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ABSTRACT

In recent years, not only seismic safety but aksisnsic reparability is considered as important qrenance
required for reinforced concrete buildings. The [figaal of this study is to develop an evaluationthod of
seismic damage in reinforced concrete structurahbees which is essential for accurate estimatioepdrability
limit state of reinforced concrete buildings danthdeae to earthquakes.

In this paper, firstly, general concept and outlifielamage evaluation procedure of ductile reirddrconcrete
members are presented. Analytical models are peaptisat evaluate residual crack length, crack wadtth the
area of spalling concrete in ductile column andnbe@hese models are intended to be applied to push-o
analysis of frame structure in practical seismisigie. For example, the analytical model of cracigtas consists
of two parts; models inside and outside the plastige regions which correspond to flexural sprémgl shear
spring, respectively, for the frame analysis urstgsmic loads. These models are used for calcgl&dial crack
length from the predicted number and average leobtlexural and shear cracks.

Secondly, evaluation results with the proposed otktire shown. Reparability limit states, which gogerned
by repair cost corresponding to the damage ofttiuetsire, are evaluated for reinforced concreteé&atructures
with different collapse mechanism. As a resultareposts and economic loss of damaged structure steongly
affected by the type of collapse mechanism. It feamd that reparability performance of reinforcemhcrete
buildings with total collapse mechanism is infetiothat of buildings with story collapse mechanism

Keywords: Reinforced concrete, Damage evaluation, Reparability, Repair cost

1. INTRODUCTION

“Seismic safety” is considered as the most impon@ntormance required for reinforced concrete
(R/C) structures in terms of protecting human liferecent years, it is reported that many building
which did not collapse but got fatal damages bysthesre earthquakes, can't help being re-consttucte
It is also reported that many companies sufferegeleconomic loss by their business stop due to the
non-collapse damage of their buildings. It is ratpgd that not only “seismic safety” but also “seis
reparability” is necessary to every R/C buildingefsmic reparability” means the seismic performance
for buildings that their owners can repair damagiéisin an acceptable repair cost and/or econonss.|lo
However, there are few studies that tried to estabdjuantitative evaluation methods of seismic
reparability performance of R/C structure basedhenamount of damages by severe earthquakes and
on the repair costs for recovery. The purposeisfdtudy is to develop the method of evaluatingraé
damages and reparability performance. Seismic deswag evaluated with cracks or spalling concrete,
which appear to R/C frame structure, and repatgimiérformance is estimated based on repair cakt an
economic loss due to the damage of the buildingthle paper, the outline of damage evaluation
procedure of ductile R/C members is described aoplgsed evaluation method is applied to reinforced
concrete frame structures with different collapsehanism.
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2. PROCEDURE FOR EVALUATING REPARABILITY PERFORMANCE OF R/C FRAME

The proposed “damage evaluation models” for R/Qriseand columns, which are applied to ductile
R/C members, enable the prediction of the amoudtiofages occurred to R/C members. They include
“crack length evaluation models”, “crack width eyation model” and “spalling concrete evaluation
model”. They are intended to apply to push-ovetyaigwhich is typically used for structural design
of R/C buildings. In the push-over analysis, ever@mber of the frame is regarded as spring model,
which has two flexural springs and one shear spiihg proposed damage evaluation models relate the
deformation of these springs to the amount of d&saguch as residual crack length or crack width an
so on. Therefore, the amount of damages which agpesach member can be estimated analytically.
Total damages of the frame can be summed up, &ancepair cost and/or the recovery period can be
also estimated in the design stage, which are leséabassessing the seismic reparability perforrean
restoration possibility and business continuityrobuildings after severe earthquake. Figure 1 show
the procedure for damage evaluation of R/C frametire.
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Figure 1. Procedure for damage evaluation of R&@& structure

In order to express the easy repair possibilitg bliilding, “Rr-index” is introduced, which is thatio
of repair cost to the re-construction cost of thédings. The Rr-index, which indicates the buradn
repair cost due to severe damages, can be usdddualing reparability limit state of a building. ides
an expression of Rr-index to Equation 1.
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where R:: the ratio of repair cost to re-construction dosthe buildingC; : repair cost for the damaged
building, C.: re-construction cost for the damaged buildibg,economic loss during the period for
finishing recoveryl: economic loss during the period for re-constartti

If a building tends to suffer serious damages adusewere earthquakes and need large cost and long
recovery periods, the value of ®-index is large, and it is judged to have insuéfiti reparability
performance.



