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ABSTRACT

In this paper, Post― earthquake capacity evaluation method of reinforced concrete buildings

was studied.Substructure pseudo― dynamic test and static loading test of flrst story column in a

four― story Fyc building was canried out in order to investigate the validity of thc evaluation

method proposed by authors.In pscudo‐dynamic test,different levcls of damage were induced

in the specimens by prc-loading,and input levels of seismic motion,at which the specimens

rcached to the ultimate stage, were examined. Fronl the experilnental result, no signiflcant

differencc in damage levcls such as residual crack width bctween thc specimcns under static

alld pseudo― dynamic loading was found.It is shown that residual seismic capacity ratio η

proposed by authors can provide a reasonable estimation of post― earthquake seismic capacity

of R/(〕 buildings suffered earthquakes.

1.INTRODUCT10N

In damagc invcstigation of building structures sulcring from carthquake, cstillllation of

rcsidual scislnic capacity is cssential in order to access the safcty of thc building against

a■ershocks and tojudge thc necessity ofrcpair and rcstoration.The authors have proposcd an

cvaluation mcthod for post¨ carthquake seismic capacity of reinforccd concrcte(Ⅳ C)

buildings based on the rcsidual encrgy dissipation capacity of structural members[BurlnO and

Maeda, 2000].ThC proposcd method was adoptcd in the」 apancse“ Damage Levcl

Classiflcation Standard''revised in 2001[」 BDPA,2001].

In this paper, substructure pseudo― dynamic test of flrst story column in a four― story R/C

building was carricd out in order to invcstigate the validity ofthe proposed evaluation rnethod

for post‐ earthquakc seismic capacity.In pseudo― dynamic tcst,di“ ёrentlevels of damagc wcre

induced in thc specillnens by pre… loading,and input lcvcls of seislnic motion,at which the

specilnens reachcd to the ultillnate stage, were exallllined. Evaluation mcthod for

post― carthquake scisnlic capacity was discusscd based on thc test rcsults.
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2.OUTLINES OF EXPERIMENT

2.l Description of Specilnens

Four column spccilnens were testcd in this study。 「Fhe specimen reprcsented an interior

column in the flrst story of an existing 4-storied R/C building as showll in Figure l.All

spccirncns have the salne dirnension and rcinforcement.Thc properties and reinforcing details

are shown in Figurc 2 and Table l.Thc dilnensions of a column scction wcrc 40 x 50 cnl and

shear span― to―dcpth ratio was l.5(150cm height).Ten D19 bars(nominal diameter of l.91cm,

nominal arca of 2.87cm2)were arranged as longitudinal reinforcement.19φ  bars(rOund bar9

diamctcr of l.9cm)were arranged as latcral reinforcement with 12.5cm spacingo Mechanical

propertics of concrete and rcinforcement are showlllin Table 2.
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2: E)imensions and reinforcementsFigure l:Objective building and

analytical model for

pseudo¨ dynanlic test

distribution of specilnens

Table l:E)imensions and reinfo ts of IInen

ち :dear hdght(■ lm), 弓 :tensiOn reinf rttio(%), :lateral reinf ratio(%), N:axia1 load(kN)ら

an rcelllen

β×D あ0
Longitudinal

Reinforcement
脅 Shear Reinforcement ρ″ N

400× 500 1500 10-D19 0.57 2--12φ (D125 0.45 953

Table 2:Material properties of concrete and reinforcements

Concrete Reinforccmcnts

ら(Mpの %″ (%) Size and Quality %(Mp→ ぅ(%)

27.2 0.18
D19 364 0.187

12φ 329 0。 161

σッ:Compressive Strength, θ。″:Strain at the Strength
σy:Yield Strength, εッ:Yield Strain



2.2 Parameters of Experilnent

Experilncntal paramctcrs arc showll in Tablc 3.Three spccilncns namcd PSDO,PSD2,and

