofSeries-D beams
(Edy(D(1)))to thatof the correspondingSeries-A beamsat the same deflectionamplitude(Ea(A)).

Figure14showsthat theEd'Valueat a particulardeflectionamplitudedecreaseswith increasingcycles

z5ea8d.;Pep.eftittioaT.atAtthtehfeirds?flc;cctlie?nAaRmeflti;und;.oafd1,e6pygt;Fie.nEsd,ItVhaeluEe;a:atlhueesiesC.0.nic6y.C3oe.hfa;hfaatllaetntLoe
first cycle. Almost the same t-endencyis observed aAfthe deflecfionuampliludeof 2 6
;lelduLcvIJi;lnV.aLfTeli^7euLT=aduurAg^pVe;TfAiAounV;A7;sAB&ve&L;t"s&Lal7A{r.W&LvevJfvLAeujAeAaAeA;Iiw.vnvaAm•`pfityldue";sv3uD8A•`A6yr

more,on the otherhand,the reductioninEdTvalue is somewhatdifferent;the fall in the Eatvalue fryom
the bst cycletothe secondisvery small,and the total reductionratio afterten cycles is at most 10%.
At a deflection amplitude near the ultimate state, such as 6 6y, the Eatvalue begins to decrease
remarkablywith repeatedcycles.
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Repeated Cycles (Series-D, p s%2.509To) and 6 / 6 ,cal

fgedreonneectciyocnleaTfPlbteundeest?.fnqsorreeihuac:d2t6oy,u.p-ts.tp7oeouflttihmatat.efSet.ate;stphznEdLvgalsuee,iOefs_SAribeeSa-mDsbaetatTes
same deflectionamplitude, as seen in Fig.15. This implies that the energy dissipatedat a certain
deflection amplitudeis influencedby the preceding number of load cycles at smaller deflection
amplitudes.

TheseresultsallowtheEatvaluesofbeamssubjectedtoreversedcyclicloadingwith 10 loadrepetitions
at each deflectionamplitudeto be estimated,asdescribedbelow.

Asmentionedpreviously,Ed'Valuesat a particulardeflectionamplitudedecreasewith increasingload
cycles, and the amount of the its reduction is affectedby the applieddeflectionamplitudeand the
numberofcycles.It can beassumedthatthe reductionfromthe firstcycleto the secondis the greatest,
thenbecominga smallerconstantvalue fromthe secondcycleto the tenth. It is also assumedthat the
Edlvalues of Series-D beams at the first cycle at each deflectionamplitudeis lower than that of
correspondingSeries-Abeamswith only one loadrepetitionat that amplitude.These reductionratios
are taken fromthe experimentaldatafor Series-D beams.

OInthecaseof 6=6

Ei p(1))-Ei (A)

Eip(n))-o.7Ed'P(I))-%(n-2) (22; n2;10)

@Inthecaseof 6-26,

Ei p(I))-0.88Ei (A)

Ed/P(A))-0.8Eip(I))-%(n-2) (22; n2;10)
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@Inthecaseof 6 2;36

Ei p(I))-0.88Ei (A)

Ed'P(n))-0.95Eio'(1))-9f(n-2) (22; nao)

Where, E at(D(1)):

Ed[(D(n)) :

Eat(A) :

(16)

(17)

non-dimensionaldissipatedenergyat thefirst cycleat each
deflectionamplitude
non-dimensionaldissipatedenergyat the n-th cycleat each
deflectionamplitude
nonJimensional dissipated energy of corresponding Series-A beam
calculatedfrom Eq.(5)at thesamedeflectionamplitude

n: number of cycles

Figure 16 shows a comparison of calculated EdT
values and measurements. As this shows, the

;cS?yunlttaaetl:rSe;u:'ltVusan;:'trShe1'sn:iin1hCaeitd:ea:7gee:lea::5ht?t.h6neya?:-Ppheli:l_;
4fiesyt.

tudes of more than
the EdTvalues at the

This is mainly because
cycle at each deflection

amplitudecalculatedhm Eq.(14)or Eq.(16) tend
to be underestimated at larger deflection ampli-
tudes.However,the differencebetween measured
and calculatedEdTvaluesis relativelysmall and EdT
values of Series-D beams can be well estimated
by this method.