3. MODEL FOR EVALUATING THE AMOUNT OF DAMAGE IN R/C MEMBERS

The analytical models for estimating the amountamages which progress in the surface of R/C
member are proposed in this section. The modebadadies include crack length, residual crack width
and the area of spalling concrete. Crack widthritistion model which consist of proposed models are
constructed as the beta-distribution based on doading tests which is conducted by the group of
Maeda et al. The area of spalling concrete is nieddbased on the strain corresponding to the
compressive strength of the concrete. Details @itlodel for crack length/width and spalling coneret
are described in reference by Igarashi and Mae@fa9(2010).

Figure 2 illustrates cracks distribution in R/C tmear column when they are under the cyclic lateral
load, where the thick lines show the cracks indumedhear force of clockwise direction. The "hinge
region" is the area at two ends of the memberfthatiral-shear cracks come up in the surface. The
"non-hinge region" is the other area, where flekaracks and shear cracks come up in the surface.

In the damage evaluation models, the progressaskdength in "hinge region" is related to the tiota
angle of flexural springs and the progress of crierigth in "non-hinge region" is related to the
displacement of shear spring.

In brief, the relations are sketched in Figure I2e Tlexural crack lengtBL: progress curve matches to
the skeleton curve of flexural spring and the shwack lengthzLs progress curve matches to the
skeleton curve of shear spring. According to soxgeemental studies conducted by the group of
authors, the progress curve of total crack lengthrie hinge regiorsL; , is represented as tri-linear
curve, which has a start polPd( &, L) and two pass poinii(8, Lys) andP2(28,, Lmaxy). In the similar
way, the progress curve of total crack length ie apn-hinge regiorsLs, is represented as bilinear
curve, which has a start pol{(Jxr, Lers) and pass poirR; (dn, Lmss). The expressions for calculating
Lmaxt aNdLmaxs are shown in Equations 2 and 3. Each equatiompiesented with the number of cracks,
average length of one crack and effect of cyclalo
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where,D: depth of the membeb; width of the membelS.,(: averaged interval of flexural cracks in
hinge regiong andp: progress coefficient of crack lengthis 1.4 ang? is 1.2 ], length of hinge region
of the memberx,: neutral position]s: length of the member that flexural cracks comie &fsp:
averaged interval of flexural cracks in non-hinggion.Swap: averaged interval of shear cracks in non-
hinge regionc: the distance from the surface of concrete testhéace of main bag diameter of main
bar, 8: angle between a shear crack and an axis of meindength of the member.
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Figure 2. Idealization of crack state
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Figure 3. Crack progress curves and skeleton cefrgprings

4. PUSH-OVER ANALYSISAND DAMAGE EVALUATION OF R/C STRUCTURES

This chapter describes damages and seismic perficemavaluation of R/C structures, where subject
structures have different type of collapse mechmsjsstory collapse mechanism or total collapse
mechanism.

4.1 Overview of subject structures and push-over analysis

Figure 4 shows the R/C frame model which has 4spad 4 stories. The mass of each floor is 307.2
ton, which is intended 1.2 ton/m2 of unit mass. @halysis is conducted for 3 frames (S03, S06 and
T03), which are different from the type of collapeechanism (story collapse mechanism for S03, S06
or total collapse mechanism for TO3) and base stwfficientsCg at the collapse mechanis@g(=0.3

for S03, TO3 and 0.6 for S06). The circle pointd-igure 4 shows the locations of yielding of the
members. Figure 5 shows the cross section of cauama beams of TO3 frame and Table 1 shows
details of the members; bar arrangement and mbstréangth. As for SO3 and SO06, the strength of the
members and cross sections of members are settisatdle seismic performance of S03 is almost the
same with that of TO3 at serviceability limit staaed that the seismic performance of S06 is althest
same with that of TO3 at safety limit state. Insthinalysis, the serviceability limit state of framie
decided as the state when one member reachesngelthd the safety limit state of frames is decided
as the state when one story displacement reacHgSaoad.
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a) Story collapsed frame (S03, S06) b) Total collapsed frame (T03)
Figure 4. Span width and story height for framest(unm)
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Figure 5. Cross section of Column and Beam

Table 1. member parameter for frames

TO3

Column | Cross section 800x800
Main bar 16-D38(SD490)
Hoop 4-D16@60(SD590)
Fe (N/mn) 24

Beam Cross section 800x600
Main bar 16-D38(SD490)
Hoop 4-D16@60(SD590)
Fe (N/mn?) 24

Push-over analysis is conducted for 3 frames whrehexplained above. In the analysis, it is assumed
that external force follows Ai distribution and dliostiffness are sufficiently large. Each membethef
frame is expressed by spring model, which has texaufal springs and one shear spring. The skeleton
curves of each spring are set based on the sigms$ section, bar arrangement and material strengt
of the member.