PSD3 wcre exaFnined by pseudo¨ dynarnic testing. The spccilnens PSD2 and PSD3 were

damaged by pre…loadings. Target initial damage lcvels for PSD2 and PSD3 were nlinor

damage(damagc class H by the Damage Level Classiflcation Standard,see Table 4)and

modcratc damage(damage class IⅡ ),respectively.On the other hand,PSDO was tested with

no  structural  damage.  The  damaged and undamaged  specimens  wcrc  tcstcd by

pseudo‐dynamic testing using allnplifled input seislnic motion at which the specilnens reached

to the ultimate stage. Thc spcciincn ST was tested by static loading to compare the failurc

pattems, damagc lcvels and hysterisis loops with the specilnens under pseudo― dynamic

tcsting.

Table 3:Parameters of experilnent

Loading Initial damage Darnage class*

PSDO

Pseudo¨lDynarnlc

Nonc 0

PSD2 Minor

PSD3
Moderatc

(or Severe)

ST Static None 0
*Damage Level Classiflcation Standard[JBPDA,2001]

class Observed damage on structural rnembers

Some cracks arc found.

Crack width is smaller than O.2 1nm.

Cracks of O.2-l mm wide are found。

Hcavy cracks of l -2 1nrn wide are found.Some spalling

of concrcte is observed.

4ヽany hcavy cracks arc

mm. Relnforcing bars

2.3 Test〕/1ethod and Loading System

2.Jof Zοαding ηpαrα′″s

Loading apparatus is illustratcd in Figure 3.Thc

shcar by a horizontaljack.The verticaljacks on

found.Crack width is larger than 2

are exposed due to spalling of the

spccimcns wcrc subiccted tO bending and

both side of the spccimen kcpt the top and

covcring concretc.

Buckling of reinforccment, crushing of concrcte and
vertical defollllation of columns and/or shcar walls are

found. Sidc― s、vay, subsidcncc of uppcr floors, and/or

fracture ofrcinforcinQ bars arc obscrved in somc cascs.

Table 4:Damage classiflcation of structural members[JBPDA,2001]



bottom stubs and applicd constant axial.Thc specimen ST was su● cCted to two cycles at drift

angle of 1/200,1/100,1/67,1/50,1/33 rad.aftcr the flrst cycle at a drift angle of 1/400.

Figure 3:Testing apparatus

2.3.2 Mgrr2ο ググ Psθ″αθ―Dy″α″た■s`

The spccirnens PSDO,PSD2 and PSD3 were tested by sub―structure pseudo― dynanlic llnethod.

The ottccted building was reduced to a 4-degree¨ of―freedom system.As shown in Figure l,

the column spccirnen represents the flrst story column and second to fourth stories werc

analyzed.Thc specimen was su● ccted tO the target story drift anglc which was calculated

from stcp… by―stcp seisIInic responsc analysis of thc 4-degree¨ of=frecdom system. Takcda

model was uscd as hystcresis rnodcl for the analytical parts in seisrnic responsc analyses.The

crack and yiclding strengths of the specilnens are calculated according to thc 」apanesc

“Standard for Structural Calculation''[AIJ,1999].Timc increment of response analysis was

O.005 sccond and OS¨ method Pヾakaima et al.,1990]was applicd to nllmcrical intcgration.

Viscous dallnping rnatrix was assurned to be proportional to sti■ hess rnatrix at yielding,which

、vas 20/O of natural frcquency.

NS component of JMA(Japall MCtcorological agency)KOBE recordcd 江 1995

Hyogo‐ken―nambu Earthquake was adopted for the input ground motion. Thc input

acceleration is shown in Figurc 4. Table 5 shows the target structural damagc levcls of the

specirncns and thc ampliflcation factors of input ground acceleration for each R■Лヾ s,

respectivcly. As mentioncd earliet spccirnens PSD2 and PSD3 were induccd structural

damage of damagc class II and III,respectively,by pre-loading named``RLINO''in order to

cstimate the residual seislnic capacity.Note that additional pre-loading``Rlnヾ 0+"was applicd

to specilnen PSD2 becausc the damage lcvel duc to the RUNO rcmained damage class I.Thcn