3Q
untiltheUltimateState

Even if the total energydissipatedover a given
loadinghistory canbe calculatedas described,it
isdifficultto evaluatethedegreeof damageunless
thetotalenergywhicha membercandissipateup
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Fig.16 Example of Changes in Measured and
Calculated Ed'Value
(A =o.70, ps=2.66%)

to the ultimate state is known. Therefore, the effects of volumetric ratio of lateral confinement,

=etchheE%Lda?egr(efBfd.:;Sahreess,isacnudslsoeaddFegreTstoryonthenon-dimensionaltotaldissipatedenergyup

Figure 17 shows the effect of loading history on the accumulationof non-dimensional dissipated

eEneErd!u:.Tsniii,trh.exuA1;Te;:elS5tZ7st5Fedr'uLt2aeTrhg:addeuPa;.nyddSeOcrne:eag^c-yVcAlcu.eiaYihneg:eas^s=e?i.e4s6lLhteesvtas!utehaOnf
thatundergraduallyincreasingloadingas in Series-A. In Series-B tests, a relativelylarge deflection

cTcplehidneiseaaEpsliewditag?E2lSet,1oparde5fecs:,clseicChOnaSseq^ue=n61.y.,61.wTgheedsieagcor;catscrraecEsalanrgSe.,deunri:5etnheufF.si

rasublebissinw;thplLnighh1?rg^Ofvtahleueps-(6^
unloading,
otherhand,
loading history can be observed. In these cases, diagonal cracking is insignificant even at large
deflectionamplitudesandthecrackrestorationperformanceis gooddue to the effectivenessof higher

Enter?gdyu?zd,parr?1?i;;3s;rFersot=stsheesecroenscu,list,eteeeaemffsecitsOsfhl.o3dnT.gbheisct.o=yeosnmta7?e;c3TtTZiactrieoans10nfgdi^sslfaaltueed.

hysteresis loop and reduced energy dissipation. On the
=0.71 and 0.87), no significant difference according to
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fT;rdPFgfsa7e8e=sd-S]h;:e3rageo;Las?i.;:he;bdee:be:eeCde;u5Toov5nav:uguu?!frF;scsEssa;a!:?oefeen:eatcrsefey;;EclneOntdeBneed7;etlg&istfahSf;t;end(gv;e;c;:t.3ifi2eS.z8oSsfi
hand, the value of EEd'ult.decreases with increasing A value within the range 0.43S A 5;0.94 and
can be assumedto be almost inverselyproportionalto A when ps is constant. Further, the
effectivenessoflateralconhement onimprovementto theenergydissipationpropertiesis dependent
of A. From these results, the =EdTult.Value can be expressed as in Eq.(18).

EELt.=aps2.b(i).c(#).d
(18)

The values of the coefficients, a, b, c, and d should be estimatedseparately for Series-A beams and
Series-D beams, since =EdTult.Values of Series-D beams are substantially higher than those of
Series-Abeamsas a resultoften load repetitions at each denection amplitude.On the other hand, the
values of these coefficientsestimated for Series-A beams should be applicable to Series-B and

tsheerite&-e?sbeerTs:saTZe.uthgehttO1:1dEis#u:tevdaleuneesrg.yfSSrTenstilihbeeuakiLarteessiaieeShna?tsVmearYledri.fferentamong
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The coefficients a, b, c, and a obtained for Series-A beams by regression analysisof the test results
are as follows:

a=-5.52, b=32.48, c=7.44, d=-35.20 (standard deviation of =Ed'ul.. is 13.52)

On the otherhand, the values of these coefficientsfor Series-D beamsare the following:

a=-2939, b=45.69, c=30.28, d=-46.44 (standard deviation of i:EdTul..is 24.01)

Eachcalculatedvalueofthe non-dimensionaltotaldissipatedenergyuntilthe ultimatestateobtained

khcaldei?eSn-djcbaeta!?geest,hee:tTvi!f;hTehTseeasfZgr:rae;aslhu.eifhEtd'yEeda)u)lt.inva7igess.2c2n-(bae)

re:tll;Ti:teeldytlOa,ageCeLtai:rfeesg-rae,baelatEos?gasfhnedidclistcerdePbayntChyebs;a%ezTdmdeeavSi:trieodna.nfdlC3a.l5C2u.IaiE?sfsE&'adi.nl1;
becauseonlytheeffectsofvolumetricratio of lateralconfinementandmechanicaldegreeofprestress
areconsideredin the calculationprocess33@
If thedegreeof seismicdamageto concretestructuresormembersunderearthquakeloadingcouldbe
expressednumerically, it would be a criterion by which to carry out repairs or strengtheningto
damagedstructures.Herewe discussthepossibilityof evaluatingseismicdamage basedon hysteretic
dissipatedenergy.

A damageindex (DI) asEq.(19) in this study is defhed.

EEd'

DI-ii= '19'

Where,

i: Ed'ul..: the non-dimensional total energywhich can be dissipated by a member until

EEd.: fE::tttiu=lataecStuaieufoafeadgni.v:n_iiAdelins5ohni:foernyergydissipatedduringl.ading
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Examples of Changes in DI (p s%2.50%)

DI=Orepresents the no damage situa
tion and DI=1.0means that a member
hasreachedits ultimatestate; that is, in
this study,when the load carryingca-
pacity at a given deflectionamplitude
falls to 80% of the maximumultimate
load.