The skeleton curves of the flexural springs in 808 set, which are represented as tri-linear cuages
shown in Figure 3. The skeleton curve of SO6’s mwius set as the same with that of TO3's.

S03’s column is set, where yield strength of SOBstfstory is set in proportion to the ratio of SGhd
S06’s base shear coefficient. S06 and S03’s skelioses of beams are set so that the displacements
at the time of cracking and yielding fit with tho$63’s, and yield strength is sufficiently largeher
stiffness reduction rates after cracking or aftetding are assumed to 0.300 and 0.001 for flexural
springs, to 0.500 and 0.001 for the shear spring.

4.2 Seismic performance of frames obtained by Push-over analysis

In the push-over analysis, SO03 and S06 frame relichstory collapse mechanism by the yielding of
top and bottom of 1st story columns. TO3 frame meddo total collapse mechanism by the yielding of
ends of all beams. Figure 6 shows story shear fooedficient-displacement relationship of S06 and
TO3 as an example. It is confirmed that the diggaent of S06 frame is concentrated on 1st stoxy, an
base shear coefficient is reached about 0.6 andliglacement of TO3 frame is dispersed in albhifto
and base shear coefficient is reached about 0.3.

For confirming the seismic performance of the framseismic capacity index” in “Guidelines for
Performance Evaluation of Earthquake ResistantfB@iad Concrete Buildings (Draft)” of AlJ (2004)
is introduced. This index, which represents seigmeidormance of R/C structure as definite value, is
the ratio of intensity of ground motion that aribe limit states for the structure to the intensify
standardized ground motion. The limit states amsicered about serviceability limit state and safet
limit state which is defined in 4.1. The seismidiges of these frames, evaluated based on thelipgge
are 0.25, 0.48, 0.22 at reparability limit stated &.59, 0.74, 0.86 at safety limit state. Themgs
performance of S03 at the serviceability limit sthiiame can be considered nearly the same with TO3
and the seismic performance of S06 at the safmiy $itate can be considered nearly the same wigh TO
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Figure 6. Story shear force coefficient-displacetmelationship
4.3 Amount of damage and repair cost analysis
4.3.1 Total crack length and spalling area

Figure 7 shows the relationship between total claiegth and representative displacement of thedram
The total crack length is calculated by the defdiomaof springs in push-over analysis and the
representative displacement is calculated by réggittie frame model as single mass system. Itisdo
that, for the same representative displacement,fii@fie with total collapse mechanism has longer
crack length than S03 or S06, story collapsed frawreept the range of very small displacement. This
is because the total collapsed frame has much damage area than the story collapsed frame. On the
other hand, S03 and S06 with story collapse meshahave severe cracks, whose width is over 5 mm,
instead of a lot of slight cracks.

4.3.2 Repair cost of structure

Figure 8 shows the relationship between repair obstame and representative displacement. The
damage repair cost of the member with each danlage is calculated based on the unit costs of each
kind of damages in Table 2. The values of the tabéedecided by the study on repair cost for R/C
school building damaged by earthquake (Maeda &082). Restoration of the member is assumed to
be started when over 0.2 mm width of cracks apgeabe surface of members because it is not génera
to repair cracks under 0.2 mm width. The membé¢heframe, which is regarded as IV or V of damage
class, requires additional costs for large-scglaire&onstruction such as an exchange of mainriipa
hoop, temporary constructions, formwork and soAma result, the repair cost of the frame T03 with
total collapse mechanism is twice of that of ttearfe with story collapse mechanism.

Table 2.Repair method and repair cost by damage class

Damages Repair method Un&;ﬁég‘;;%%%:g%t

1) | Cracks (width of under 0.2mn])  Rub epoxy resin 2,000JPY (16.67EUR)
2) | Cracks (width of 0.2-1.0mm) Inject epoxy resin 7,300JPY (60.83EUR)
3) | Cracks (width of 1.0-3.0mm) Inject epoxy resin 9,000JPY (75.00EUR)
4) | Cracks (width of 3.0-5.0mm) Inject epoxy resin 13,000JPY (108.33EUR)
5) | Cracks (width of upper 5.0mn|)  Inject epoxy resin 15,000JPY (125.00EUR)
6) Concrete spalling Restore concrete 67,000JPY (BRRIR)

