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SIMPLIFIED ESTIMATION METHOD FOR BUILDING DAMAGE DUE
ToO EARTHQUAKES IN URBAN AREAS

Saaya IlwaseandFumio YamazaKi

ABSTRACT

Tokyo Metropolitan Government (TMG) conducts@mmunitybased seismic risk assessment for all

the city-blocks of Tokyo Metropolis every five years. The 7th seismic risk assessment survey was
carried out for two kinds of risk due to earthquakes: building damage due to strong saadifige
outbreakand spread. A bedrock motion with the peak ground velocity 30 cm/s was assumed
uniformly for all the study areas and site amplification was considered based on topography and
subsurface soil type. Building damage was evaluated using empirical vulnerfaittions. In this

paper a statistical analysis was conducted for the result of the building damage assessment by the
TMG. In the multiple regression analystie humber of severely damaged buildings per unit area
was considered as the dependent vagiand several explanation variables were employech as

the number of buildings for each structural type and construction péredoil amplification factor.

The regression analysis was conducted for all ti83 city-blocks of Tokyo Metropolis andn
accurate prediction equation was derived.

Keywords: Earthquake damage estimation, Building damage, Seismic risk

INTRODUCTION

Earthquake damage assessment studies for future events have been conducted frequently by local and
national governments ifapan and other countries with high seismic risk. An earthquake causes fires,
landslides, liquefaction and lifeline interruption as well as damage to buildings and infrastructures.
Thephysical and socialharacteristics of an area influence tlegrees ofarious types of earthquake
induceddamageTo prioritize and promote proper seismic countermeasuresimportant for local
governments to grasp seismic vulnerabiityeachlocakcommunity orcity-block level. RecentGIS
technologies enaldeus to asesdocal seismic risk and twisualizevariousdamagesituationsusing

inventory andther natural and social dgtéamazakiet al, 1993.

The Bureau of Urban Developmerdf the Tokyo Metropolitan GovernmenfTMG) conducts a
communitybasedseismicrisk assessment for all the ciyocks of Tokyo Metropolis every five years.
The seventhseismic risk assessment survey was carried out and the result was announced in the
autumn of 2013ased on building inventory, soil conditions, aswmesocial conditbns (Tokyo
Metropolitan Governmdn2013. The communitybased seismic risk assessmeniTMG is similar to
damage assessments for scenario earthqi@k&go Metropolitan Governmeén2012. But there are
differences in the methods to predéarthquakeelateddamage. Specific earthquake source models
were assumedand the amounts of various damaggere enumerateth the latter studywhile no
specific source model was considered and onlyivel@eismic risk of each ciylock were evaluated
in the forme study The results of thecommunitybased seismic risk assessmarg usedor the
authorites of each administrative wamt city to identify highrisk areas for which thegssignhigher
priority for urban redevelopment.

In this paper, a simplified method to predict commubiigedseismic risk is proposed usiray
statistical approach. This method enables us to perform comnrhasgd seismic risk assessment
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efficiently, especially when parameter values change or idemgifgtrategic urban redevelopment
plans.

METHOD OF SEISMIC DAMAGE ASSESSMENT IN JAPAN

The seismic damagassessment usually follows the procedure showrigare 1. The earthquake

input motion to a study area is assigned at the ground surface in tettmesnasximum amplitude (or
spectrum) of ground motion index, such as the peak ground velocity (PGV), the seismic intensity etc.
If a scenario earthquake source model is given, the base rock motion is calculated in terms of
attenuation relationships or nuritadl simulation. The surface soil characteristics are considered by
soil amplification ratios of the strong motion index. The seismic input motion at the ground surface is
obtained as the product of the basek motion and soil amplification ratio.

Theinventory data of exposures to assess damage, such as buildings and lifeline systems, should be
prepared. This step is often the most difficult one in damage assessment of large urban areas. In
seismic damage assessment studies in Japan, building invdatargre prepared by local government

by assembling cadastre (latak register) data. For utility lifelines (e.g. water, sewer, gas), however, it

is by no means easy to gather inventory data. Thus an estimation method of aggregated data in a GIS
grid wasproposed recentlyKobayashiet al, 201). To characterize dense urban arem250m grid

(raster) GIS is often used in Japan.

Vulnerability functions (or fragility curves) are used to model seismic resistance of structures of a
certain category-or astrong motion indexaluex, the cumulative probabilitiFx(x) of the occurrence

of damage equdb or higher thamrankH (such as Heavy damags)assumed téollow a log-normal
distribution such as

Fx (®) =F ((Inx-1)/z) 0<x<D 1)

In which F is thecumulative probabilityof the standard normal distributioN(0, 1)and!l andz are
the mean and the standard deviation di)n The two parameters of the distributiohsandz, can be
determined by leastquardfitting of actualdamage data or numerical simulation resatidognormal
probability paper.