As mentionedpreviously, the value of
differswith thenumber of re-

cyclesat a particulardeflection
amplitude.This impliesthat the effect
of dissipatedenergy after the second
cycle on the degreeof damage is dif-
ferent from that of the first loading at
thesamedeflectionamplitude.In con-
sideration of practical application,
therefore, it is desirableto modify the
I Eatvaluewhere several loadrepeti-
tions take place at the same deflection
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Fig.22 Statisticsof DI inthe Ultimate State
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value for a basic loading history which is already known, for example, Series-A. In this paper,
however,DIvaluesof Series-D beamsare calculated fromthe = Eatvalues without modificationand
the I Ed'ult.Values are calculated from Eq.(18) us
Series-B and Series-C beams, on the other hand,
for Series-A beams.

in#i5:lt.
coefficientsfor Series-D beams. As for the
valuesare calculated using the coefficients

Figure21 showssomeexamplesof the changesin DI during loadingtests. In Series-A, the degree of
damageissmallat an earlystageof loadingandthe ratio of accumulateddamage riseswith increasing
applieddeflectionamplitude.In Series-B, on the otherhand, the DI value after the first cyclereaches
0.3•`0.4. This implies that the beams are significantlydamagedif subjectedto a deflectionclose to
the ultimate value at the first cycle of loading. Subsequently,however,the increasein accumulated
damagebecomessmaller.h Series-D beams,damageisaccumulatedas ten loadrepetitionstake place
at each deflectionamplitude, and the ultimatestate is reached at a smaller deflection amplitudeas
comparedwith the correspondingSeries-A beam. In case of the beams with A=0.87, the DI value
doesnot reach 1.0 even at the end of loading. This is mai

gaelac=lai;tdhaEl:tug.raxdvtah.euea?tualvalueislargesincethe
ngEbd

ecause the relative difference between
'u1..Value itself is smaller than that of a

h Fig.22,a histogramof DI correspondingto the ultimate state calculated for each beam is shown.A
high degree of scatter (C.0.V.=0.454) in the DI value at the ultimate state is observed, although the
averagevalue of DI is almost 1.0. The relative difference tends to be particularly large in the case of
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b eamswith higher A value andlower p svalue.Thisis mainly dueto thegreater uncertaintyin the
defhition of theultimatestate underreversedcyclicloadingand in the effectsof testvariables.

Aspreviouslymentioned,non-dimensionaltotaldissipatedenergyup untiltheultimatestate is affected
by notonlythetestvariablesadoptedin this studybut alsoby certainotherfactors.Therefore,further
investigationsof energydissipationpropertiesarenecessaryin orderto establishanevaluationmethod
for seismicdamageto concretestructuresbasedon hystereticdissipatedenergy.

4ii2QW

In this paper, the effects of varioustest variableson the energydissipationpropertiesof partially
prestressedconcretebeamsareinvestigated.h addition,a damageindexbasedon hystereticdissipated
energyis proposedbasedon the experimentalresults. Themainconclusionsreachedin thisworkare
as follows.

(1) The energydissipationpropertiesof partiallyprestressedconcretebeamsare affectedmainlyby
volumetricratio of lateral confinementand mechanicaldegreeof prestress.The effects of concrete
?ompressivestrength,longitudinalsteelindex,andshearspan-effectivedepthratio arerelativelysmall
ln comparison.

(2)Thenon-dimensionaldissipatedenergy,which is the dissipatedenergynormalizedby the product
ofcalculatedyieldloadandyielddeflection,of partiallyprestressedconcretebeamsis also influenced
by the loadinghistory.The valueof non-dimensionaldissipatedenergyat eachdeflectionamplitude
can be expressedas a linearfunctionof the applieddeflectionamplitudeas the deflectionincreases,
andasa quadraticas thedenectiondecreases.Thevaluesof thecoefficientsin these functions depend
mainlyon the level of mechanicaldegreeof prestress.

(3) The non-dimensional dissipated energy at a particular deflection amplitude decreases with
increashgcycles.Therateofdecreaseis affectedby the applieddeflectionamplitudeand thenumber
of cycles.Thenon-dimensionaldissipatedenergyat the first of ten loadrepetitionsis less thanwhere
onlyone repetitiontakes place at eachdeflectionamplitude.

(4)Thenon-dimensional totaldissipatedenergyup untilthe ultimatestateincreaseswith increasing
volumetric ratio of lateral confinement,while it decreaseswith increasing mechanicaldegree of
prestress. It can be estimatedto a certain extentby a functionof these two variables.The value of
non-dimensional total dissipatedenergy until the ultimate state is almost constant if the sum of
applied deflection amplitudes is the same, although it tends to be somewhat smaller with less
mechanicaldegreeof prestresswhere thedeflectionis graduallydecreased, as in Series-B.

(5)The degreeofdamageto partiallyprestressedconcretebeamsunderreversedcyclicloadingcan be
expressedquaJltitativelyby a damageindexbasedonthehystereticdissipatedenergy. However,further
investigations on the process of dissipatedenergy accumulationare necessaryfor a more accurate
evaluationof seismicdamageto concretestructures.
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