7 Damage classed as IV Change hoop and s¢ @v7,800JPY (5,648.33EUR)
8) Damage classed as V Re-construct a member 246,000JPY (2,050.00EUR)
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Table 3. Criterion of damage class and repair ntbssumed in analysis

Damage class Criterion for deciding Damage class mier]gt?grr?‘l?gt])(l):f.g)

I (Slight) cracks with under 0.2mm widthpaar 1)

Il (Minor) cracks with upper 0.2mm width aggy 1), 2)
Il (Moderate) cracks upper 1.0mm width appear 1), 2), 3)
Ve ezl | 5.2,9.9.9.6.7
V  (Collapse) | reach end strain of core concret€f.003)| 1), 2), 3), 4), 5), 6), 8)
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Figure 7. Relationship between representative  Figure 8. Relationship between representative
displacement and total crack length of the frame  displacement and total repair cost of the frame



4.4 Assumptionsin seismic performance evaluation of a building

In order to assess seismic reparability performaideames, repair cost and economic loss should be
calculated. So, “apartment building” and “officalding” is selected as the building use for thesgfes.
Under these conditions, the index of seismic reghiy performance,R-index, are evaluated for
3frames and compared with each other. Firstly,afsgimptions which are necessary to calclRate
index are mentioned in the following.

4.4.1. Repair cost C,

The repair cost which calculated by the method g@sed in chapter 4.3.2 represents the cost for
repairing structural members such as columns aathBeThus, it is necessary that the structuralirepa
cost is converted into total repair cost of thelding including all components of a building such a
utilities or finishing. In this paper, the totalbwdr cost of the building is calculated by usingdiperty
rate” which means the property assets amount odi@ch component to whole building. The property
rate of apartment building and office building ahl®wn in Figure 9. The repair cost of whole buigdin

is assumed to represent by property rate and repsirof structure in Equation 4.

total repair cost of building=repair cost of structure/ property rate of structure to whole building  (4)

295 0%

0%

B Upper structure

B Foundation

B Finishing

B Plumbing equipment

B Electrical equipment

O Air conditioning equipment|
O Elevator

OOthers

Apartment building Officebuilding

Figure 9.Property rate of the newly-build building
4.4.2. Re-construct cost Cy

The cost for re-constructing new building is dedidmsed on the unit cost for newly-build which is
generally used for seismic risk management. Theé cmst of apartment building is 300,000JPY
(2,500EUR)/mM and that of office building is 240,000JPY (2,000h?. Consequently, it is assumed

that the re-construction cost of subject frame 84,800,000JPY (3,200,000EUR) in the case of
apartment building use and 307,200,000JPY (2,56&0®) in the case of office building use.

4.4.3. Period for re-construction

In order to calculate economic loss due to recotierg of damaged building, re-construction peried i
considered. According to the study by Kato et2004), the period for constructing a new buildiag i
calculated by the Equations 5 and 6.

The period for new construction of apartment buigdj

Z - 39.764)( 02160(Yl + 2) 00684(Y2 +1) 01392 (5)
The period for new construction of office building
Z - 77035( 0150](Y1 + 2) 01365(Y2 +1) 00919 (6)

where,Z: construction period (days; total area of floor (), Yi: number of underground floor¥;:
number of above-ground floors.

In this study, the re-construction period for asgumeconomic loss are considered not only the
construction period calculated by equation abovetso the building design period and the applicati
period. Consequently, the period for re-constrgcépartment building is found to be 335 days aed th
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period for re-constructing new office building euhd to be 378 days.
4.4.4. Period of recovery of the building

Recovery period of the buildings are calculateddaucing the re-construction period showed in atrapt
4.4.3. The ratio of recovery period to re-consiucperiod is expressed as the parametémvhich is
represented by Equation 7. Here, damage clasprissented as™and it is assumed that the ratio of
recovery period of the members with each damagss ¢tare-construction period is expresseds “
The parameterw” is evaluated with D;” and the rate of members which is categorised eachage
class ¥". It is difficult to precisely decide the effecbvefficientD;, whereas, it is assumed as listed in
Table 4. Table 5 shows the recovery period whelbtilding reached safety limit state. As a reshi,
recovery period of total collapse mechanism framemnger than that of story collapse frame, because
total collapsed frame has more damage areas thgncsillapsed frame.