all specimens werc sutteCtCd to ampliflcd input acccleration so that the specimen reached to

thc ultimate statc and failed(damage class V).
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Figure 4:Acceleration record for input ground motion(JMA Kobe NS)

hble 5:Target structural damage and ampliflcation factor ofinput acceleration

Spccllncn Input Target Damage Level liflcation Factor

PSD2
RUN0

Ⅱ
0.25

RUN0 0.41

RITNl V 0.41

PSD3
RIIN0 Ⅲ 0.50

RIINl V 0.30

PSD5 RllNl V 0。60

3.TEST RESULTS

3.l Results of Static Loading

Figure 5 shows thc obscrved shear forcc― latcral displacement relation for spccilnen S■

Crack patterll was shown in Photo l.Longitudinal bars yielded at the dri■ angle ofthe ordcr

of 1/200 after generation of flexural and shear cracks.Thc process to failure was as follows;

i.e.,at a dri■ anglc of 1/100rad。 ,bond splitting cracks along longitudinal bars wcrc observed.

The latera1 load began to decrease gradually with propagation of bond splitting cracks and,

flnally,bond splitting failure was obscⅣ cd.

Thc relationship betwcen the maximunl residual crack width and drift angle at thc peak of

cach cycle was shown in Figure 6.The residual crack widths wcre rneasured by crack scalc at

the moment whcn the lateral force was unloaded. In the flgure, crack width of O.2, 1, and

2rnrn corrcspond to the borders bctwecn the damagc classes of thc structural members,

according to Table 4[JBDPA 2001].The crack widths werc smaller than O.2mm,which

corrcspond to the``damagc class I(Slight damagc)",until flexural yielding occurred in a cycle

at 1/200rad.After flcxural yielding,the maxilnunl residual crack widths increased rnarkcdly

with increase in dritt anglc.
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Figure 5:Story shear vs.drift angle Photo l:Crack patterns

at the flnal cycle
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Figure 6:】江axilnunl crack width vse drift angle

3.2 Results of Pseudo… dynanlic Loading

Figurc 7 shows thc observed shear lorcc― lateral displaccment rclations of spccirnen PSDO,

PSD2 and PSD3.The rclationship bct、 veen thc rnaxilnum residual crack width and dri■ angle

atthe pcak of each cycle was shown in Figure 8.Crack pattems a■ er the pre-loading,RLINO,

、vcrc shown in Photo 2.

The process to failurc was alllnost sirnilar to the specilncns STI In specimen PSDO which was

SuttCCtCd to O.60 timc JMA Kobe NS record,aftcr ncxural yiclding was observed at drift

angle of O.610/0,shcar forcc bcgan to dccrcase with propagation bond splitting cracks and thc

specirnen failed.

Maximum dri■ anglc was O.5%and maximum rcsidual crack widths was O.2mm(damage

class I)in RUNO ofspecimen PSD2,in which ampliflcation factor for the input acceleration

was O.25.In thc RUNO+(ampliflcation factor was O.41),a■ er thc specimen yicldcd at thc

drift anglc of O.610/O and maximum drift anglc rcached to l.00/O with maximun■ residual crack
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width of O.5mm(damage class II).In the RLINl(ampliiCation factor was O.41),the Specimcn

failed in bond splitting duc to rapid increasc in drift angle.

ⅣIaxilnum driil anglc of 2.240/O and bond splitting crack of 3.5mm width, which was

somcu7hat largcr than the criteria ofthe target damagc class III were induccd by the lkLnゞ
o of

spccimcn PSD3(ampliiCttion factor was O.50).In the RUNl with ampliication factor of

O.30, shcar rcsistancc was dcterioratcd gradually duc to bond splitting failure, although

maximum dri■ angle did not increase llnttkedly.