Table 1shows empirical fragility curves developed by Yamazaki and Murao (Z06®)the building
damage data in the 1995 Kobe earthquake. These functions are often esethdguake damage
assessments in Japan, including the commioaised earthquake risk assessment of TMG.

Estimated Damage

Base Rock Motion =

Figure 1 Flowchart of typicakeismicdamage assessmamwiich estimatethe number of damaged
buildings for each grigell or a cityblock using fragility curves
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Table 1 Parametersf fragility curvesfor all the building categories

Building Construction [ Z Building Construction [ Z
construction period construction period
1 -1970 4.45 0.342 8 -1970 5.12 0.646
2 Wooden 19711980 4.73 0.378 9 Reinforced 1971-1980 5.33 0.575
3 1981-1990 5.12 0.496 10 Concrete 1981 6.00 0.789
4 1991-2000 5.68 0.496 11 -1970 4.64 0.619
5 2001 6.13 0.496 12 Steel 19711980 4.97 0.490
6 Light Steel -1980 5.82 0.972 13 1981 5.64 0.731
7 1981 6.19 1.101 14 Others 4.45 0.342

MODEL OF EARTHQUAKE GROUND MOTION

In the communitybased earthquake risk assessment of Tki& scenario earthquake source model

was used. On the contrary, in the TMG study, uniform rock motion was assumed at trechageh

shear wave velocity Vs=500 m/s. This assumption came from the facts that the results of damage
assessment are highlyfedted by the assumed location and maginude of seismic sources, and that
sourcemodels for the Tokyo and surrounding region are difficult to set up due to thick sedimentary
layers and historical event data are scarece.

Thus in the communitpased seismidsk assessment of TGl the input motion was consiaerto be
uniform (PGV= 30 m/s) at the baseck, and soil amplification was estimated from geomorphological
land classification Yamazakiet al, 200Q. Recently the soil amplification in Tokyo Metropolvas

further investigated using a very dense seismic monitoring system (SUPREME) of Tokyo Gas Co.
(Shimizuet al, 200§. Figure 2 shows the soitype classification and the location of SUPREME's
seismometers in Tokyo, which were used to determine tharsgpiification Maruyamaet al, 2013.
Although considerableamount variatii ty was seen in the amplification ratios of the same soil classes
for deferent methods and actual events as showigiire 3, the values were determined considering

the continuiy of the series of the communibased sismic risk assessment study of TMG.
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Figure 2 Soil classification map of the Tokyo metropadisd the location of SUPREME
seismometers
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Figure 3 PGV amplificationratios for soil classesstimated fronthe geomorphologic mamstdled in
SUPREME (left) and those for actual seismgicods and various mode{Maruyamaet al., 2012

BUILDING DAMAGE RATIO

Using the estimated peak ground velocity (PGV) and buildiugritory data for each ciglock, and

the vulnerability functions in terms of structural type and construction period, the number of heavily
damaged buildings in each citypck was calculated. Frothe basic reliability theory, the probability

of damageoccurrence; is obtined by the following equation:

Pi=P(RIS<1)=1-F (I /z5) )

in which R is the seismic resistance of a certain class of buildiighe strong motion index (e.g.
PGV), and the both are assumed to be lognorssumig the independence betweéhandsS, the
two parameters are determined as

| 2=l rls and z;= (zg+25°)°° 3)
Equation (2) represents the case in which Bo#ndS are random variables following the lognormal
distribution. In most seismic damage assessment studies in Fpaften assumed as deterministic
because deterministic seismic source models are often employed. In the contrasadyseismic risk
study of TMG, it is not necessary to adopt this assumption since no source model was used. But
considering the continuitpf the methodology used in the series of survey, the seismic input at the
ground surface was assumed to be determinigmesented bPGV, depending on the soil class of
city-blocki.

Thus for a building of categolkystanding on soil cladsthe camage probability is calculated as
PA{(PGV )=F((In PGV 1+)/z«) 4
The total number of damaged buildings for all the catd@ety 2, ,m) in a city-blocki is obtained by
N =& . ndl P (PGY) (5)
Since the area of each cityock is different, the number of damaged buildings in each block is

divided by its area; as
yi=N/ g (6)
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wherey; is the density of damaged buildings in cibfocki. Thisr; is used as the index representing
the seismic risk of buildings due to shaking. This risk quantity is further categorized into 5 levels to
highlight most vulnerable citblocks where urban redevelopmeidn should be applied.