W:Z(Dini) (7)

recovery period =w Xre-construction period (8)

Table 4.Ratio of recovery period of members with each dasr@gss to re-construction period

Damage class of member
D O(None) I(Slight) | II(Minor) | lll(Moderate)| IV(Severe)| V(Collapse)
0.0 0.0 0.1 0.2 0.8 1.0

Table 5. Recovery period of subject buildings atdhfety limit state

Total Recovery period
@) [ 1 1l v \ -
number of w apartment | office
members D=0.0 | D=0.0 | D=0.1 | D;=0.2 | D=0.8 | Di=1.0 bEiIding bu:lding
number of
S03 members 8 23 0 0 5 0 0.11 37 42
Rate 2221 639| 00| 139| 00| 0.0
number of
so6 | 36 |members| 2| 27| O] Op 51 0) 4 37 42
Rate 11.1| 75.0| 00| 00| 139| 00
number of
TO3 members 0 20 4 0 12 0 0.28 93 105
Rate 00| 556| 11.1| 00| 333| 0.0

4.4.4. Economic loss due to re-construction L, and economic loss due to recovery L,

Economic loss of subject buildings is set basedenal fee or on average annual profits. Apartment
building is considered as rental use, and the résgtas assumed to 3,500JPY (29.17EURYinonth.
The average annual profit of office building is smlered as 15,000,000JPY (125,000EUR). Thus,
economic loss of these buildings is calculated fthenrecovery period and rental fee or annual profi

4.5 Seismic reparability performance of subject buildings

Using these assumptions, Indexef subject buildings is calculated and the relaiop between the
ratio of input seismic motion to basic seismic mapntand IndexXR are compared in Figure 10. As for
the apartment building, inddR-of TO3 with the type of total collapse mechanisntarger than that of
S03 and S06 frame at safety limit state. Espegialthough seismic performance of TO3 are neasdy th
same with S06, IndeR: of TO3 frame shows the twice with that of SO6’BeTsame trends can be seen
for apartment building and office building. Thusea if the intensity of input seismic motion is fga
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the same, the reparability performance differsdbrdpecause of differences of collapse mechanism.
The reparability performance of total collapse n@tdm, which is recommended when structural
design is conducted, can be lower evaluated thatroftstory collapse mechanism.
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Figure 10. Property rate by the difference of ugingpose

5. DISCUSSION OF SEISMIC REPARABILITY LIMIT STATE OF THE WHOLE BUILDING

In this study, the reparability performance of bhalding is decided from the repair cost and ecoicom
loss of the building. Another method of determinsgjsmic limit state of R/C structure, which is
described in “Guidelines for Performance EvaluatodnEarthquake Resistant Reinforced Concrete
Buildings (Draft) "(AlJ, 2004), is introduced. Acaing to the method, the limit state of the struets
decided from the story limit state, which is detered from the rate of each damage class of the raemb
Safety limit state, which evaluates the dangerassiod structural collapse, can be decided from the
safety limit state of one story which has the latggamage. On the other hand, it is rational that t
reparability limit state is decided from the amoahtiamage and/or repair cost of whole buildingu§,h

in the paper, the reparability limit state is exd considering damage class of all the membefssan
decided from the rate of the member which is caiegd to each damage class.

In this paper, the criteria of seismic reparapilinit state | is defined as the point when no rhbem
reached to damage class Ill and the criteria ainsiei reparability limit state 1l is defined as theint
when no member reached to damage class IV.

According to these criterions, the relationshipsaeen indexk and the ratio of members which is
categorised each damage class are shown in FigureEhg lines of each safety limit state determined
by push-over analysis are also shown. Figure 1Wshbe result of apartment building. The ind@x-
of S03 and S06, which are story collapse buildisgsw about 3 % when they reached to reparability
limit state | and show about 5 % when they reacba@parability limit state II. On the other hanlget
indexR- of TO3, which is total collapse building, showsab4.5 % when it reached to reparability
limit statel and show about 9 % when it reached to reparabilitjt Istate II. It can be said that
reparability performance of building is stronglyfemited by the type of collapse mechanism. Story
collapsed building has lower ind€k-than total collapsed building, because it has fedegnage areas
are , is evaluated lower of indeR than that of total collapsed building.
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Figure 11. Rate of members with each damage clestex-Rr relationships

6. CONCLUSIONS

Damage evaluation method for R/C frame structumréposed and applied to the some frames. It was
found that the seismic reparability performancecudalted from repair costs and economic loss of
damaged structure are strongly affected by the ofpmllapse mechanism. Reparability performance
of reinforced concrete buildings with total collepmechanism, which is recommended as the point of
structural safety, is found to be inferior to tbabuildings with story collapse mechanism in thtisdy.
Although some assumptions used in this study agd teebe examined in detail in future, the evabrati
based on damages of the building can be usefulohgider the type of collapse mechanism of the
building.
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