As can be scen from Figure 8,no signiflcant diffcrencc in rcsidual crack widths between thc

spccimcns under static and pscudo― dynamic loading was found.
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Figure 7:Relationships between story shear and drift angle
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Figure 8:Ⅳ Iaxilnulll residual crack width vso drift angle

(a)RUNO ofPSD2 (b)RUNO+of PSD2 (c)RUNO ofPSD3
Photo 2:Crack patterns after pre‐ loading

Thc relationships between the ampliflcation factor of input accelcration and maxilnum

ductility factors are shown in Figure 9.In thc flgurc,the lines indicatc analytical results for

the flrst story of thc 4-dcgrcc― ofttfreedOm systcm and the marks arc cxpcriinental results.

Figurc 9(a)indiCates the results without structural damagc;i.c.,RⅧ l for PSDO and RUNO

for PSD2 and PSD3.Figure 9(b),(C)and(d)indiCate thc rcsults after pre-loading.From the

flgurc,rnaxirnum ductility rcsponsc increases with increase in ampliflcation factor of input

ground motion.The ma対 mum ductility rcsponses a■ cr some damagc was induccd(Figurc

9(b),(C)and(d))arc generally larger than thosc without damagc.Experimental results

approximatcly agreed wcll with thc analytical rcsults although disagreement call bc found for

the rcsults of ductility factor of larger than 5 bccause pinching bchavior and deterioration of

shear resistance、 verc not takcn into account in thc hystcrcsis rnodel fbr the analyses.
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Figure 9: Relationship between ampliflcation factor of input
ground motion and maximum ductility factor

4。 ESTIMATION OF RESIDUAL SEISMIC CAPACITY

The authors evaluated residual seismic capacity ratio η of structural members for cach

damage class as shown in Table 6 based on experillnental data of bcarns and colllmns under

static loading。 「Fhe basic concept of residual seislnic capacity ratio η is illustrated in Figllre

10.Dcterioration of scismic capacity was estimated by energy dissipation capacity in lateral

force― displacement curve of each inembc■ The residual seislnic capacity ratio η was deflned

as the ratio ofresidual energy dissipation capacity to the total capacity and given by Eq。 (1).

η=争

wherc, Eグ : dissipatcd energ光

(E′ =E′ 十E″ ).

(1)

E″ : rcsidual energy capacity, E′ : entire energy capacity



Table 6:Residual seisnlic Damage class

ra

Damage
class

Brittlc

mcmbcrs
Ductile

membcrs

I 0.95 0.95

Ⅱ 0.6 0.75

Ⅲ 0.3 0.5

Ⅳ 0.0 0.1

V 0.0 0.0

Figure 10:Seismic capacity reduction factor η

To investigate the validity of the proposed residual seislnic capacity ratio η, input ground

motion levels with which thc speciinen failcd in the pscudo― dynamic testing were compared

with residual seisrnic capacity ratio η in Figure ll.In the flgurc,thick line and brokcn line

indicate residual scisΠlic capacity ratio η for brittle and ductile members rcspectively. 
´
「 hc

circles indicate ampliflcation factors of input accelcration in the pscudo‐ dynamic testing.

Arnpliflcation factor of O.60 for undamaged specirnen PSDO was assumcd to correspond to

the original capacity, 7=1・ 0。 As can be seen frolln the flgure,ampliflcation factor of O.41 for

RUNl of PSD2 and O.30 for RIINl of PSD3 approxilnately correspond to the residual

seisrnic capacity ratio η.Accordingly,thc proposcd residual seislnic capacity ratio η might be

uscful for the reasonable cstimation of post― earthquake seislnic capacity of damaged R/C

buildings.
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6.CONCLUS10NS

In this papet static loading test and sub¨ structural pseudo‐ dynamic test of Iし
/C columns werc

carried out to investigate the validity of thc mcthod for post― carthquakc capacity evaluation

proposed by the authors.Fron■ thc cxperillnental result,no signiflcant difference in damage

levcls such as residual crack width bctwcen the specillllens under static and pscudo¨dynalnic

loading was found.It is shown that residual seislnic capacity ratio η proposed by the authors

can provide a reasonablc cstirnation of post― earthquakc scislnic capacity of R/C buildings

suffercd earthquakes.
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