REGRESSION ANALYSIS ON THE RESULT OF BUILDING DAMAGE STUDY OF TMG
The earthquake risk study by TMG includes a lot of parameters of buildings and soil conditions as
well as building inventory data. Thus a multiple regression analysis was attempted in order to identify
significant parameters influencing the final relatse2smic risk. If a simplified approximation relation
is obtained, parametric studies can be conducted without much computational efforts. Thus it will be
conveniently used in urban planning. First a linear multiple regression was carried out for alB&e 5,
city-blocks as
y=a,+a a;X; (7
j=1
wherey is the dependent variable (the total number of damaged buildings per unit>araes),
explanatory variables) is the number of explanatory variablesanda; are constastto be obtained
by regression.

First, the number of independent variables were setdathé& number of buildings fot3 building
classes (wooden: 5, Reinforc€dncrete: 3Steel: 3,Light-gaugeSteel: 2) divided by the area of each
city-block, the soilamplification ratioin each cityblock. The results of the regression showed the
possible existence of multicollinearity among the explanation varialbles strange the number of
damaged buildings increases by a decrease in building density. Théréforecessary to choose the

explanation variables to owposean optimal model. In this studyAIC ( Ak ai ke ds I nforr
Criterion)was usedo chooseroper explanatiomariables by the following equatid¢Akaike, 1973)
AIC = n%%p%egﬂ& 2(p+2) (8)
¢ G T

in whichn is the number of dataoints p is thenumber ofexplanation variables arfékis the residual
sum of squaresSince the numbers of buildings some classes are not so many and the seismic
resistanceof reinforced concrete (RC) afight-gaugesteel(LS) buildings of new seismic codese
high, those with negative coefficients were excluded from explanation variables in the-segend
regressionThen the finalregressiorequation was builtising the variables and coefficisqrovided

by AIC.

Figure 4 compares the density of damadaaildings §;) between the rigorous calculation and the
simplified approach for all the ciylocks.As a result, a remarkable tendency appewitidrespect to
the soil amplification rati¢Ag). Based on théy values 5,133 blockaveredividedinto 2 groups(1.4-

1.8 and 2.€2.9), then regressiomvas performedseparatelyfor the two datagroups by removng
unnecessary explanation variables using AIC.

Table2 shows the explanation variables andirtfuefficients obtained from this proce$igure 5
shows the result of regressidar the two groupsThe soft soil area (A) has high soil amplification
ratios (1,557 blocks) and the medium soil area (B) has low amplificatiorsi@j676 blocks). In this
figure, large aeviatiors arestill seenin low risk blocks but points converge 100 for large risk blocks
Thus it was revealed that the number of damaged buildiegsunit areadepend on the soil
amplification ratioas well as the building density for assumeatherability functions.
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Figure 4 The tesult of regression fall the5,133 blocksat once

Table 2 Theexplanation variablegndtheir coefficientsobtained by dividing blocks into two groups

variables (A) (B) variables (A) (B)
|1 -70 042 | 0.20 | 8 Reinforce -70 0.19 | 0.04
| 2 | 71-80 040 | 0.0 | 9 Concrete 71-80 0.03 | 0.4
1 3] wooden 81-90 0.13 0.4 | 10 81- 0.01 | 0.02
| 4 | 91-00 0.004| 0.01 | 11 Steel -70 0.48 0.25
5 01- 0.001| 0.003| 12 71-80 0.2 0.08
6 | Light Steel -80 - 0.03 | 13 81- 0.12 | 0.02
7 | Soil amplificationsratio 3.48 1.46 Intercept -9.23 | -9.23
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Figure 5 The result of theegmented regression

EVALUATION BY RANKS OF RISK

Figure 6(a) compares the density of damaged buildings between the rigorous calculation by TMG and
simplified methodn this study Although some deviations are still seen, the result of the regression
analysis is considered to be acceptable for parametric stithegredicted results amassified by

five ranksbased orthe risk value. Figure 6(b) shows the confusio matrix which comparethe
number of cityblocks belonging to each ranlt is seen from the plots that high risknk blocks
(Ranks 4 and 5) are mostly located in hight amplification ratiosareasSince the number of possible
damaged buildings perea is the risk index in this study, it is considered that many vulnerable
buildings, such as oldoded wooden houses, are standing densely in such high rigkazitss. Thus,

it is expected that to reduce this seismic risk index, the replacement ovamatable houses to high
seismieresistant buildings of small numbers is most effectivigure 7(a) shows the result of
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regression irthis study Compared with the rigorous calculation showrFigure 7(b), the simplified
method gave similar risk ranksr most of the cityblocks in Tokyo.

(a) The result of regression (b) Confusion matrix

Figure 6 Predicted and actual seismic risk and confusmatrix for the rank of seismic risk

(a) The simplified method

(b) TMG (2013)
Figure 7 Resuls of seismic damage risk of buildings in each -gitgck



